W) Check for updates

Eur. J. Immunol. 2019. 49: 1457-1973 DOI: 10.1002/€ji.201970107 Andrea Cossarizza et al. 1457 «

HIGHLIGHTS

Guidelines for the use of flow cytometry and cell sorting
in immunological studies (second edition)

Andrea Cossarizza*!, Hyun-Dong Chang*?, Andreas Radbruch*?, Andreas Acs>, Dieter Adam?,
Sabine Adam-Klages'3, William W. Agace®>®, Nima Aghaeepour3?3, Miibeccel Akdis’,

Matthieu Allez®, Larissa Nogueira Almeida®, Giorgia Alvisi'®, Graham Anderson'!,

Immanuel Andrd'?, Francesco Annungiato’?, Achille Anselmo®®, Petra Bacher® 4,

Cosima T. Baldari'®, Sudipto Bari®!% 320, Vincenzo Barnaba'®'718, Joana Barros-Martins'®,

Luca Battistini?°, Wolfgang Bauer?!, Sabine Baumgart?, Nicole Baumgarth??, Dirk Baumjohann?3,
Bianka Baying?*, Mary Bebawy?’, Burkhard Becher!3>268, Wolfgang Beisker®’, Vladimir Benes**,
Rudi Beyaert??, Alfonso Blanco®’, Dominic A. Boardman3'-32, Christian Bogdan3334,

Jessica G. Borger3®, Giovanna Borsellino’°, Philip E. Boulais®”3%, Jolene A. Bradford®®,

Dirk Brenner*%4-324) Ryan R. Brinkman**337, Anna E. S. Brooks**, Dirk H. Busch!%4>46,

Martin Biischer?”, Timothy P. Bushnell*®, Federica Calzetti*°, Garth Cameron’°,

Ilenia Cammarata'®, Xuetao Cao®!, Susanna L. Cardell®?, Stefano Casola®?, Marco A. Cassatella*,
Andrea Cavani®#, Antonio Celada®’, Lucienne Chatenoud’®, Pratip K. Chattopadhyay”’,

Sue Chow®8, Eleni Christakou®®°, Luka Ci¢in-Sain®!, Mario Clerici®?%364 Federico S. Colombo®®,
Laura Cook®%%®, Anne Cooke®”, Andrea M. Cooper®®, Alexandra J. Corbett®’, Antonio Cosma®®,
Lorenzo Cosmi’®, Pierre G. Coulie’!, Ana Cumano’?, Ljiljana Cvetkovic’3, Van Duc Dang?,

Chantip Dang-Heine’”#, Martin S. Davey’> 332, Derek Davies®*°#, Sara De Biasi’®, Genny Del Zotto”’,
Gelo Victoriano Dela Cruz’®, Michael Delacher’®33°, Silvia Della Bella®®, Paolo Dellabona®’,
Giinnur Deniz®!, Mark Dessing®?, James P. Di Santo?%%2%4, Andreas Diefenbach? 838,

Francesco Dieli®>, Andreas Dolf®®, Thomas Dérner®>%’, Regine J. Dress'%, Diana Dudziak?33?,
Michael Dustin®, Charles-Antoine Dutertre® 190, Friederike Ebner®?, Sidonia B. G. Eckle’°,
Matthias Edinger”’®°!, Pascale Eede®?, Gotz R.A. Ehrhardt®?, Marcus Eich®#, Pablo Engel®®,

Britta Engelhardt®®, Anna Erdei®’, Charlotte Esser®®, Bart Everts®®, Maximilien Evrard’?,
Christine S. Falk!%!, Todd A. Fehniger'°?, Mar Felipo-Benavent!%?, Helen Ferry'%4,

Markus Feuerer”®330, Andrew Filby'%, Kata Filkor'%, Simon Fillatreau'®”, Marie Follo'%%19%,
Irmgard Forster'!%, John Foster'!l, Gemma A. Foulds''?, Britta Frehse®, Paul S. Frenette3”38 113
Stefan Frischbutter® 14, Wolfgang Fritzsche''®, David W. Galbraith''%117 Anastasia Gangaev'’®,
Natalio Garbi'!®, Brice Gaudilliere'?°, Ricardo T. Gazzinelli'?!-122) Jens Geginat!?3,

Wilhelm Gerner'?%125, Nicholas A. Gherardin®?, Kamran Ghoreschi'?®, Lara Gibellini’®,

Florent Ginhoux!°%127:331  Keisuke Goda?% 128129 Dale 1. Godfrey°’, Christoph Goettlinger!3°,

Jose M. Gonzdlez-Navajas'3:132, Carl S. Goodyear®?®, Andrea Gori'33, Jane L. Grogan'34,

Daryl Grummitt'!!, Andreas Griitzkau?, Claudia Haftmann'3®, Jonas Hahn3¢,
Hamida Hammad'?’, Giinter Himmerling'38, Leo Hansmann%%13%140 Goran Hansson'
Christopher M. Harpur'#?, Susanne Hartmann®’, Andrea Hauser®!, Anja E. Hauser? 143144,
David L. Haviland'#°, David Hedley®®, Daniela C. Herndndez® 4%, Guadalupe Herrera'#’,

41
P)

Prof. Andrea Cossarizza and Dr. Hyun-Dong Chang
e-mail: andrea.cossarizza@unimore.it; chang@drfz.de

*joint first author

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Wwww.eji-journal.eu


http://crossmark.crossref.org/dialog/?doi=10.1002%2Feji.201970107&domain=pdf&date_stamp=2019-10-21

n 1458

Andrea Cossarizza et al. Eur. J. Immunol. 2019. 49: 1457-1973

Martin Herrmann'36, Christoph Hess'*®14°, Thomas Hofer'®°, Petra Hoffmann”®°1,

Kristin Hogquist'°!, Tristan Holland'!°, Thomas Hollt3?>328, Rikard Holmdahl'>?,

Pleun Hombrink?°%28> Jessica P. Houston'>3, Bimba F. Hoyer'>*, Bo Huang'°°,

Fang-Ping Huang'>’, Johanna E. Huber?3, Jochen Huehn'>”, Michael Hundemer!°8,

Christopher A. Hunter'>®, William Y. K. Hwang®!8320.321 ' Anna Iannone’%’, Florian Ingelfinger’,
Sabine M Ivison®!-32, Hans-Martin Jéick”?, Peter K. Jani®>'%!, Beatriz Jdvega'®?, Stipan Jonjic'®3,
Toralf Kaiser?, Tomas Kalina'%¥, Thomas Kamradt'®, Stefan H. E. Kaufmann'%’,

Baerbel Keller'®6167 Steven L. C. Ketelaars''8, Ahad Khalilnezhad°%1%8, Srijit Khan®?,

Jan Kisielow!%®, Paul Klenerman'%#, Jasmin Knopf3¢, Hui-Fern Koay®°, Katja Kobow!”?,

Jay K. Kolls'”!, Wan Ting Kong'%, Manfred Kopf'%°, Thomas Korn!’?, Katharina Kriegsmann'é,
Hendy Kristyanto'”3, Thomas Kroneis'”4, Andreas Krueger'”®, Jenny Kiihne'?!, Christian Kukat!”®,
Désirée Kunkel'””-178, Heike Kunze-Schumacher!”®, Tomohiro Kurosaki'”?, Christian Kurts'!®,

Pia Kvistborg!!8, Immanuel Kwok!%%18%, jonathan Landry®*, Olivier Lantz'®!, Paola Lanuti'%?,
Francesca LaRosa®% %4, Agnés Lehuen'®3, Salomé LeibundGut-Landmann'®*, Michael D. Leipold’®>,
Leslie Y.T. Leung®3, Megan K. Levings3-32186 Andreia C. Lino®*%’, Francesco Liotta’’,

Virginia Litwin'®’, Yanling Liu®3, Hans-Gustaf Ljunggren®!3, Michael Lohoff*¢,

Giovanna Lombardi'®, Lilly Lopez'®°, Miguel Lopez-Botet'®!, Amy E. Lovett-Racke!??,

Erik Lubberts'®3, Herve Luche'®*, Burkhard Ludewig'®>, Enrico Lugli'® %, Sebastian Lunemann’®®,
Holden T. Maecker'®’, Laura Maggi’’, Orla Maguire'®8, Florian Mair'®®, Kerstin H. Mair'?%12>,
Alberto Mantovani®°%2%1 Rudolf A. Manz®, Aaron J. Marshall?%?, Alicia Martinez-Romero®%3,
Gloria Martrus'®®, Ivana Marventano®*%4, Wlodzimierz Maslinski2%*, Giuseppe Matarese®°’,

Anna Vittoria Mattioli’% 33, Christian Mauerdéder?°%297, Alessio Mazzoni’®, James McCluskey’°,
Mairi McGrath?, Helen M. McGuire?%8, Iain B. McInnes?°°, Henrik E. Mei?, Fritz Melchers® 161,
Susanne Melzer?!°, Dirk Mielenz’3, Stephen D. Miller?!!, Kingston H.G. Mills?!2,

Hans Minderman'%8, Jenny Mjésberg?'3214, Jonni Moore?'®, Barry Moran®'2, Lorenzo Moretta®!®,
Tim R. Mosmann?*°, Susann Miiller?!”, Gabriele Multhoff?'®21°, Luis Enrique Mufioz'3°,

Christian Miinz'3%2%8, Toshinori Nakayama®?°, Milena Nasi’%, Katrin Neumann??!,

Lai Guan Ng'00.168,180,222.223  Antonia Niedobitek?, Sussan Nourshargh??4, Gabriel Niifiez??°,
José-Enrique 0’Connor'%?, Aaron Ochel??!, Anna 0ja?8®, Diana Ordonez®?°, Alberto Orfao®?’,

Eva Orlowski-Oliver??¢, Wenjun Ouyang®?°, Annette Oxenius®*3°, Raghavendra Palankar?®3,

Isabel Panse?, Kovit Pattanapanyasat®3?, Malte Paulsen??%, Dinko Pavlinic?4, Livius Penter',
Pdirt Peterson?33, Christian Peth*’, Jordi Petriz®>3, Federica Piancone*%*, Winfried F. Pickl**4,
Silvia Piconese'® 18, Marcello Pinti*3°, A. Graham Pockley’1%23¢,

Malgorzata Justyna Podolska’3%237, Zhiyong Poon®'é, Katharina Pracht’?, Immo Prinz'®,
Carlo E. M. Pucillo?38, Sally A. Quataert?*®, Linda Quatrini*'®, Kylie M. Quinn?4%241,
Helena Radbruch®?, Tim R. D. J. Radstake®*#?, Susann Rahmig?*?, Hans-Peter Rahn?#°,
Bartek Rajwa®#, Gevitha Ravichandran®?!, Yotam Raz?**’, Jonathan A. Rebhahn®3?,
Diether Recktenwald?*é, Dorothea Reimer’3, Caetano Reis e Sousa’#’,

Ester B.M. Remmerswaal®*%2°1, Lisa Richter?>?, Laura G. Rico®*>3, Andy Riddell***,

Aja M. Rieger®>”, J. Paul Robinson?°%, Chiara Romagnani®'4®, Anna Rubartelli®>’,
Jiirgen Ruland?>8, Armin Saalmiiller’?*, Yvan Saeys®?>326, Takashi Saito?*°, Shimon Sakaguchi
Francisco Sala-de-Oyanguren?’, Yvonne Samstag®®!, Sharon Sanderson??, Inga Sandrock?!®,
Angela Santoni?%>, Ramon Bellmas Sanz'%!, Marina Saresella®®%*, Catherine Sautes-Fridman?%°,
Birgit Sawitzki%®”, Linda Schadt!3>2%8, Alexander Scheffold*, Hans U. Scherer!”3,

Matthias Schiemann'?, Frank A. Schildberg®®®, Esther Schimisky?’°, Andreas Schlitzer®”’,
Josephine Schlosser®’, Stephan Schmid?”?, Steffen Schmitt?”3, Kilian Schober'?,

Daniel Schraivogel?”4, Wolfgang Schuh”3, Thomas Schiiler?””, Reiner Schulte?”5,

179
)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wWww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1457-1973  Guidelines for the use of flow cytometry and cell sorting in immunological studies (2nd edition)

Axel Ronald Schulz?, Sebastian R. Schulz”3, Cristiano Scottd'®, Daniel Scott-Algara®”’,

David P. Sester?’8, T. Vincent Shankey?”?, Bruno Silva-Santos?®°, Anna Katharina Simon®3,
Katarzyna M. Sitnik®!, Silvano Sozzani?®!, Daniel E. Speiser?%?, Josef Spidlen*?,

Anders Stahlberg?83, Alan M. Stall?®*, Natalie Stanley>?3, Regina Stark®>%28>, Christina Stehle*14,
Tobit Steinmetz’?, Hannes Stockinger?%%, Yousuke Takahama?®®’, Kiyoshi Takeda'”®,

Leonard Tan'9%168  Attila Tdrnok?8828%329  Gisa Tiegs®?!, Gergely Toldi'°®, Julia Tornack®2°°,
Elisabetta Traggiai*®', Mohamed Trebak?*?, Timothy .M. Tree®% %%, Joe Trotter?%4,

John Trowsdale®”, Maria Tsoumakidou?*?, Henning Ulrich?>**, Sophia Urbanczyk’?, Willem van de
Veen”-29>, Maries van den Broek'3>268 Edwin van der Pol?**°, Sofie Van Gassen32>326 Gert Van
Isterdael?®’, René A.W. van Lier?®>, Marc Veldhoen?8°, Salvador Vento-Asturias''®, Paulo Vieira”?,
David Voehringer??$, Hans-Dieter Volk?*°, Anouk von Borstel”> 332, Konrad von Volkmann3%°,

Ari Waisman3°!, Rachael V. Walker3°?, Paul K. Wallace?°3, Sa A. Wang3°°, Xin M. Wang3%4,
Michael D. Ward®®, Kirsten A Ward-Hartstonge®!, Klaus Warnatz'5%1%7 Gary Warnes3%6,

Sarah Warth'78, Claudia Waskow?#>2%* James V. Watson®°’, Carsten Watzl3%8, Leonie Wegener?’,
Thomas Weisenburger®, Annika Wiedemann?®%’, Jiirgen Wienands3°°, Anneke Wilharm??,

Robert John Wilkinson31%311.312 " Gerald Willimsky>!3, James B. Wing!”?, Rieke Winkelmann?,
Thomas H. Winkler?, Oliver F. Wirz’, Alicia Wong'%, Peter Wurst®!4, Jennie H. M. Yang°®°°,
Juhao Yang'®’, Maria Yazdanbakhsh®®, Liping Yu®'®, Alice Yue®?’, Hanlin Zhang®®, Yi Zhao®'¢,
Susanne Maria Ziegler'®®, Christina Zielinski*> 334335 Jakob Zimmermann3!”

and Arturo Zychlinsky'6?

! Department of Medical and Surgical Sciences for Children and Adults, Univ. of Modena and Reggio Emilia School of
Medicine, Modena, Italy

2 Deutsches Rheuma-Forschungszentrum (DRFZ), an Institute of the Leibniz Association, Berlin, Germany

3 Department of Biology, Nikolaus-Fiebiger-Center for Molecular Medicine, Friedrich-Alexander-University
Erlangen-Nuremberg, Erlangen, Germany

4 Institut fiir Immunologie, Christian-Albrechts-Universitét zu Kiel, Kiel, Germany

5 Mucosal Immunology group, Department of Health Technology, Technical University of Denmark, Kgs. Lyngby, Denmark

6 Immunology Section, Lund University, Lund, Sweden

7 Swiss Institute of Allergy and Asthma Research (SIAF), University of Zurich, Davos, Switzerland

8 Université de Paris, Institut de Recherche Saint-Louis, INSERM U1160, and Gastroenterology Department, Hopital
Saint-Louis — APHP, Paris, France

? Institute for Systemic Inflammation Research, University of Luebeck, Luebeck, Germany

10 Laboratory of Translational Immunology, Humanitas Clinical and Research Center, Rozzano, Italy

11 University of Birmingham, Birmingham, UK

12 Institut fiir Medizinische Mikrobiologie, Immunologie und Hygiene, Technische Universitit Miinchen, Munich, Germany

13 Institut fiir Transfusionsmedizin, Universitatsklinik Schleswig-Holstein, Kiel, Germany

14 Institut fiir Klinische Molekularbiologie, Christian-Albrechts Universitét zu Kiel, Germany

15 Department of Life Sciences, University of Siena, Siena, Italy

16 Dipartimento di Medicina Interna e Specialita Mediche, Sapienza Universita di Roma, Rome, Italy

17 Center for Life Nano Science@Sapienza, Istituto Italiano di Tecnologia, Rome, Italy

18 Istituto Pasteur - Fondazione Cenci Bolognetti, Rome, Italy

19 Institute of Immunology, Hannover Medical School, Hannover, Germany

20 [RCCS Fondazione Santa Lucia, Rome, Italy

21 Division of Immunology, Allergy and Infectious Diseases, Department of Dermatology, Medical University of Vienna, Vienna,
Austria

22 Center for Comparative Medicine & Dept. Pathology, Microbiology & Immunology, University of California, Davis, CA,
USA

23 Institute for Immunology, Faculty of Medicine, Biomedical Center, LMU Munich, Planegg-Martinsried, Germany

24 Genomics Core Facility, European Molecular Biology Laboratory (EMBL), Heidelberg, Germany

25 Discipline of Pharmacy, Graduate School of Health, The University of Technology Sydney, Sydney, NSW, Australia

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Wwww.eji-journal.eu

1459



1460

Andrea Cossarizza et al. Eur. J. Immunol. 2019. 49: 1457-1973

26 Department of Bioengineering, University of California, Los Angeles, California, USA

27 Flow Cytometry Laboratory, Institute of Molecular Toxicology and Pharmacology, Helmholtz Zentrum Miinchen, German
Research Center for Environmental Health, Miinchen, Germany

28 Department of Medical Biotechnologies and Translational Medicine, University of Milan, Milan, Italy

2% Department of Biomedical Molecular Biology, Center for Inflammation Research, Ghent University - VIB, Ghent, Belgium

30 Flow Cytometry Core Technologies, UCD Conway Institute, University College Dublin, Dublin, Ireland

31 Department of Surgery, The University of British Columbia, Vancouver, Canada

32 BC Children’s Hospital Research Institute, Vancouver, Canada

33 Mikrobiologisches Institut - Klinische Mikrobiologie, Immunologie und Hygiene, Universitiatsklinikum Erlangen, Erlangen,
Germany

34 Friedrich-Alexander-Universitit (FAU) Erlangen-Niirnberg and Medical Immunology Campus Erlangen, Erlangen, Germany

35 Department of Immunology and Pathology, Monash University, Melbourne, Victoria, Australia

36 Neuroimmunology and Flow Cytometry Units, Fondazione Santa Lucia IRCCS, Rome, Italy

37 Department of Cell Biology, Albert Einstein College of Medicine, Bronx, NY, USA

38 The Ruth L. and David S. Gottesman Institute for Stem Cell and Regenerative Medicine Research, Bronx, New York, USA

39 Thermo Fisher Scientific, Eugene, Oregon, USA

40 Luxembourg Institute of Health, Department of Infection and Immunity, Experimental and Molecular Immunology,
Esch-sur-Alzette, Luxembourg

41 Odense University Hospital, Odense Research Center for Anaphylaxis, University of Southern Denmark, Department of
Dermatology and Allergy Center, Odense, Denmark

42 BD Life Sciences, Ashland, OR, USA

43 Department of Medical Genetics, University of British Columbia, Vancouver, BC, Canada

44 University of Auckland, School of Biological Sciences, Maurice Wilkins Center, Auckland, New Zealand

4> German Center for Infection Research (DZIF), Munich, Germany

46 Focus Group “Clinical Cell Processing and Purification”, Institute for Advanced Study, Technische Universitit Miinchen,
Munich, Germany

47 Biophysics, R&D Engineering, Miltenyi Biotec GmbH, Bergisch Gladbach, Germany

48 Department of Pediatrics and Shared Resource Laboratories, University of Rochester Medical Center, Rochester, NY, USA

49 University of Verona, Department of Medicine, Section of General Pathology, Verona, Italy

50 Department of Microbiology and Immunology, Peter Doherty Institute for Infection and Immunity, University of Melbourne,
Parkville, Victoria, Australia

51 National Key Laboratory of Medical Immunology, Nankai University, Tianjin, China

52 Department of Microbiology and Immunology, University of Gothenburg, Gothenburg, Sweden

53 The FIRC Institute of Molecular Oncology (FOM), Milan, Italy

54 National Institute for Health, Migration and Poverty (INMP), Rome, Italy

55 Macrophage Biology Group, School of Biology, University of Barcelona, Barcelona, Spain

56 Université Paris Descartes, Institut National de la Santé et de la Recherche Médicale, Paris, France

57 Isaac and Laura Perlmutter Cancer Center, NYU-Langone Medical Center, New York, USA

58 Divsion of Medical Oncology and Hematology, Princess Margaret Hospital, Toronto, Ontario, Canada

%9 Department of Immunobiology, School of Immunology and Microbial Sciences, King’s College London, UK

60 National Institutes of Health Research Biomedical Research Centre at Guy’s and St. Thomas’ National Health Service,
Foundation Trust and King’s College London, UK

61 Department of Vaccinology and Applied Microbiology, Helmholtz Centre for Infection Research, Braunschweig, Germany

62 JRCCS Fondazione Don Carlo Gnocchi, Milan, Italy

63 Department of Physiopathology and Transplants, University of Milan, Milan, Italy

64 Milan Center for Neuroscience, University of Milano-Bicocca, Milan, Italy

55 Flow Cytometry Core, Humanitas Clinical and Research Center, Milan, Italy

66 Department of Medicine, The University of British Columbia, Vancouver, Canada

67 Department of Pathology, University of Cambridge, Cambridge, UK

6 Department of Respiratory Sciences, University of Leicester, Leicester, UK

%9 National Cytometry Platform, Luxembourg Institute of Health, Department of Infection and Immunity, Esch-sur-Alzette,
Luxembourg

70 Department of Experimental and Clinical Medicine, University of Florence, Florence, Italy

7! de Duve Institute, Université catholique de Louvain, Brussels, Belgium

72 Unit Lymphopoiesis, Department of Immunology, Institut Pasteur, Paris, France

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wWww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1457-1973  Guidelines for the use of flow cytometry and cell sorting in immunological studies (2nd edition)

73 Division of Molecular Immunology, Nikolaus-Fiebiger-Center, Dept. of Internal Medicine III, University of
Erlangen-Nuremberg, Erlangen, Germany

74 Clinical Research Unit, Berlin Institute of Health (BIH), Charite Universititsmedizin Berlin, Berlin, Germany

75 Infection and Immunity Program and Department of Biochemistry and Molecular Biology, Biomedicine Discovery Institute,
Monash University, Clayton, Victoria, Australia

76 Department of Surgery, Medicine, Dentistry and Morphological Sciences, Univ. of Modena and Reggio Emilia, Modena,
Italy

77 IRCCS Istituto Giannina Gaslini, Genova, Italy

78 Novo Nordisk Foundation Center for Stem Cell Biology — DanStem, University of Copenhagen, Copenhagen, Denmark

79 Regensburg Center for Interventional Immunology (RCI), Regensburg, Germany

80 Division of Immunology, Transplantation and Infectious Diseases, San Raffaele Scientific Institute, Milan, Italy

81 Istanbul University, Aziz Sancar Institute of Experimental Medicine, Department of Immunology, Istanbul, Turkey

82 Sony Europe Ltd, Weybridge, UK

83 Charité - Universitatsmedizin Berlin, Laboratory of Innate Immunity, Department of Microbiology, Infectious Diseases and
Immunology, Berlin, Germany

84 Berlin Institute of Health (BIH), Berlin, Germany

85 University of Palermo, Central Laboratory of Advanced Diagnosis and Biomedical Research, Department of Biomedicine,
Neurosciences and Advanced Diagnostics, Palermo, Italy

86 Flow Cytometry Core Facility, Institute of Experimental Immunology, University of Bonn, Bonn, Germany

87 Dept. Medicine/Rheumatology and Clinical Immunology, Charité Universitdtsmedizin Berlin, Germany

88 Kennedy Institute of Rheumatology, University of Oxford, Oxford, UK

89 Program in Emerging Infectious Disease, Duke-NUS Medical School, Singapore

0 Institute of Immunology, Centre for Infection Medicine, Department of Veterinary Medicine, Freie Universitit Berlin,
Germany

! Department of Internal Medicine III, University Hospital Regensburg, Germany

92 Charité — Universitdtsmedizin Berlin, corporate member of Freie Universitit Berlin, Humboldt-Universitit zu Berlin, and
Berlin Institute of Health, Department of Neuropathology, Germany

3 Department of Immunology, University of Toronto, Toronto, ON, Canada

4 Heidelberg Institute for Stem Cell Technology and Experimental Medicine (HI-STEM gGmbH), Heidelberg, Germany

95 University of Barcelona, Faculty of Medicine and Health Sciences, Department of Biomedical Sciences, Barcelona, Spain

96 Theodor Kocher Institute, University of Bern, Bern, Switzerland

7 Department of Immunology, University L. Eotvos, Budapest, Hungary

%8 Leibniz Research Institute for Environmental Medicine, Diisseldorf, Germany

0 Department of Parasitology, Leiden University Medical Center, Leiden, The Netherlands

100 Singapore Immunology Network (SIgN), A*STAR (Agency for Science, Technology and Research), Biopolis, Singapore

101 Ingstitute of Transplant Immunology, Hannover Medical School, MHH, Hannover, Germany

102 Division of Oncology, Washington University School of Medicine, St. Louis, MO, USA

103 Laboratory of Cytomics, Joint Research Unit CIPF-UVEG, Principe Felipe Research Center, Valencia, Spain

104 Experimental Medicine Division, Nuffield Department of Medicine, University of Oxford, Oxford, UK

105 The Flow Cytometry Core Facility, Faculty of Medical Sciences, Newcastle University, Newcastle upon Tyne, UK

106 MDQuest Ltd., Szeged, Hungary

107 Institut Necker-Enfants Malades, Université Paris Descartes Sorbonne Paris Cité, Faculté de Médecine, AP-HP, Hopital
Necker Enfants Malades, INSERM U1151-CNRS UMR 8253, Paris, France

108 Department of Medicine I, Medical Center - University of Freiburg, Faculty of Medicine, University of Freiburg, Freiburg,
Germany

109 Universitaetsklinikum FreiburgLighthouse Core Facility, Zentrum fiir Translationale Zellforschung, Klinik fiir Innere
Medizin I, Freiburg, Germany

110 Immunology and Environment, LIMES Institute, University of Bonn, Bonn, Germany

111 Owl Biomedical Inc., Santa Barbara, USA

112 John van Geest Cancer Research Centre, Nottingham Trent University, Nottingham, UK

113 Department of Medicine, Albert Einstein College of Medicine, Bronx, NY, USA

114 Charité — Universitatsmedizin Berlin, corporate member of Freie Universitit Berlin, Humboldt-Universitit zu Berlin, and
Berlin Institute of Health, Department of Dermatology, Venereology and Allergology

115 Nanobiophotonics Department, Leibniz Institute of Photonic Technology (IPHT), Jena, Germany

116 School of Plant Sciences and Bio5 Institute, University of Arizona, Tucson, USA

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Wwww.eji-journal.eu

1461

P



B,

1462

Andrea Cossarizza et al. Eur. J. Immunol. 2019. 49: 1457-1973

117 Honorary Dean of Life Sciences, Henan University, Kaifeng, China

118 Division of Molecular Oncology and Immunology, the Netherlands Cancer Institute, Amsterdam, The Netherlands

119 Institute of Experimental Immunology, University of Bonn, Germany

120 Stanford Department of Anesthesiology, Perioperative and Pain Medicine, Stanford University School of Medicine, CA,
USA

121 Fundagéo Oswaldo Cruz - Minas, Laboratory of Immunopatology, Belo Horizonte, MG, Brazil

122 Department of Mecicine, University of Massachusetts Medical School, Worcester, MA, USA

123 INGM - Fondazione Istituto Nazionale di Genetica Molecolare “Ronmeo ed Enrica Invernizzi”, Milan, Italy

124 Institute of Immunology, Department of Pathobiology, University of Veterinary Medicine Vienna, Austria

125 Christian Doppler Laboratory for Optimized Prediction of Vaccination Success in Pigs, Institute of Immunology, Department
of Pathobiology, University of Veterinary Medicine Vienna, Austria

126 Department of Dermatology, Venereology and Allergology, Charité - Universitdtsmedizin Berlin, Berlin, Germany

127 Translational Immunology Institute, SingHealth Duke-NUS Academic Medical Centre, Singapore

128 Department of Chemistry, University of Tokyo, Tokyo, Japan

129 Institute of Technological Sciences, Wuhan University, Wuhan, China

130 Institut fiir Genetik, Universitit zu Koln, Koln, Germany

131 Alicante Institute for Health and Biomedical Research (ISABIAL), Alicante, Spain

132 Networked Biomedical Research Center for Hepatic and Digestive Diseases (CIBERehd), Madrid, Spain

133 Fondazione IRCCS Ca’ Granda, Ospedale Maggiore Policlinico, University of Milan

134 Cancer Immunology Research, Genentech, South San Francisco, CA, USA

135 Institute of Experimental Immunology, University of Zurich, Zurich, Switzerland

136 Friedrich-Alexander-University Erlangen-Niirnberg (FAU), Department of Medicine 3, Rheumatology and Immunology,
Universitatsklinikum Erlangen, Erlangen

137 Department of Internal Medicine and Pediatrics, Faculty of Medicine and Health Sciences, Zwijnaarde, Belgium

138 German Cancer Research Center (DKFZ), Heidelberg, Germany

139 German Cancer Consortium (DKTK), partner site Berlin, Berlin, Germany

140 Department of Hematology, Oncology, and Tumor Immunology, Charité — Universitidtsmedizin Berlin, Campus Virchow

Klinikum, Berlin, Germany

Department of Medicine and Center for Molecular Medicine at Karolinska University Hospital, Solna, Sweden

Murdoch Children’s Research Institute, Parkville, Victoria, Australia

Charité — Universitdtsmedizin Berlin, corporate member of Freie Universitit Berlin, Humboldt-Universitit zu Berlin

144 Department of Rheumatology and Clinical Immunology, Berlin Institute of Health, Berlin, Germany

145 Flow Cytometry, Houston Methodist Hospital Research Institute, Houston, TX, USA

146 Charité - Universititsmedizin Berlin, Medical Department I, Division of Gastroenterology, Infectiology and Rheumatology,
Berlin, Germany

147 Cytometry Service, Incliva Foundation. Clinic Hospital and Faculty of Medicine, University of Valencia, Valencia, Spain

148 Immunobiology Laboratory, Department of Biomedicine, University and University Hospital Basel, Basel, Switzerland

149 Cambridge Institute of Therapeutic Immunology & Infectious Disease, Jeffrey Cheah Biomedical Centre, University of
Cambridge, Cambridge, UK

150 German Cancer Research Center (DKFZ), Division of Theoretical Systems Biology, Heidelberg, Germany

151 Center for Immunology, University of Minnesota, Minneapolis, MN, USA

152 Karolinska Institutet Biomedicum, Solna, Sweden

153 Department of Chemical & Materials Engineering, New Mexico State University, Las Cruces, NM, USA

154 Rheumatologie/Klinische Immunologie, Klinik fiir Innere Medizin I und Exzellenzzentrum Entziindungsmedizin,
Universitatsklinikum Schleswig-Holstein, Kiel, Germany

155 Institute for Advanced Study (IAS), Shenzhen University, Shenzhen, China

156 Department of Immunology & National Key Laboratory of Medical Molecular Biology, Institute of Basic Medical Sciences,
Chinese Academy of Medical Sciences (CAMS) & Peking Union Medical College, Beijing, China

157 Experimental Immunology, Helmholtz Centre for Infection Research, Braunschweig, Germany

158 Department of Hematology, Oncology and Rheumatology, University Heidelberg, Heidelberg, Germany

159 Department of Pathobiology, School of Veterinary Medicine, University of Pennsylvania, Philadelphia, PA, USA

160 Department of Diagnostic Medicine, Clinical and Public Health, Univ. of Modena and Reggio Emilia, Modena, Italy

161 Max Planck Institute for Infection Biology, Berlin, Germany

162 Laboratory of Cytomics, Joint Research Unit CIPF-UVEG, Department of Biochemistry and Molecular Biology, University of
Valencia, Valencia, Spain

141
142
143

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wWww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1457-1973  Guidelines for the use of flow cytometry and cell sorting in immunological studies (2nd edition) 1463

163 Department of Histology and Embryology/Center for Proteomics, Faculty of Medicine, University of Rijeka, Rijeka, Croatia

164 Department of Paediatric Haematology and Oncology, Second Faculty of Medicine, Charles University, Prague, Czech
Republic

165 Jena University Hospital, Institute of Immunology, Jena, Germany

166 Department of Rheumatology and Clinical Immunology, Medical Center - University of Freiburg, Faculty of Medicine,
University of Freiburg, Freiburg, Germany

167 Center for Chronic Immunodeficiency, Medical Center - University of Freiburg, Faculty of Medicine, University of Freiburg,
Freiburg, Germany

168 Department of Microbiology and Immunology, Yong Loo Lin School of Medicine, National University of Singapore,
Singapore

169 Tnstitute of Molecular Health Sciences, ETH Zurich, Ziirich, Switzerland

170 Department of Neuropathology, Universititsklinikum Erlangen, Germany

171 John W Deming Endowed Chair in Internal Medicine, Center for Translational Research in Infection and Inflammation

Tulane School of Medicine, New Orleans, LA, USA

Department of Neurology, Technical University of Munich, Munich, Germany

173 Department of Rheumatology, Leiden University Medical Center, Leiden, The Netherlands

174 Division of Cell Biology, Histology & Embryology, Gottfried Schatz Research Center, Medical University of Graz, Graz,
Austria

175 Institute for Molecular Medicine, Goethe University Frankfurt, Frankfurt am Main, Germany

176 FACS & Imaging Core Facility, Max Planck Institute for Biology of Ageing, Cologne, Germany

177 Flow & Mass Cytometry Core Facility, Charité - Universititsmedizin Berlin and Berlin Institute of Health, Berlin, Germany

178 BCRT Flow Cytometry Lab, Berlin-Brandenburg Center for Regenerative Therapies, Charité - Universitidtsmedizin Berlin

179 WPI Immunology Frontier Research Center, Osaka University, Osaka, Japan

180 School of Biological Sciences, Nanyang Technological University, Singapore

181 INSERM U932, PSL University, Institut Curie, Paris, France

182 Department of Medicine and Aging Sciences, Centre on Aging Sciences and Translational Medicine (Ce.S.I.-Me.T.),
University “G. d’Annunzio” of Chieti-Pescara, Chieti, Italy

183 Institut Cochin, CNRS8104, INSERM 1016, Department of Endocrinology, Metabolism and Diabetes, Université de Paris,
Paris, France

184 Section of Immunology, Vetsuisse Faculty, University of Zurich, Zurich, Switzerland

185 The Human Immune Monitoring Center (HIMC), Institute for Immunity, Transplantation and Infection, Stanford University
School of Medicine, CA, USA

186 School of Biomedical Engineering, The University of British Columbia, Vancouver, Canada

187 Caprion Biosciences, ImmuneCarta, Montréal, Quebec, Canada

188 Inst. f. Med. Mikrobiology and Hospital Hygiene, University of Marburg, Germany

189 King’s College London, “Peter Gorer” Department of Immunobiology, London, UK

190 Beckman Coulter, Inc, Miami, FL, USA

191 IMIM (Hospital de Mar Medical Research Institute), University Pompeu Fabra, Barcelona, Spain

192 Department of Microbial Infection and Immunity, Ohio State University, Columbus, OH, USA

193 Department of Rheumatology, Erasmus MC, University Medical Center Rotterdam, Rotterdam, The Netherlands

194 Centre d'Immunophénomique - CIPHE (PHENOMIN), Aix Marseille Université (UMS3367), Inserm (US012), CNRS
(UMS3367), Marseille, France

195 Institute of Immunobiology, Kantonsspital St.Gallen, St. Gallen, Switzerland

196 Department of Virus Immunology, Heinrich Pette Institute, Leibniz Institute for Experimental Virology, Hamburg,
Germany

197 Institute for Immunity, Transplantation, and Infection, Stanford University School of Medicine, Stanford, CA, USA

198 Flow and Image Cytometry Shared Resource, Roswell Park Comprehensive Cancer Center, Buffalo, NY, USA

199 Fred Hutchinson Cancer Research Center, Vaccine and Infectious Disease Division, Seattle, WA, USA

200 Istituto Clinico Humanitas IRCCS and Humanitas University, Pieve Emanuele, Milan, Italy

201 william Harvey Research Institute, Queen Mary University, London, United Kingdom

202 Department of Immunology, Rady Faculty of Health Sciences, University of Manitoba, Winnipeg, MB, Canada

203 Cytomics Technological Service, Principe Felipe Research Center, Valencia, Spain

204 National Institute of Geriatrics, Rheumatology and Rehabilitation, Department of Pathophysiology and Immunology,
Warsaw, Poland

172

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Wwww.eji-journal.eu

P



. 1464

Andrea Cossarizza et al. Eur. J. Immunol. 2019. 49: 1457-1973

205 Treg Cell Lab, Dipartimento di Medicina Molecolare e Biotecologie Mediche, Universita di Napoli Federico II and Istituto
per ’Endocrinologia e 'Oncologia Sperimentale, Consiglio Nazionale delle Ricerche (IEOS-CNR), Napoli, Italy

206 Cell Clearance in Health and Disease Lab, VIB Center for Inflammation Research, Ghent, Belgium

207 Department of Biomedical Molecular Biology, Ghent University, Ghent, Belgium

208 Ramaciotti Facility for Human Systems Biology, and Discipline of Pathology, The University of Sydney, Camperdown,
Australia

209 Institute of Infection Immunity and Inflammation, College of Medical Veterinary and Life Sciences, University of Glasgow,
Glasgow Biomedical Research Centre, Glasgow, UK

210 Clinical Trial Center Leipzig, University Leipzig, Leipzig, Germany

2 Interdepartmental Immunobiology Center, Dept. of Microbiology-Immunology, Northwestern Univ. Medical School,
Chicago, IL, USA

212 Trinity College Dublin, School of Biochemistry and Immunology, Trinity Biomedical Sciences Institute, Dublin, Ireland

213 Center for Infectious Medicine, Department of Medicine Huddinge, ANA Futura, Karolinska Institutet, Stockholm, Sweden

214 Department of Clinical and Experimental Medine, Linképing University, Linképing, Sweden

215 Abramson Cancer Center Flow Cytometry and Cell Sorting Shared Resource, Perelman School of Medicine at the University
of Pennsylvania, Philadelphia, PA, USA

216 Department of Immunology, IRCCS Bambino Gesu Children’s Hospital, Rome, Italy

217 Centre for Environmental Research - UFZ, Department Environmental Microbiology, Leipzig, Germany

218 Institute for Innovative Radiotherapy (iRT), Experimental Immune Biology, Helmholtz Zentrum Miinchen, Neuherberg,
Germany

219 Radiation Immuno-Oncology Group, Center for Translational Cancer Research Technische Universitit Miinchen
(TranslaTUM), Klinikum rechts der Isar, Munich, Germany

220 Department of Immunology, Graduate School of Medicine, Chiba University, Chiba city, Chiba, Japan

221 Institute of Experimental Immunology and Hepatology, University Medical Center Hamburg-Eppendorf, Hamburg,
Germany

222 Discipline of Dermatology, University of Sydney, Sydney, New South Wales, Australia

223 State Key Laboratory of Experimental Hematology, Institute of Hematology, Chinese Academy of Medical Sciences & Peking
Union Medical College, Tianjin, China

224 Barts and The London School of Medicine and Dentistry, Queen Mary University of London, UK

225 Department of Pathology and Rogel Cancer Center, the University of Michigan, Ann Arbor, Michigan, USA

226 Flow Cytometry Core Facility, European Molecular Biology Laboratory (EMBL), Heidelberg, Germany

227 Department of Medicine, Cancer Research Centre (IBMCC-CSIC/USAL), Cytometry Service, University of Salamanca,
CIBERONC and Institute for Biomedical Research of Salamanca (IBSAL), Salamanca, Spain

228 Burnet Institute, AMREP Flow Cytometry Core Facility, Melbourne, Victoria, Australia

229 Inflammation and Oncology, Research, Amgen Inc, South San Francisco, USA

230 ETH Zurich, Institute of Microbiology, Zurich, Switzerland

231 Department of Transfusion Medicine, Institute of Immunology and Transfusion Medicine, University Medicine Greifswald,
Greifswald, Germany

232 Center of Excellence for Flow Cytometry, Department of Research and Development, Faculty of Medicine Siriraj Hospital,
Mahidol University, Bangkok, Thailand

233 Institute of Biomedicine and Translational Medicine, University of Tartu, Tartu, Estonia

234 Institute of Immunology, Center for Pathophysiology, Infectiology and Immunology, Medical University of Vienna, Vienna,
Austria

235 Department of Life Sciences, University of Modena and Reggio Emilia, Modena, Italy

236 Chromocyte Limited, Electric Works, Sheffield, UK

237 Department for Internal Medicine 3, Institute for Rheumatology and Immunology, AG Munoz, Universitatsklinikum
Erlangen, Erlangen, Germany

238 Department of Immunology, University of Udine, Udine, Italy

239 David H. Smith Center for Vaccine Biology and Immunology, University of Rochester Medical Center, Rochester, NY, USA

240 School of Biomedical and Health Sciences, RMIT University, Bundoora, Victoria, Australia

241 Department of Biochemistry and Molecular Biology, Monash University, Clayton, Victoria, Australia

242 Department of Rheumatology and Clinical Immunology, University Medical Center Utrecht, Utrecht University, Utrecht, The
Netherlands

243 Regeneration in Hematopoiesis, Leibniz-Institute on Aging, Fritz-Lipmann-Institute (FLI), Jena, Germany

244 Faculty of Biological Sciences, Friedrich Schiller University Jena, Jena, Germany

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wWww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1457-1973  Guidelines for the use of flow cytometry and cell sorting in immunological studies (2nd edition)

245 preparative Flow Cytometry, Max-Delbriick-Centrum fiir Molekulare Medizin, Berlin, Germany

Bindley Biosciences Center, Purdue University, West Lafayette, IN, USA

Department of Internal Medicine, Groene Hart Hospital, Gouda, The Netherlands

248 Desatoya LLC, Reno, NV, USA

249 Immunobiology Laboratory, The Francis Crick Institute, London, UK

250 Department of Experimental Immunology, Amsterdam Infection and Immunity Institute, Amsterdam UMC, University of
Amsterdam, Amsterdam, The Netherlands

251 Renal Transplant Unit, Division of Internal Medicine, Academic Medical Centre, Amsterdam UMC, University of
Amsterdam, Amsterdam, The Netherlands

252 Core Facility Flow Cytometry, Biomedical Center, Ludwig-Maximilians-University Munich, Germany

253 Functional Cytomics Group, Josep Carreras Leukaemia Research Institute, Campus ICO-Germans Trias i Pujol, Universitat
Autonoma de Barcelona, UAB, Badalona, Spain

254 Flow Cytometry Scientific Technology Platform, The Francis Crick Institute, London, UK

255 Department of Medical Microbiology and Immunology, University of Alberta, Alberta, Canada

256 purdue University Cytometry Laboratories, Purdue University, West Lafayette, IN, USA

257 Cell Biology Unit, IRCCS Ospedale Policlinico San Martino, Genova, Italy

258 Institut fiir Klinische Chemie und Pathobiochemie, Fakultit fiir Medizin, Technische Universitit Miinchen, Miinchen,
Germany

259 RIKEN Center for Integrative Medical Sciences, Yokohama, Japan

260 Flow Cytometry Facility, Ludwig Cancer Institute, Faculty of Medicine and Biology, University of Lausanne, Epalinges,

Switzerland

Heidelberg University, Institute of Immunology, Section of Molecular Immunology, Heidelberg, Germany

262 Translational Immunology Laboratory, NIHR BRC, University of Oxford, Kennedy Institute of Rheumatology, Oxford, UK

263 Innate Immunty Unit, Department of Immunology, Institut Pasteur, Paris, France

264 Institut Pasteur, Inserm U1223, Paris, France

265 Department of Molecular Medicine, Sapienza University of Rome, IRCCS, Neuromed, Pozzilli, Italy

266 Centre de Recherches des Cordeliers, Equipe Cancer et Immunité anti-tumorale, Paris, France

267 Charité — Universititsmedizin Berlin, and Berlin Institute of Health, Institute of Medical Immunology, Berlin, Germany

268 Comprehensive Cancer Center Zurich, Switzerland

269 Clinic for Orthopedics and Trauma Surgery, University Hospital Bonn, Bonn, Germany

270 R&D Reagents, Miltenyi Biotec GmbH, Bergisch Gladbach, Germany

271 Quantitative Systems Biology, Life & Medical Sciences Institute, University of Bonn, Bonn, Germany

272 Internal Medicine I, University Hospital Regensburg, Germany

273 Flow Cytometry Core Facility, German Cancer Research Centre (DKFZ), Heidelberg, Germany

274 Genome Biology Unit, European Molecular Biology Laboratory (EMBL), Heidelberg, Germany

275 Institute of Molecular and Clinical Immunology, Otto-von-Guericke University, Magdeburg, Germany

276 University of Cambridge, Cambridge Institute for Medical Research, Cambridge, UK

277 Institut Pasteur, Cellular Lymphocytes Biology, Immunology Departement, Paris, France

278 TRI Flow Cytometry Suite (TRI.fcs), Translational Research Institute, Wooloongabba, QLD, Australia

279 AsedaSciences, West Lafayette, IN, USA

280 Instituto de Medicina Molecular Jo&o Lobo Antunes, Faculdade de Medicina, Universidade de Lisboa, Portugal

281 Dept. Molecular Translational Medicine, University of Brescia, Brescia, Italy

282 Department of Oncology, University of Lausanne and CHUV, Epalinges, Switzerland

283 Lundberg Laboratory for Cancer, Department of Pathology, Sahlgrenska Academy at University of Gothenburg, Gothenburg,
Sweden

284 BD Life Sciences, San Diego, CA, USA

285 Department of Hematopoiesis, Sanquin Research and Landsteiner Laboratory, Amsterdam UMC, University of Amsterdam,
Amsterdam, The Netherlands

286 Institute for Hygiene and Applied Immunology, Center for Pathophysiology, Infectiology and Immunology, Medical
University of Vienna, Vienna, Austria

287 National Institutes of Health, Bethesda, MD, USA

288 Departement for Therapy Validation, Fraunhofer Institute for Cell Therapy and Immunology IZI, Leipzig, Germany

289 Institute for Medical Informatics, Statistics and Epidemiology (IMISE), University of Leipzig, Leipzig, Germany

29 BioGenes GmbH, Berlin, Germany

246
247

261

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Wwww.eji-journal.eu

1465



. 1466

Andrea Cossarizza et al. Eur. J. Immunol. 2019. 49: 1457-1973

291 Novartis Biologics Center, Mechanistic Inmunology Unit, Novartis Institute for Biomedical Research, NIBR, Basel,

Switzerland

Department of Cellular and Molecular Physiology, Penn State University College of Medicine, PA, United States

293 Institute of Bioinnovation, BSRC Alexander Fleming, Vari, Greece

294 Department of Biochemistry, Institute of Chemistry, University of Sdo Paulo, Sdo Paulo, SP, Brazil

295 Christine Kiihne Center for Allergy Research and Education (CK-CARE), Davos, Switzerland

2% Vesicle Observation Center; Biomedical Engineering & Physics; Laboratory Experimental Clinical Chemistry; Amsterdam
University Medical Centers, Location AMC, The Netherlands

297 VIB Flow Core, VIB Center for Inflammation Research, Ghent, Belgium

298 Department of Infection Biology, University Hospital Erlangen, Friedrich-Alexander University Erlangen-Nuremberg (FAU),
Erlangen, Germany

299 BIH Center for Regenerative Therapies (BCRT) Charité Universitdtsmedizin Berlin and Berlin Institute of Health, Core Unit
ImmunoCheck

300 A.p.E-Applied Physics & Electronics, Berlin, Germany

301 Institute for Molecular Medicine, University Medical Center of the Johannes Gutenberg University of Mainz, Mainz,
Germany

302 Flow Cytometry Facility, Babraham Institute, Cambridge, UK

303 Roswell Park Comprehensive Cancer Center, Elm and Carlton Streets, Buffalo, NY, USA

304 The Scientific Platforms, the Westmead Institute for Medical Research, the Westmead Research Hub, Westmead, New South
Wales, Australia

305 Dept of Hematopathology, The University of Texas MD Anderson Cancer Center, Houston, TX, USA

306 Flow Cytometry Core Facility, Blizard Institute, Queen Mary London University, London, UK

307 Medinfomatics Ltd., West Drayton, Middlesex, UK

308 Department for Immunology, Leibniz Research Centre for Working Environment and Human Factors at TU Dortmund
(IfADo), Dortmund, Germany

309 Institute for Cellular & Molecular Immunology, University Medical Center Gottingen, Gottingen, Germany

310 Department of Infectious Disease, Imperial College London, UK

311 Wellcome Centre for Infectious Diseases Research in Africa and Department of Medicine, Institute of Infectious Disease and
Molecular Medicine, University of Cape Town, Republic of South Africa

312 Tuberculosis Laboratory, The Francis Crick Institute, London, UK

313 Cooperation Unit for Experimental and Translational Cancer Immunology, Institute of Immunology (Charité -
Universitatsmedizin Berlin) and German Cancer Research Center (DKFZ), Berlin, Germany

314 University Bonn, Medical Faculty, Bonn, Germany

315 BD Biosciences, San Jose, CA, USA

316 Department of Rheumatology and Immunology, West China Hospital, Sichuan University, Chengdu, Sichuan, China

317 Maurice Miiller Laboratories (Department of Biomedical Research), Universitatsklinik fiir Viszerale Chirurgie und Medizin
Inselspital, University of Bern, Bern, Switzerland

318 Department of Hematology, Singapore General Hospital, Singapore

319 Division of Medical Sciences, National Cancer Centre Singapore, Singapore

320 Cancer & Stem Cell Biology, Duke-NUS Medical School, Singapore

321 Executive Offices, National Cancer Centre Singapore, Singapore

322 Leiden Computational Biology Center, Leiden University Medical Center, Leiden, The Netherlands

323 Departments of Anesthesiology, Pain and Perioperative Medicine; Biomedical Data Sciences; and Pediatrics, Stanford
University, Stanford, CA, USA

324 Luxembourg Centre for Systems Biomedicine (LCSB), University of Luxembourg, Belvaux, Luxembourg

325 Data Mining and Modeling for Biomedicine, VIB-UGent Center for Inflammation Research, Ghent, Belgium

326 Department of Applied Mathematics, Computer Science and Statistics, Ghent University, Ghent, Belgium

327 School of Computing Science, Simon Fraser University, Burnaby, Canada

328 Computer Graphics and Visualization, Department of Intelligent Systems, TU Delft, Delft, The Netherlands

329 Department of Precision Instruments, Tsinghua University, Beijing, China

330 Chair for Immunology, University Regensburg, Germany

331 Shanghai Institute of Immunology, Department of Immunology and Microbiology, Shanghai Jiao Tong University School of
Medicine, Shanghai, China

332 Australian Research Council Centre of Excellence in Advanced Molecular Imaging, Monash University, Clayton, Victoria,
Australia

292

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wWww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1457-1973  Guidelines for the use of flow cytometry and cell sorting in immunological studies (2nd edition) 1467 &

333 Department of Dermatology, Laboratory of Dendritic Cell Biology, Friedrich-Alexander Universitit Erlangen-Niirnberg
(FAU), University Hospital Erlangen, Erlangen, Germany

334 Institute of Virology, Technical University of Munich, Munich, Germany

335 TranslaTUM, Technical University of Munich, Munich, Germany

336 Lab of Clinical and Experimental Immunology, Humanitas Clinical and Research Center, Rozzano, Milan, Italy

337 Terry Fox Laboratory, BC Cancer, Vancouver, BC, Canada

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Wwww.eji-journal.eu



h 1468

Andrea Cossarizza et al.

Eur. J. Immunol. 2019. 49: 1457-1973

Contents
201 - ot 1476
5 o T L Ut T K 1477
I CytOmMeLrY @QUIPITIIEIIE  .uutttt ittt it tttttttttttttttt e ettt et ettt ettt et e e et eeeeeaeaesaaassassnasnensenennnnnnns 1478
1 Fluidic system of @ floW CYTOMELEr ... ..ttt ettt ettt et et e e et e e 1478
1.1 Purposes of the fluidic system of a flow cytometer — .........ccoiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeaas 1478
1.2 Hydrodynamic fOCUSING  ..ooiiinnniiiiiiiiiiiiiiiiiiiii ittt ettt 1478
1.3 Acoustic focusing of particles in a liquid Stream  ........oiiiiiiiiiiiiiiii e 1479
1.4 Droplet generation Of @ CEll SOTTEI  ....vviiiinnnniiitiiiiiiiiiiiii ettt tetiiiiireeeeeeeeeannns 1480
D @) o (o3 Vo Ua =Y [T du o3 o1 - 1480
D220 N 3V oY LT o o 1480
D2/ 5 1L 1480
D2 T D1 1= 03 o ¥ 1481
3 Flow cytometry, including flow cytometry cell SOTtING  .....eeinniiiitt it 1482
3.1 Convention, or fluorescence-activated flow cytometry and SOTting  .........eeeveviirrrnnnnnniieeeieeeesennnss 1482
3.2 Spectral flow cytometry: Principles and evolution — ..........cooiiiiiiiiiiiiiiiiiiiiiiiiiiiiii e 1483
I Setup—Instrument setup and quality CONIOL ... ... i i et e 1484
B 03 15 TS) 0T L (o o 1484
R B § 0 T LTt (o) 1484
1.2 Principle of spillover and cOmMPENSAtiON  .......uuiiiiiiiiiiiiiiiiiiitttiiiiiiiiiiiteetttiiiiieeeeeeeeeinns 1485
1.3 Measuring SOVs/compensation CONLIOLS  .....iuuuuuuuuiiiiiiiiiiieeeeteeeeeetenuennnnssseeesssssssssssssssssnnnes 1485
1.4 Compensation CONLIOLS  ..iiiuuuuuuieiittiiiiiiiiiittt e tttiiittteeetetttttaasaeteeeeeesssnsssnneeeeeeessnns 1486
1.5 What are “800d” SOVS? ..ottt ttttitittteetetttttaaatteettttiittiasanteeeeeeienns 1487
1.6 What is “good enough” accuracy for SOVS?  ..iuuuuuuiiiiiiiiiiiittttttttiiiiiiiiiiiiiiiitteeeeeeeeeeennnnnns 1488
2 MAINEEIATICE oiiittttttttttttttttt ettt ettt ettt ettt ettt ettt et e et e et e e et e e et a e 1488
B2/ R B 0T« 1 1 1o o 1488
2.2 Maintaining optical deviCes  .....oiiiiuiiiiiiiiiiiiiiiii et 1488
2.3 Maintaining the fluidic SYStEM  ..uuuuuuniiiiiiii i e aaees 1490
2.4 Computer and SOfEWATE  .....oiiiiiiiiiiiiiit ittt ettt et eettiitaaeeeeetetitinnananeeees 1492
3 PMT voltage OPtIMIZAtION . ...utitettti ettt ettt ettt ettt ettt ettt e et e et e et e aaaaee 1492
III Before you start: Reagent and sample preparation, experimental deSIZN  .....ouuiiiiieeiiriiiieeeeaiiiiieeeeaniinnans 1493
1 Controls: Determining positivity by eliminating false positives — ...........oiiiiiiiiiiiii e 1493
R0 & 5 o T Lt (o) 1493
1.2 Fluorescence spreading into the channel of interest: Fluorescence minus one controls ..................... 1494
1.3 Specificity of reagent for staining target: Biological controls  ............oiiiiiiiiiiiiiiiiiiiiiiiiiiiii, 1494
1.4 Specificity of reagent for staining target: Blocking and isotype controls  ..........cccoviiiiiiiiiiiiiiiiia., 1494
2 Titration: Determining optimal reagent CONCENIIATION  «....uetnntttenntt ettt ettt et et e e aieeeaeeeeanaeenns 1494
3 Preparation of single-cell SUSPENSIONS  .....utinnuttii ettt et 1496
B T 3 Vs oY LU o5 o 1496
3.2 Mechanical diSintegration  .......uuuiiiiiiiiiiiiiiii ittt et eeeeaaes 1496
3.3 Enzymatic digeStiON  ......eeiiiiiiiiiiiitttttiiiiiiittt ettt ettt ittt ettt ieeiaaeeee 1496
3.4 Special disaggregation teChNIQUES  .......cciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiittteeeeeeteesesnnnnssssssssssssssnnss 1496
3.5 Ensuring a single-cell suspension/removing oversized aggregates after extraction  ...........ccceeeveeeeenn. 1497
3.6 General COMIMENES  ....iiiititiittnnnnnieittteeeeeeeeeeeeeesnsnnsnnnnsseeesesssseeeeeesssssssssnssssssssssssssannes 1497
4 Dead cell exclusion, cell viability, and sample freezing  .......... ..o 1497
4.1 Exclude dead CellS  ....uuuuuiniiiiiiiiiiiitttititiiiiiiiiiii ittt ettt et aaaaas 1497
4.2 DNA-DINAING AYES  «iiiiiiiittiittiiiiiiiiii ittt ettt tttttattteeeeeteetiaaaeteeeeesssssnnnnnnns 1497
4.3 Protein-binding dyeSs  ...cccuniiiiiiiiiiiiiiiiiii i et raaaes 1498
Ve Y -1 1498
4.5 Dye-free approaches ......c.cc.uiiiiiiiiiiiiiiiii et 1498
4.6 Freezing cell SAMPIES  ..vuuuniniiiiiiiii i e, 1499
5 Cell fixation and permeabilization for flow cytometric analySes — ........ccooeeeiitieimiiieiiit i 1499
LS00 B 52 0T« L 1t 1o o P 1499
5.2 Fixation of whole blood SPeCimens  .........coiiiiiiiiiiiiiiiiiiiiiiiiiiiiii i i e 1499
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wWww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1457-1973

6 Variable lymphocyte receptor antibodies
6.1 OVerview  ......c.covviiiiiiiiiiiiiiiiinnns
6.2 Introduction ...........ccceeiiiiiiiinn,

7

5.3 MaterialS  ....iiiiiiiiiiiiiiiiiiiiiieiana.

5.4 Effect of methanol on epitope staining

5.5 Fixation and permeabilization for non-adherent tissue culture cell preparations  ...........cceeviivieeenens

6.3 Experimental workflow and acquisition

6.4 Pitfalls .....ccoiiiiiiiiiiiii
New antibody reagents — ..............ccooeeee.
IV Cell sorting

1 Pre-enrichment of low abundant cell populations prior to acquisition/cell sorting  ........coooiiiiiiiiiiiiiiiiienannn..

1

3
4

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1.1 Introduction .........ccoeiviiiiniiiennnnn.

1.2 Pre-enrichment by physical properties

1.3 Pre-enrichment by immunological properties  ..........ooiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiie e,
1.4 Magnetic pre-enrichment for high-resolution detection and analysis of rare cell populations ..............

Parallel cell sorting — ........cooiiiiiiiiiiinnn
2.1 Introduction and general considerations
2.2 Antibody based bulk cell sorting ......

2.3 Methods based on density differences

2.4 Methods based on cell size ............
2.5 Erythrocytelysis ..........ccovvvveeennn.
2.6 Ahistorical note  ..........oiiiiinnnnn,
Serial cell sorting — ...........ooiiiiiiiiiiiiinn
3.1 Cell sorting by flow cytometry  ........
3.2 Microfluidic  .......covvvviiiiiiiiinnnnnn.
Collecting cells  ........cceiiiiiiiiiiiiinn,
4.1 Introduction ...........ceeevvnnnnnnnnnn..
4.2 Cell sorter-specific parameters ........
4.3 Sample collection tubes ................

Flow-Cytometric Cell Sorting under GMP CONAItIONS  ....vttttttnniiittte ettt et e e aiee e e eaaieeeeeeaaaiaaas

5.1 Introduction ........cccciiiiiiniiiinieinnn,

5.2 GMP: Regulatory Requirements and Product Classification ............ccovviiiiiiiiiiiiiiiiiiiiiiiiiiiiiennnees

5.3 Facility and Equipment  ................
5.4 Raw Materials .........covvvvviiiinnnnnn.

5.5 Process validation, quality control, and product release  ..........ccceiiiiiirrreeeeiirrennnnnnseeeesessesssanss

5.6 Final Remarks ........c.cccevveneeennnnn.
V Biological applications
Rare cells: General rules  ..........cccevvnnnnn.
1.1 Introduction .........eeeveiiiiiieennnnns
1.2 Optimization ......c..ooviviiiiiiiinnnns,
1.3 Data analysiS  .......cceevviiiiiiiinnnnnn

Organisms, cells, organelles, chromosomes, and extracellular vesicles — ...........ooiiiiiiiiiiiiiiiiiiiiiii it

2.1 OVErvIiEW  ..iiiveiiiiiinnieneennaennennns
2.2 OrganiSms  ......coceeeeeneeeeernnsesccnnns
2.3 Cells  iiiiiiiiiiiiiiiiiieeeaaa,
2.4 Nuclei .ooiiiiiiiiiiiiiiiiiiiiiiiiiea
2.5 Cellorganelles .........ccccvvvviinnnnn.
2.6 ChromoSOmes .........cccceeeenneeeeennns
2.7 Extracellular vesicles ...................
Mitochondria ........coiiiiiiiiiiiiiiiii,
Extracellular vesicles — .........ccoceeveiiiinnnn
4.1 OVEIVIEW  .e.iiiiiiiniiinnerennrenaennnnss
4.2 Introduction ........c.cceeeeeeniiiiienann..
4.3 EV analyses by flow cytometry ........
4.4 Step-by-step sample preparation ......

Guidelines for the use of flow cytometry and cell sorting in immunological studies (2nd edition)

1500
1501
1502
1503
1503
1503
1504
1505
1505
1506
1506
1506
1507
1507
1508
1509
1509
1511
1512
1512
1513
1513
1513
1513
1517
1519
1519
1519
1520
1520
1520
1521
1521
1522
1522
1523
1523
1523
1523
1523
1526
1526
1526
1526
1526
1526
1526
1527
1527
1527
1530
1530
1530
1530
1532

Wwww.eji-journal.eu

1469



.

1470

Andrea Cossarizza et al. Eur. J. Immunol. 2019. 49: 1457-1973
LS T 1 1 1533
4.6 ASSAY PrOtOCOL  .uiiiiiiiiiiiiii e e ettt ettt 1533
Y - T T 1 1534
4.8 Data analySiS  ...eeeiiiiiiiiiiiiiii i ettt ettt ettt eiaaes 1534
L T 0 1 Y 1534
L 0T 5 0 1 1535

5 SUITACE PATAIMETETS o ttttttttttte et e ettt et et eea e e e e e e e et e e e eeeeannaaeeeeeeeannasaeeeeeennnnneeeeeeseennnnnees 1535
5.1 OVEIVIEW uuiiiiiiiittittttitttttttttttitieeeeeeeeeeeeeeeeanasssssssssssesssseeeeessesssssssssssssssssesssssseeeees 1535
LS 3V (oY LU o o 1535
5.3 Minimize artifacts by minimal cell manipulation  .........ceiiiiiiiiiiiiiiii i e 1535
5.4 Transient surface MArkersS  .....euuuuuiiiiiiiiiiiiitttttiiiiiiiiiiiiiii ittt ttteeettttttrannnnnntetesssssseennes 1536
5.5 Genuine membrane molecules versus membrane adsorption  .........ciiiiiiiiiiiiiiiiiiiiiiii e eaa 1536
5.6 Quantitative CONSIAEIAIONS  ....iiieunieeteenieeeeenneeeeeanneeeeesuneeeesnsneeesssnssesssnnseessnnsessssnneeessnnns 1536

6 DNA synthesis, cell cycle, and proliferation  .......o...ueiiieetiii ettt e et e 1537
6.1 DNA synthesis and cell cycle analysis — ........cooviiiiiiiiiiiiiiiiiiiiiiiiiiii i e 1537
LS 0 Y 173 1 1o 1539
6.3 DNA synthesis—Nucleotide iNCOrPOration  .....ccvviiiiiiiiiiiiiiiiiiiiiiiiiitetetttetttennnnnuiiieieeeeseeeeees 1539
6.4 Dye dilUtiON  ..oiiiiit i e ettt et ettt e e 1540

7 Measuring cell death MEChANISITIS ... ..uiititiiit ettt ettt ettt et e et e et e e e e eaeeeeens 1541
7.1 Apoptosis: Measurement Of APOPLOSIS  ...ovviiiiunnniiietiitiiiiiiiiiiettttiiiiiiitteeetttiiiiaaeeeeeeeeianns 1541
7.2 Apoptosis: Caspase aCtiVatiON  .......eeieiiiiiiiiiiiiiiiettttiiiiiiiiii ettt ittt etttiiiiieeeeeiaaas 1542
285 T [ 45 1543
2 S 72 {05 .3 e 1547

ST 0BT oy 4 o1 - 1551
L 00 0 4 74 N 1551
8.2 Flow cytometric assays of phagocytosis: Fundamentals and general applications .............coovvvveenenn. 1551
8.3 (Critical points in the pre-analytical and analytical phases of assays  ..........ccccciiiiiiiiiiiiiiiiiiiiiienenne 1551
8.4 A general protocol for assesing phagocytosis in whole-blood samples using pHrodo Red E.coli

3310 2 T 1554

LS N E 103 4 - N 1555
L 0N 0 74 T 1555
L 3 s oY LU o o 1555
9.3 Flow cytometry aUtOPRAZY ASSAYS  uuuuunniiieieeeeeeeeeeeeenuununnunseeeeeeeeeeeeeeeeesssssssssssssessssssseeees 1556
9.4 Step-by-step sample preparation (FlowCellect Autophagy LC3 kit, adapted from the manufacturer’s

2100 0 o ) 1557
LRSI LV <3 o - 1 1557
9.6 Data analysSiS  .....ciiiiiiiiiiiiii e ettt 1557
L 20 s U -1 1557
LTI 0 8 6 (- 1558

10 Reactive oxygen species production with minimal sample perturbation — ..........ccciiiiiiiiiiiii i 1559
0 0 )5 5 1559
10.2 INTrOAUCLION  oittttttttntiiiiiitettseeeeeeetteensnnnnneeeeeeesssssssseseeesssssnssssssssssssssssssssssssssssnnnns 1559
10.3 Step-by-step sample preparation and assay ProtoCol  ........cceeiiiiiiiiiiiiiiiiiiiiii e, 1560
B 5 o 1560
10.5 Data @NALYSIS  tevvertuuuuunniieeeeeeessseeeeeesssssnnnsssesssssessssssssssssssssnsnssssssssssssssssssssttsssssasnnes 1561
G > 1 - | 1561
B o 3 T 1562
10.8 Compensation gUIdelineS  .....coiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiitt i ittt ettt 1562

11 Intracellular Ca?* mobilization by means of INA0-1 AM  ......iutintint ittt ettt e 1563
0 O 01 T 1563
B T 615 0T LT () 1563
11.3 Step-by-step sample Preparation  .......ooiiiiiuiiiietiiiiiiiiiiietitttttiiiiiiiittettttiiiiiieeteeeiiaaas 1564
R -5 e 1565
B T D T T 4T 1 15 1565
IR > 1 1566

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wWww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1457-1973

11.7

12 mRNA

12.1
12.2
12.3
12.4
12.5
12.6
12.7
12.8

Top tricks

Overview

0 0T L 1o e
SteP-DY-Step ProtoCOl .ottt e et e eeaaeeas

Materials

Controls and data @nalySiS  ...cceiiiiiiereettteteeunnnueeeeeeeeeeeeeeseeeeeessssasnssssssseessssssssssssssssssnnns

Pitfalls
Top tricks

L6003 4 el 1T T3 o) o N

IS -V Rl e 0 10) 6 (o) 0 0 - et () - N
RS 200 O 55 0T LTt 03 o
13.2 Example of a generic protocol for an intranuclear antigen—pH3  .....coiiiiiiiiiiiiiiiiiiiiiiieiiiieeeeennnns

14 INtracellUlar PATAIMELETS  ooeinnuuetttttte ettt et e ettt et e e ettt e e e e e et et e e e e sa et ae e e e e anteaeeeeeeanns

15 Measurement of signal transduction pathways

|78 3 O 703 v 1= 2
B8 30T Lt 10 o
Sample preparation for signal transduction analysiS  .......eeeeeeiiiiiiererreeeeeetrrreennnnnsssesessessssssns
Activation of signal transduction pathways regulating acute inflammatory responses  .....................

15.1
15.2
15.3
15.4
15.5
15.6
15.7
15.8
15.9

Kinetics

Kinase and phosphatase inhibitors .........coiiiuuiiiiiiiiiiiiiiiiiii ittt eeeeeeeeeaans
Simultaneous monitoring of multiple signaling pathways in the context of response kinetics  ............
Sample protocol for LPS activation of human whole blood  ........ccciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeennnns

Materials
Reagents

15.10 Procedure: Whole blood fixation and permeabilization protocol for kinetics and use of inhibitors  .....
16 Assessing lymphocyte metabolism through functional dyes ... ..o

16.1
16.2
16.3
16.4
16.5

Overview

L 0T LTt () 4

Experimental DeSIZN  ...uuuiiiiiiiiiiiiiiiiiiiii ittt ettt et e

Pitfalls
Top tricks

17 T cell assays
Measurement of signal transduction pathways in human T cells  ......oiiiiiiiiiiiiiiiiiiiiiireeeeeeeeeennnns
Measuring antigen specific T Cell FESPONSES  ..vvuuuuuuiiiiiiiiiieerreteeeettrneennnsssseessssssssssssssssssnnns

17.1
17.2
17.3
17.4
17.5
17.6
17.7
17.8
17.9

18.1
18.2
18.3
18.4
18.5

Antigen-specific T-cell CYtOMELIY  ...oiiiiiiiiniiiiitiiiiiiiiiiiiii ittt etiitiaaaaeeeeeeeesinnns
L5 (O 00U L0100 =3 e
FUnctional read-0UtS  ..uuuuuniiiiiiiitttttttttttiiiiiiit it iiitteeeteettetttanannnnnsseesssssssessseeeesssnnns
Live cytokine-producing cell sorting with Cytokine Secretion Assay™  ........ccciiiiiiiiiiiieiiiiieieennnnn.
Quantification of soluble cytokines with cytometric bead array  .......cccvvviiiiiiiiiiiiiiiiireiiniieeeennnns
L0874 01034 1
Treg SUPPIESSION @SSAYS  «uueveeeeeetnnnnnnnnneeeeeeeseennnnnnneeeeeseseeennnnnneeeeessseeesnnnnneeeeesesesesannnnes
18 Adoptive T and B cell transfer as a read-out for antigen-specific immune responses in mice  ..............cceeeeiinan.

Overview

88T 40« LTt oo
Step-by-step sample PreParation  ......ciiiiiiieeiiieeeeeeennnneneeeeteeeeesesseeeeettssssesnsnssossssssssssssnes

Pitfalls
Top tricks

VI Flow cytometric phenotyping of cells across species and tISSUES  ......ueenuteetnntttt e e e e e eaee s
1 Tecells and their SUDSELS ..o

1.1
1.2
1.3
1.4
1.5

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Murine CD4 and CD8 T CellS  ..iiiiiuuuiiiiiiiiiiiiiiiiiiiiii ittt teeiiiieeeeeeeeeiinaaes
Murine Conventional af CD4 T CellS  ...oiiiiiiiiiiiniiiiiiiiiiiiiitttitteeettttteennniiieeeesssssssssaaaes
Murine Conventional af CD8 T Cells  ...oiiiiiiiiiiiiiiiiiiiiiiiiiiiitt et tittiiiiieiieeeeseeeeaaaees
Murine tissue resident memory T cells  ....oiiiiiimuiiiiiiiiiiiiiiii i e
Immune senescence (aging) in murine T cellS  ....uuuuuiiiiiiiiiieiiiiieitetireeenniiieeeeeeessssssenanes

Guidelines for the use of flow cytometry and cell sorting in immunological studies (2nd edition)

1566
1567
1567
1567
1567
1570
1571
1571
1571
1571
1571
1571
1574
1574

1577
1577
1577
1577
1578
1578
1580
1580
1581
1581
1581
1582
1582
1582
1583
1587
1587
1587
1587
1588
1591
1591
1595
1599
1601
1604
1607
1613
1613
1614
1616
1616
1618
1618
1618
1618
1618
1622
1628
1630

Wwww.eji-journal.eu

1471



n 1472 Andrea Cossarizza et al. Eur. J. Immunol. 2019. 49: 1457-1973

1.6 Murine Foxp3™ regulatory T Cells  ....ooiiiiinnnniiiiiiiiiiiiiiiiiiiii it ettt e e 1633
1.7 MUrine y8 T CeLIS  .uuuiiiiiiiiiiiiiitt ittt ettt ettt ettt eetttaaaaeteeeesssssnnasseeecesessnns 1646
1.8 Murine NKT CellS  .uuiiiiiiiiiiiiiiiittiiiiiiiiiii ittt et teetttaaaatteeeetsssiinnasaeeeceseesnns 1651
1.9 Murine mucosal-associated invariant T (MAIT) CellS  ..ouiiiniiiiiiiiii ittt iieeeieteieeeeeeneeeneessneennn 1654
1.10 Murine intestinal intraepithelial T cells  ........c.c.oiiiiiiiiiiiiiiiiii i 1657
1.11 Human CD4 and CD8 T CellS  ...iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiittttettttttteennnnsnnnsteeessssseeeeeeeessssnnnns 1660
1.12 Human tissue resident memory T cells  ........uuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii ittt e 1669
1.13 Immune senescence (aging) of human T cells  .....uuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiietrreeeeesesesnnnnns 1672
1.14 Human FOXP3" regulatory T CelIS  ...ciiiuuiiiiiniiiiiiiiiiiiitiiiiiitiiiitiiitttiieteteiteeeiiateeeanaees 1673
1.15 Human y8 T CellS  oouuuuiiiiiiiiiiitttt ittt ittt ettt eeetettenenannnnseeessssssssseeesssssnnnns 1686
1.16 Human NKT CellS  ..uuuuuiiiiiiiiiittttiiiiiiiiiii ettt ettt e et tttttttenaannnnssteeesssssseeeeeeesssnnnnes 1691
1.17 Human mucosal-associated invariant T (MAIT) cellsS  ....ciuiiiiiiiiiiiiiiiiiieiieieneteneeeneeeneseneesanaenns 1695
2 B cells and their SUDSELS ...conntttet ettt ettt ettt et e e e et e 1700
2.1 Murine B cells and their subsets, including Bregs  .....covvuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeseaaaes 1700
2.2 Murine germinal center B cells ...ttt e 1706
2.3 Human B cells and their subsets  .......coiiiiiiiiiiiiiiiiiiiiii e 1709
2.4 Human B cells recognizing defined (aut0)antiZens  ..........coiiiiiiiuiiiiiiiiiiiiiiiiieetiiiiiiiieeeeeess 1713
2.5 Human regulatory B CellS  ....oiiiiiiiniiiiiiiiiiiiiiiiiiiii i et e e 1722
2.6 Human immunoglobulin heavy chain iSOtyPes  .....ciiiiiiiiiiiiiiiiiiiiiiiiiitetttitrreennnnsesesesssssssnnsss 1727
3 Ab-secreting cells (plasmablasts and plasma Cells)  .....ooiiiiiiiiii e 1729
3.1 Murine Ab-secreting plasmablasts and plasma cells  ........ccooiiiiiiiiiiiiiiiiiiiii 1729
3.2 Human antibody-secreting Cells  .......uiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiit et iiiiiiiiiiiteeeeeeaaees 1734
4 Innate lymphoid CeLlS .. ooiii e et 1738
N T € =5 T 1738
4.2 INTrOAUCHION  tiiiiiittitiiiittiiiitititeeeeeeeeeeeeeannnnnnneneeeeeseseeeeeeeeeesssssssssssssssssssssssssssesssssnnes 1738
4.3 Step-by-step sample PreParation  .......cooeeeeeieettiiiiiiiinutteeteettiiiiaetteeeettiiiinusseteeeeesieiinnnanes 1740
Y - Ty T 1 1740
4.5 Data analySiS  ...eeeiiiiiiiiiiiiiii e ettt ettt et eeiaaaes 1740
5 NAtUral Killer LIS oottt ettt ettt et e e et ettt e ettt et e e et e e et et e e e et e e e aaaaas 1742
ST 0 ) 1742
5.2 Murine NK Cells  .iiiiiiiiiiiiiiiiiiiiiiiiiiiii i i ettt ettt ettt tttraaaaattestseeseeeaenes 1742
5.3 HUuman NK CellS  .oouuuuiiiitiiiiiiiiiiiiiiiii ittt ettt ittt e teetttiaaaeeeeessssesnnnaseceeess 1745
6 Mononuclear phagocytes: Monocytes, macrophages, and dendritic cells — ........coiiiiiiiiiiiii it 1750
6.1 OVEIVIEW tietiiietnetteeeenesenesensonsssassssssssnsssnsssassssssssssssssssasssssssossssssssasssnsssassssssssnssss 1750
LS 3 oY LT o5 o 1750
L T LV U< o - 1 1750
6.4 Step-by-step sample preparation for MOUSE LISSUES  .....eeiiiiiiiiiiinuiieiittiiiiiiiiieeeetiiiiiiineeeeeeeess 1755
6.5 Step-by-step sample preparation for human tiSSUES  ....cvviiuuiiiiiiiiiiiiiiiiiiiiiiireenniiieeeeeiseeeennness 1763
LTI 22 1 i1 | 1766
7 GIAMUIOCTIES .ottt ettt ettt ettt ettt e ettt e ettt e e e e e e e e e e 1767
7.1 Neutrophils, eosinophils, and basophils ... 1767
7.2 Bone marrow and umbilical cord blood neutrophils .........ooiiiiiiiiiiiiiiii 1773
8 Murine bone marrow stromal CELIS  ....iuu ittt e 1778
L 00 0 4 74 N 1778
L 3 Vs oY LU o o 1778
8.3 Step-by-step sample Preparation  .........eeiieiiiiiiiiiiiiiit it 1778
SRV T o - 1 1779
8.5 Data @analySiS  ..ooiiiiiiiiiiiiiiiiiii e et e ettt et aaeeee s 1779
LS T 0 1 1 1780
L3R N 8 s 5 (- 1780
9 HematopoietiC SteM CellS ... ..uitiii ittt ettt ettt et ettt et et 1780
0.1 OVEIVIEW ettiiiiiittttttttttttttnnnnneeeeeeeseeeeeeeeeessssssssnsssssessssssseesesasssssssssssssssssssssssseenes 1780
L2 ¥ 0T« 1 1o 1o o e 1780
9.3 Murine hematopoietic StEM CELIS  .....ueiiiiiiiiriiiitttttttiiiiiiiiieeieeeereeeeeeesseennnnssssssesssssssssanaes 1780
9.4 Human hematopoietic stem Cells  .......uuiiiiiiiiiiiiiiiiiiiii i e e 1782

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wWww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1457-1973

Guidelines for the use of flow cytometry and cell sorting in immunological studies (2nd edition)

O I E 654103 Y N 1785
0 0 5 4 T 1785
B 6 5 0T LT T 1785
10.3 Procedure for the staining of surface markers for the characterization of solid tumor cells ............... 1786
10.4 Specific recommendations for human and murine solid tumors  ...........ccciiiiiiiiiiiiiiiinnnnn 1789
10.5 Characterization of murine tumor cells  ......ouuuriiiiiiiiiiiiii i i e 1791
B > U 1791
B 38 1791

11 Human plasma cells in multiple myeloma  .........oiiiiiiiiiii e 1792
R 0 =5 o 1 1792
11.2 INErOAUCHION  oiittttituntniiittiittetteeeeteeteeeannnnneeseeeeesesseseeeeeeeesssssssssssssssssssssssseessesssnnns 1792
11.3 Step-by-step sample Preparation  .......coiviiiiuuuuuiiiiiiiiiiiiiitttettttttttitiiiiiiiiiiiiiiiiiitetttttteeaanes 1792
BT - =3 - Y 1792
11.5 Data analysiS/@atilg  .....oiiiuuuiiiiiiiiiiiiiiiiiiiii ittt ettt ettt 1794
R T 0 U Y1 e 1794
11.7 Top tricks: Focus on minimal residual disease detection  .............cooiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiin, 1795
11.8 SUmMMArY taDle oottt i ettt ettt e e et e e e e e aaaaas 1795

12 Brain/meural CeIIS ...ttt e 1795
B 0 15 4 1795
12.2 INErOAUCLION  oiiitttttittiiiitiietesseeeeeeeeeeessnnnneessseeeesesssssssssssssssssssssssssssssssssssssssssssssnns 1796
12.3 Step-by-step brain preparation  ........cooiiiiiiiiniiiiiiiiiiiiiii it ettt e et eeaaaas 1799
0 <5 - 1800
12.5 Data analySiS/GAtINE  «euuuueereeeeeeerrreeeeeeeeenasnnssssseseesessssssssssssssssssssssssssssssssssssssssssssssnnns 1801
12.6 Microglia (DUMAN/TNOUSE)  .uuiiiiirrrrreeeeeeeeennnnnneeeesseeessssssssssssssssssnsssssssssssssssssssssssssssnnns 1801
B [ 0 o 1801
DR T 0 U Y1 e 1801
12,9 TOP tIICKS oo ettt 1801
12.10 Summary table (TaADle 75)  .ivuuuiiiiiuiiittiiiiietttutieettaneesesnssssesnssessosnssssssssssssssasssssssssassans 1802

13 Cells frOm LIVer oottt ettt et 1802
S 0 0 15 4 1802
13.2 INTrOAUCLION oiiiitttttutniiiiieettseeeeeeeeeeenasnnnneeesseeeesessssessoesssssssnsssssssssssssssssssssssssssnnns 1802
RS 70 3 e 1804
B R 1 1 o 1807
13.5 Summary of immune cell subsets in murine and human liver ...........ooiiiiiiiiiiiiiiiiiiiiiiiiinnn, 1810
RS T ST 2 U Y1 e 1811
13.7 TOP tIICKS ot ettt 1811

B o) e 0TI <Y | N 1811

15 Cross-reactive AD ClOMES ...ttt ettt et ettt e e e 1824

VII Data handling, evaluation, storage and rePOSILOTIES  ...tettttnnnutttteettee ettt ettt e et eaeaaeeeeeeeaniiaeeeeens 1829

B B -1 - ¥ 1 - 145 1 N 1829
R0 & 5 o T Lt (o e 1829
1.2 Cell-population analysis: Data preprocessing, manual and automated gating, and quality control ........ 1830
1.3 Artificial intelligence in FCIM  ...iiiiiiiiiiiitteeennnnnnneeeeeeeeeseessssessssssssnsssssssssssssssssssssssssssssnnes 1836
1.4 Dimensionality reAUCHON  ....uuiiiiiirirtetieteeennnnunneeeeseeeeseesssssssssssssannsssssssssssssssssssssssssssnnns 1836
BRI 8 1] = 1837
1.6 Integration of cytometric data into multiomics analysis ..ottt 1838
1.7 Modeling cell dynamics using trajectory inference  ..........cccciiiiiiiiiiiiiiiiiiiiiiiiii 1839

2 Statistics for flOW CYLOMELIT ..ottt ettt et et ettt et e e e e e e e e e e 1839
2.1 BACKGIOUNA c.iiiiiiiiitttitiittnnnneeeeeeeeeesssssssssssssnsssssssssseessssssssssssssssssssssssssssssssssssssss 1839
D oY T: 1 o)1 U 1840
2.3 Types of distributions  ........ooiiiiiiiiiii e 1840
2.4 Distribution Parameters  .........iiiiiiiiiiii et 1841
2.5 SigNIfiCance tESHINE  .....uueeiiiiiiiiiiiiitttiiii ittt ettt ettt ettt et et aaeeeeas 1842
2.6 An example of immunofluorescent staining in CYtOMELIy  .....oooviiuuiiiiiiiiiiiiiiiiiiitteiiiiiiiieeeeess 1845
2.7 Rare cell analysisS  .....uuuiuiiiiiiiiiiiiiiiiiii i e ettt ee e 1846

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Wwww.eji-journal.eu

1473



.

1474

Andrea Cossarizza et al.

Eur. J. Immunol. 2019. 49: 1457-1973

2.8 Measurements of central tendency. Arithmetic mean, geometric mean, median, and mode ................ 1847
2.9 MFI, gMFL MdFI WHiCh £0 USE?  ...iiiiiiiiiiiiiieeetttttttenunnnnneeaeeeeeeesssssssesssssssnssssssssssssssssssssns 1847

B2 T 2 1 1847

3 Analysis presentation and publication (MIFIOWCYE)  ..oonuuitiinntti ettt et et e e et e eeeenns 1847
B I ) 1847
B 3 s oY LT 05 o 1848
3.3 Principles of the techniqUe  ....oiiiiiiniiiiiiiiii i ettt et 1848
BV« N 1 1 T X e 1852
BT 1 | 1852

4 Data repositories: Sharing YOUr dat@  ....c...eiiiuttiitt ittt ettt e 1852
VIII Advanced techniques in, and management of, flow cytometry — .............oiiiiiiiiiiiiiiiiiii i 1854
1 IMAaging flOW CYLOMIELIY  «.uutttttt ittt ettt ettt e ettt e et ettt e e et ettt e ettt e et e et e et e e e eaaaees 1854
R 0 =5 o 1854
1.2 INErOdUCHION  o.uuuuiiitiiitiiiiiiii ettt ettt tttttaaatteeeeeessttnaaaaeteeeesssssnsssneeeseeessnns 1854
1.3 Principles Of IFC  ..uiiiiiiiiiiiiiiiii ittt ettt ettt tttiaaete et etettttaaaaaeeeeeeeiaaas 1854
1.4 APPLCALIONS  o.uniiiiiiiiiii ittt ettt 1855
1.5 EQUIPIIENTL otuuitttniittteniieteenneseenanessssansesssnssssssnssessssnssssssnssssssssssssssssssssssasssssssssesssns 1856
1.6 Experimental workflow and acquUiSition  .....ceveuuuueiiiiiiiiiiiieettitteetttreennniiiiietiieetorsttttssssannnns 1856
B 0T U U T 1857
1.8 AdVANTAZGES  t.uuuuuiitiiitttiiiiiiittttttttttttaatteeeettttttnaaaaeteeeettttttnaaaaeteeeettiitirananteeeteiiinns 1857

B ST 1 1 | - N 1857
0 T 1 3 < 1858

2 Barcoding in CYLOMELIIC ASSAYS .+ evuvuuuunnaeeeeeeeee et e et e et eeeeeeeeeeeeeeaeee et aaaaaaaaaaeseeeeeeeeeeees 1858
D O 1 [ 1858
2.2 Introduction—Benefits and caveats of cell sample barcoding  ...........ccooiiiiiiiiiiiiiiiiiii 1860
2.3 Barcoding SChemMES  ......uuiiiiiiiiiiiiiiii it ittt ettt et eees 1860
2.4 Establishing and validating barcoding schemes ...ttt 1861
2.5 De-multiplexing of barcoded data  .......cciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiitttiiiietitrtearrreeeaeaaaaaaaaaas 1862
2.6 Barcoding FEAZEIMES  tivvvetetttrrrnnnnnnneeeeeeeeeeesssssssssssssssssssssssseessssssssssssssssssssssssssssssssssssssss 1862
2.7 Application of cytometric barcoding to different cell types — .......ccoiiiiiiiiiiiiiiiiiiiiiiiie 1863

B = ESE 3 ) (o) 4 1=] o 1863
B I ) 1863
B 3 U oY LT 05 o 1863
3.3 Mass cytometry in biomedical reSearch  .......coiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiirrrreeeeeeieeeeaaaas 1863
3.4 The mass cytometer: Cell introduction and signal detection  ..........ccciviiiiiiiiiiirrennniiireieiiiieeeennnes 1864

B T a1 15302 <) 1865
3.6 Coping with bottlenecks in mass CYtOMELrY  .....oiiiiiiiiiiiiiiiiiiiiiiiiiiiii ittt eiiiiiiaeeeees 1865
3.7 Experimental workflow, reagents, and CONtrols .........cooeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiineees 1866
BT 600} 4 T 1] (0 - 1868

4 Combinatorial CYTOMELIY ...ttt ittt ettt ettt ettt ettt e et e e et e et e 1868
5 High dimensional FCIM ...ttt ettt ettt ettt ettt ettt ettt et e et e e e e 1873
5.1 OVEIVIEW etiiiiiiiittttttttttttteenanneeeeeeeeeseeeeeeeeessssnnssnsssssesssssssseesessssssssssssssssssssssssssnnes 1873
LS 3 s oY LT o o 1873
5.3 Principles of the technique being described ...ttt e 1874
LS N 55 T 1o o T 1875
5.5 Experimental WorkfloOW  ..oiiiiiiiuiiiiiiiiiiiiiiiiiii i et ettt e e eaaae e e eaaaaes 1876
5.6 Data analysSiS  .....oiiiiiiniiiiiiiiiii et eees 1876
5.7 AdVANLAZES  .ooiiiiiiiiiiiiiitt ittt ettt ettt e ettt aaaaeees 1876
LR T 2 U -1 PO 1877
L30T W 85 (- 1877

6 Single cell genOmMics anNd CYLOMELTY  «uuuutitttttttettt et ettt et e et e ettt et e e e e e teeeeeeaaaaaaeeeessanannaees 1877
L0 0 5 74 N 1877
LS 3 Vs oY LT o o 1877
6.3 Obtaining single cells for single-cell applications  .......c.c.ciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii e 1878

L N 55 T Vo 1o o T e 1881

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wWww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1457-1973

Guidelines for the use of flow cytometry and cell sorting in immunological studies (2nd edition)

(ORI DT V- T 1o 172 1 1881
6.6 TOP TICKS  uuuiiiiiierrrttetettnnennnenseeeeeeeeeesssssssssssssssnsssssssssessssssssssssssssssnssssssssssssssssnssss 1882
7 MICIODIAl CEIIS ottt ettt et e e et 1883
78 T © 5 () 1883
282§+ Us o T« 1 1o e 1883
7.3 APPLCALIONS oot et 1884
2 S 41153 s+ T3 o 1884
7.5 Experimental workflow and acqUiSitiOn  ........coiiiiiiiiieiiiiitetiiiiueniiiiiiiiieiessesettasssesnnnnnsssoanns 1885
7.6 Data analySisS  ...oiiuuiiiitiiiiiiiiiiii ettt ettt ettt et 1885
7.7 AQVANTAZES oottt ettt ettt ettt ettt ettt eee 1886
7 T 0 1 - 1 1 1886
28 2 X0 5 38 5 (e 1886

8 Detailed and standardized methods to detect inflammasome assembly and activation in immune cells (FlowSight
2N L0113 N 1887
LS 00 0 5 74 1887
LS 3 s oY LU o o 1887
8.3 APDLCAtIONS .ttt ettt e e eeeeeeeeees 1887
8.4 Principles of the technique being described and Equipment — ..........cccooiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeenn, 1887
8.5 Experimental workflow and acquUiSition  .......cceeiiiiiiiiiiiinuiiiiiiiiiiiiiitrtiettitttrrnnnnniseseetsssssanens 1888
8.6 Data analySiS  .....iiiiiiiiiiiiiiiiiiiiii ettt e 1888
8.7 AdVANLAZES  .oiiiiiiiiiiiiiiiitttt ittt ettt ettt ettt ettt eee 1889
8.8 Pitfalls/ToP triCks  c..uuuniiiiiii i i i e 1889
9 Multidrug reSiStance ACHIVILY . ..eeeeteennnittttte ettt ettt et ettt e ettt ettt e et e et e et 1890
0.1 OVEIVIEW tttiiiiiittttttetttttteennaneeeeeeeeeeseeeeeeeeeeesssssnsnsssesessssssseseessssssssssssssssssssssssssnes 1890
LS8 B 0T« L Lo 1o o 1890
9.3 Principles of the technique being described  .......cccoiiiiiiiiiiiii 1891
9.4 APPLCALIONS  .oiiiiiiiiiiii it et ettt et ee 1891
9.5 EQUIPIMENE oottt ittt ettt ettt ettt ettt ee 1891
9.6 Experimental workflow and acquiSition  ..........ooiiiiiiiiiiiiiiiii e 1891
LS D - TR Ta L8 L 10 o 1892
9.8 Data analysSiS  ....ooiiiiiuiiiiiiiiiiiiiii ettt ettt e e 1892
0.9 AdVANLAZES  .oiiiiiiiiiiiiiiiitttt ittt ettt ettt ettt ettt ettt ettt ettt 1892
L 00 1 T 2 1 Y1 1892
LS 8 R o5 I8 w5 1) 1893
0T 5o Ta 13 a8 4 v 1893
0 0 15 o 1893
10.2 INTrOAUCLION  oiititttttuuniiiitiiitetteeeeteeeeesssnnnnuessseeeesssssssseeesssssssssnsssssssssssssssssssssssssnnns 1893
10.3 Principles of the technique being described  ........iiiiiiiiiiiiiiiiiiiiiiiiiiiiii e 1893
BT N 535 Y 1 0 o 1893
10.5 Data analySiS  ..ueeeiiiiiiiiiiiiiiiiiit e ettt ettt ettt e e e e 1895
10.6 AQVANTAZES  oievittttnnnnnnuninneeeeeesssssesesssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssnnns 1895
020 1 1 | -3 1895
10.8 TOP tIICKS oottt i ettt 1895
11 Sample banking for FCM ... e 1895
B < o T P 1895
11.2 INErOAUCHION oiiittttiiniiiiiiiiiiittettttettetteeennnnnanseeeeeseeeeeeeeeeeennsssssssssssesssssssesesesenenssnnns 1895
T T 20 14T 1) 1T 1896
11.4 APPLCALIONS tiitittiiitiiiiiiiiiiitttteeeeeeteeeennnnnseeeeseeessossssssssssssssssnssssssssssssssssssssssssssnnnns 1897
11.5 EQUIPIMENE .ottt ittt ettt ttauteeettaneseeansessessseseesssessesssssseesssessesssssssessssssens 1897
11.6 Experimental workflow and acquiSition  .......eeuuuuiiiiiiiiiiiiiii i i e 1898
T11.7 AQVANTAZES  oiiittttttnuunniiiiiiitttttteeetteteeasnssuuususseeeesseseeeeeeeeesssssssssssssesssssssssesesssassnnnns 1898
TR > 1 1898
11,9 TOP trICKS oottt i ettt et ettt ettt ettt ettt eeeeeeeaaaas 1898
12 High throughput SCTEEMINEG . ...eiiii ittt ettt ettt e e et e e e e 1899
0 1< o 1899

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Wwww.eji-journal.eu

1475



n 1476 Andrea Cossarizza et al.

Eur. J. Immunol. 2019. 49: 1457-1973

12.2 INTrOAUCHION  oitttttiunniniiiiiiiiittttteeeetttteannnnnnseeeeeessseeeeeeeeeensnsssssssssssessssssseseesssssssnnnns
12.3 Principles of the technique being described  .........oiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiierereseseesseennnnes
12,4 APPLCALIONS tiitttitiuiiiiiiiiiiittsseeeeeeeeeesnnnnnssessesessssssssssssssssssssssssssssssssssssssssssssssssnsnns

12.5 Equipment

12.6 Experimental workflow and acquiSition  ........uuuuiiiiiiiiiiii i e
B 0 T U T 1 T 15
T12.8 AQVANLAZES  oevvettrtuunnnnnnneeeeeeesesssseeeessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnns

12.9 Pitfalls .
12.10 Top tricks

13 Core Facility setup and housekeeping/shared resource laboratory (SRL) management  ..........cceeeeivriieeeeennnnn.

13.1 Staffing
13.2 Education
13.3 Finances

13.4 Data ManaemMIEIt  .....iuuutiuiiiunieunteenieenteenneeuneeeneeesseesssesseeaseeesssesssesseeasesaseeesssessecsseenns
13.5 Quality assurance and quality CONtIrOl  .......c.uueiiiiiiiiiiiiiiiiiii ittt ittt eaans

13.6 Laboratory

] 5 T

13.7  Safety/BiOSAfety  ..ceeitiiiiiiittttttttiii ettt ettt ettt ettt aae e e

Acknowledgements ..
Conflict of interest ...
References ............

Abstract
These guidelines are

a consensus work of a considerable number of members of the

immunology and flow cytometry community. They provide the theory and key practi-
cal aspects of flow cytometry enabling immunologists to avoid the common errors that
often undermine immunological data. Notably, there are comprehensive sections of all
major immune cell types with helpful Tables detailing phenotypes in murine and human
cells. The latest flow cytometry techniques and applications are also described, featuring
examples of the data that can be generated and, importantly, how the data can be anal-

ysed. Furthermore, th

ere are sections detailing tips, tricks and pitfalls to avoid, all writ-

ten and peer-reviewed by leading experts in the field, making this an essential research

companion.

Additional supporting information may be found online in the Supporting Information
section at the end of the article.

Note: In order to make the guidelines as beneficial as possible to the scientific
community, if you wish to refer to a specific section when referring to these
guidelines, please ensure to use the Chapter and Section information. For exam-

ple: ...as noted in section VII
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Introduction

Continuing my theme of the marriage between immunology and
cytometry noted in my Introduction to the previous version of
these Guidelines [1], long relationships always have periods in
which the partners have contrasting feelings for each other, and
may eventually divorce; however, this does not seem to be the case
for immunology and cytometry, disciplines that continue with a
very stable and incredibly productive marriage, as witnessed by
the enormous number of publications in almost all areas of the
immunology discipline that we all love. It is indeed almost impos-
sible to count the original papers, reviews, abstracts, and meeting
communications, and talks in which an immunologist, from under-
graduate students to Nobel laureates, has measured a parameter
of interest at the single cell, organelle, or even molecular level
using one of the sophisticated cytometric technologies that we are
discussing here.

Unfortunately, measuring what happens in a biological system,
starting from the single cell level (that is, ‘cyto’ for cell, ‘metry’ for
measure) is not as simple as it seems, and can lead to results that
are not always optimal. In most cases, flow cytometry is relatively
easy to use, and often even a brief training—if not the simple read-
ing of a bench manual or a rapid glance over a protocol—enables
a researcher to use a flow cytometer and start producing data. As
we have already pointed out in ref. [1], paradoxically, this is a
main weakness of cytometry. Indeed, a well-trained cytometrist
can often identify in published papers experimental aspects or
data that must be improved, if not fully redone. The importance
of adequate controls, correct compensation, clean and well mon-
itored sorting strategies, correct data analysis, presentation, and
interpretation, and the description of the methods used cannot be
stressed enough.

It is for these reasons, a few years ago, following enthusias-
tic discussions at the European Congress of Immunology held in
Vienna, September 2015, and under the guidance of Professor
Andreas Radbruch (at that time Chair of the Executive Commit-
tee of the European Journal of Immunology (EJI) and currently
EFIS President), that the Editorial Team of the European Journal
of Immunology felt that it was worthwhile to offer our community
guidelines for the correct use of cytometric techniques in the field
of immunology. For this, we were able to put together a large team
of renowned experts who prepared a first collection of protocols
of interest for our community.

In the previous version of the guidelines, which was authored
by 236 scientists from 194 institutions spread across the world, we
focused on core aspects including advice and best practice regard-
ing how to study complex cell phenotypes, the type or amount
of molecules produced or secreted after stimulation by the cell
population of interest, signaling processes, differentiation, prolif-
eration, cell death, cytotoxic activities, cell-cell interactions, the
functionality of organelles such as mitochondria, the different
types of response induced against tumours, transcription factor
activity, quantification of soluble molecules, drug uptake, and rare
events, not forgetting the parts related to the choice of reagents,
the preparation and/or storage of the cells under analysis, the
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overall experimental plan, and last but not least, the analysis of
data.

But a good scientist knows that all efforts, including those col-
lected in extensive guidelines like ours, can and must be improved.
Accordingly, we asked for feedback on the published guidelines
and received critical comments, new ideas, and suggestions for
this new version, and here we are! In this updated version, we
have tried to ameliorate and update several parts and the reader
will find more standardized sections that should make it easier
to navigate throughout the text that now features novel tips and
pitfalls to avoid. Importantly the phenotyping sections are clearly
divided into human and murine sections, again to help the reader
find the section most relevant to their work.

There are also several new or expanded sections, with the phe-
notyping section covering all the major cell types including, for
example, dendritic cells and their subsets, unconventional T cells,
such as gamma delta, NKT or MAIT cells, B cells, and beyond, as
well as sections covering the functional aspects of regulatory T
cells and recently described assays on antigen specific cells. There
is also the identification and characterization of bone marrow and
cord blood neutrophils, plus liver cells and brain/neural cells are
actors that play a crucial role in the economy of the immune system
and can now be analyzed by cytometric assays. Soluble molecules
have received particular attention with cytokine-producing cell
sorting with secretion assays, as well as the quantification of sol-
uble cytokines with cytometric bead arrays, are now described.
A discussion regarding single cell genomics and cytometry is
also present, along with novel cytometric views on the micro-
biota, methods to detect inflammasome assembly and activation
in immune cells, and assays related to multidrug resistance.

The importance of the optimal organization of a laboratory
is self-evident, and clearly highlighted in the new sections that
describe how to perform flow cytometry under GLP/GMP condi-
tions, how to set up and maintain a core facility, including house-
keeping/shared resource lab management, as well as covering
the importance of sample banking and high-throughput screening
methods.

There is no need to underline how fundamental and complex
data analysis is, especially when we are coping with polychro-
matic and high dimensional flow cytometry, and are able to detect
dozens of antigens in a cell—not to mention mass cytometry. As
an aside, who will be the first to measure 100 parameters in a sin-
gle cell by using a cytometric assay? Thus, new sections are now
present that discuss neuronal networks, dimensionality reduction,
methods for clustering and creating trajectories, and integration
of cytometric data into multi-omics analysis among others. We
would like to stress once again that today the limit for asking crit-
ical questions is our creativity, and certainly not the instruments,
the technology, or the bioinformatics approach that we can use in
our experiments.

The following three points have already been flagged in the
previous version of the Guidelines but we would nonetheless like
to remind our readers that, first, “FACS” (fluorescence activated
cell sorting) should only be used for Becton Dickinson (BD) tech-
nologies as it is a BD trademark (FACS™); the more general term
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“flow cytometry” (for the pure analysis of the cells of interest) or
“flow cytometry cell sorting” (obviously, if one sorts cells) should
be used to be company agnostic and correct. Second, CD mAbs
and not anti-CD mAbs (in other words, CD1 mAb and not anti-
CD1 mAb for example) should be used. This is because the CD
nomenclature is primarily a system to cluster/characterize mAbs
and it was only later accepted to use this system to also describe
the respective CD molecules. Third, although the Guidelines are
as comprehensive as possible, there are naturally limitations, e.g.,
only a subset of antibodies and antigens are shown and, at times,
only certain reagents/companies are used as examples, and others
work in the same excellent manner.

In conclusion, we would like to thank the people who played
a major role in ensuring that Andreas Radbruch’s and Andrea
Cossarizza’s vision became a reality. These are Hyun-Dong Chang
and Ute Hoffman, both at the DRFZ (Berlin), and Karen Chu, for-
mer Associate Editor, who were instrumental in getting the first
version of the guidelines in place. For the revision, Nadja Bako-
cevic (Associate Editor), Sylvia Heider (Editorial Assistant), Cate
Livingstone (Managing Editor), and Laura Soto-Vazquez (Asso-
ciate Editor) of the European Journal of Inmunology, together with
Hyun-Dong Chang and Ute Hoffman, worked tirelessly together
with the authors and those providing feedback to ensure that this
revised version is a significant improvement. It is a job that is
never done as, due to time limits, some suggestions could not be
incorporated but we feel that this version will continue to provide
invaluable advice for the immunology community.

I Cytometry equipment

1 Fluidic system of a flow cytometer

1.1 Purposes of the fluidic system of a flow cytometer

To accurately measure optical properties of cells with a flow
cytometer, cells have to pass through the uniformly bright cen-
ter of focused laser beams. Light collection optics is focused on
the intersection point of cells with the laser beams to pick up flu-
orescence and scattered light from cells. This is the sensing zone
of a flow cytometer, here, the measurements of cell parameters
are taken. In stream-in-air cell sorters, the sensing zone is located
around 0.3 mm under the nozzle tip, in other cytometers it is
located inside a cuvette.

One purpose of the fluidic system is to move the cells one by
one precisely through the sensing region in a liquid stream in such
a way that each cell is illuminated by the same amount of light
from the lasers.

In cytometers with sort capabilities or cell sorters, the fluidic
system has to establish a stable break off from the liquid stream
in small uniform droplets. Droplets containing the cells of interest
can be charged and deflected in an electric field for sorting.

This kind of cell sorting technique was invented by Mack
J. Fulwyler in 1965 at Los Alamos National Laboratory [2].
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Figure 1. Sample core after hydrodynamic focussing by laminar sheath
flow in a flow chamber.

Mack Fulwyler needed a machine for testing the performance
of Coulter counters, so the first particle separator was used
for sorting of particles with different Coulter volumes. Len
Herzenberg was interested in a machine that could sort living
cells on the basis of fluorescence, he got the design plans of
the particle separator from Mack Fulwyler and found a little
group at Stanford University to build the first FACS in the late
1960s (see the video Inventing the Cell Sorter, Herzenberg Lab,
https://www.youtube.com/watch?v=Ro8P3w9BPhg).

1.2 Hydrodynamic focusing

For precise positioning of cells in a liquid jet, the hydrodynamic
focusing technique is used in most cytometers and cell counters
[3].

The cells in suspension are injected by a thin tubing in a laminar
flow of a sheath fluid that enters from a wide tubing into a narrow
tubing or small orifice. The sheath flow speeds up when it enters
the narrow tubing and the diameter of sheath and sample flow
(sample core) is decreased (Fig. 1). Crosland-Taylor described
this technique first in Nature 1953 [4] and used it in a device for
counting small particles suspended in a fluid. Some years before in
1947, F.T. Gucker used a similar technique for detecting bacteria
in a laminar sheath stream of air [5].

The hydrodynamic focusing takes place in the so-called flow
chamber or flow cell of a cytometer. A detailed description of an
optimized flow chamber for a stream-in-air cell sorter can be found
in the patent applications from Gerrit van den Engh [6, 7]) and
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Figure 2. Intensity profile of a focus spot of a gaussian laser beam. Note: if a cell is out of the center of the laser focus by 10 uym (20 pm sample
core), laser intensity goes down about 5% with a 60 pym diameter laser focus.

a flow chamber of a cuvette system is found in another patent
application from BD [8].

In addition to flow chambers for laser based cytometers, flow
chambers with hydrodynamic focusing for cytometers with an arc
lamp light source were developed. These early cytometers were
based on a standard fluorescence microscope with epi- fluores-
cence setup. Here, the same microscope lens is used to bring exci-
tation light to the cells and take fluorescence emission from the
cells. Excitation and emission light is separated by a dichroic mir-
ror and special filters. With an immersion microscope lens of high
numerical aperture, a stabilized arc lamp and optimized staining
protocol, and DNA histograms with coefficient of variations (CVs)
lower than 1% (0.50-0.7%) were achieved [9, 10].

With the hydrodynamic focusing technique, cells can be aligned
to a precision of one micrometer. With high sample flow rates the
sample core is increased, however, and cells in the sample core
can move out of the focus center of the laser. Thus, not all cells
get the same amount of laser illumination. This means that the
accuracy of measurements is lost.

To avoid loss of measurement precision when the sample core
increases and to maintain laser intensity, cytometers use elliptical
laser focus spots. Typical sizes of focus spot are 60-150 pm hori-
zontally and 5-20 um vertically. Recently, beam shaping optics for
flat top focused laser beams were introduced in flow cytometers by
the manufacturer. The intensity profile of a Gaussian laser beam
with 60, 100, and 150 pm focus diameters is shown in Fig. 2.

An approximation of the sample core diameter d in microme-
ters is given in ref. [11] as follows:

d = 1.13 % 1000 * Ju/nv with u = particle measurement rate
in particle per second, n =particle concentration in particle/mL,
and v = jet velocity in m/s.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

An approximation of the jet velocity is given by
v =3,7 % vdelta P

with v in m/s and delta P, the sheath pressure drop at the nozzle
in psi (in practice around the pressure on the sheath container
minus 1 to 3 psi pressure drop on tubings and sterile filter).

The approximation of the sample core diameter calculation
shows that for a ten times lower sample concentration a more
than three times bigger sample core diameter is necessary to keep
the particle measurement rate.

For the sheath fluid, PBS (phosphate buffered saline) fil-
tered through a 0.22 or 0.1 um filter is often used. The sheath
fluid should be compatible with cells or species that have to be
sorted.

1.3 Acoustic focusing of particles in a liquid stream

An acoustic focusing technology was developed by Gregory
Kaduchak and co-workers at the Los Alamos National Laboratory
in 2001 and introduced to flow cytometry [12, 13]. Recently,
the acoustic focusing technique was implemented into a flow
cytometer to support hydrodynamic focusing. This technique helps
to increase measurement precision in particular if wide sample
cores are used. According to the manufacturer, cytometers with
acoustic-assisted hydrodynamic focusing can run samples with low
concentrations of cells up to ten times faster as compared with
cytometers without and still maintain the precision of the mea-
surements. The fundamentals of acoustic cytometry are given in
ref. [14].
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Figure 3. Liquid stream of a jet in air sensing cell sorter. Depending
of abort settings of the cell sorter, cells that are too close together are
aborted from sorting. Reproduced with permission from ref. [16].

1.4 Droplet generation of a cell sorter

Based on the invention from Richard Sweet [15], droplet forma-
tion of the liquid jet of a cell sorter is stabilized by vibrations of
an ultrasonic transducer.

Little disturbances on the surface of the liquid jet at the exit
of the nozzle orifice are generated by the transducer. The dis-
turbances grow exponentially and lead to break up of the jet in
little droplets [3, 11]. A cell of interest that should be sorted is
measured at the sensing zone and moves down the stream to the
breakoff point. During the separation of the droplet with the cell
in it from the intact liquid jet, a voltage pulse is given to the liquid
jet. So electrons are caught with the cell in a droplet and cannot go
back when the droplet is separated from the liquid stream and the
voltage pulse is shut off. The droplet with the cell is charged and
can be deflected in a static electric field of two deflection plates
for sorting (Fig. 3).

It is important for the sorting process that the cell of interest is
at the right place when a voltage pulse is given to the liquid jet to
charge a droplet. The delay from the measurements of cell param-
eters to the charging pulse is determined by the cell sorter operator
or by the cell sorter electronics. This is done with the help of flu-
orescent beads and a laser beam under the deflection plates. The
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laser beam illuminates the streams of deflected and undeflected
droplets. The fluorescent beads are sorted all in one direction, and
with a camera, the fluorescence in the droplet streams is observed
on a monitor. During observation of the fluorescent spots the drop
delay is changed so that the brightness of the fluorescence of the
deflected droplet stream is maximized and the brightness of the
fluorescence of the un-deflected droplet stream is minimized. The
distance from the sensing zone to the break off point is controlled
by a microscope and held constant.

The delay setting is fixed during sorting and in general the
break off distance is kept constant by the operator. If the velocity
of the liquid jet is constant during sorting the sorting works fine,
but in practice this is not always the case. Small changes of sheath
pressure, for example, due to partial clogging of the sheath filter
can alter jet velocity during sorting. Petersen and van den Engh
have examined the problem and showed how little variations of
sheath pressure can disturb the sorting process and how the oper-
ator can handle it [17]. Toralf Kaiser examined how temperature
changes of sheath fluid alters sorting performance and gives a
solution for stabilizing sheath fluid temperature [18]).

A schematic of a typical fluid system of a cell stream-in-air
sorter is shown in Fig. 4.

2 Optics and electronics

2.1 Introduction

From a technical point of view, a flow cytometer is a light detection
device capable of detecting photons of different wavelengths over
a high dynamic range. In order to achieve a high dynamic range,
the optics, signal detection, and processing units must be carefully
designed.

2.2 Optics

2.2.1 Lenses. In flow cytometers, lenses are used to collect light
emitted from the cell of interest, i.e., due to their spatial resolu-
tion they collect light only from the point of interest. Furthermore,
they are used to make the collected light parallel in order to direct
it through the optical bench to the detectors. A flow cytometer
employs collection and collimation lenses. Collection lenses (con-
vex lenses) are used to focus the light from the interrogation point
either to the end of an optical fiber or directly to a collimation lens
(e.g., aspheric condenser lenses). Some instruments use optical
fibers to route the detected light to detectors, which are installed
in an octagon. In this case, a collimation lens is installed at the
other end of the fiber to ensure that all light is routed parallel
through the octagon. Inside the octagon another collimation lens
is placed in front of each detector to focus the parallel light onto
the photocathode. In instruments without fiber optics the parallel
light is routed through the optical bench and then focused onto
the photocathode by a collimation lens.
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2.2.2 Optical filter.
are spectrally broadband and therefore unable to generate a signal

The photodetectors used in flow cytometers

exclusively from specific wavelengths and thus specific markers.
To add specificity, optical filters and dichroic mirrors are used in
a well defined manner to route the light to the detectors. Optical
filters are designed as band pass (BP), long pass (LP), or short
pass (SP) filters, and are mostly installed in front of the light
detectors. The common property of the filters is that they transmit
light only within a spectral range. An LP filter transmits light
below a certain wavelength. For example, a LP of 660 nm will
transmit all light above 660 nm. In contrast, SP filters will pass
short wavelengths and block longer ones. A BP filter transmits light
in a certain wavelength range. For example, if the BP is named as
660/20, this means that light between 650 and 670 nm will pass
through the filter. Dichroic mirrors are also used to allocate light
to a specific detector based on wavelength. Like optical filters,
dichroic mirrors are separated in LP and SP versions. To achieve
maximum sensitivity, dichroic LPs are installed closer to the light
source (flow cell) to first direct long-wave photons onto the light
detector. Due to aging, quality of coating, and contamination,
the actual parameter of an optical filter or dichroic mirror can
differ from the technical description. Therefore, it is recommended
to check the transmission spectra of new filters provided by the
manufacturer and always keep filters dust free. Sometimes mirrors
(usually silver mirrors) are used in the optical bench of a flow
cytometer in order to deflect light for geometrical or constructive
reasons. These filters are >99% reflective over a wide range of
wavelengths.

2.2.3 Dispersing elements. Recently, commercial cytometers

have become available which use spatially dispersing elements
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Figure 4. Schematics of fluidics of a jet in
air sensing cell sorter.

instead of or in combination with optical filters in order to deflect
light wavelength specific to a detector array. The rationale behind
this is the measurement of the entire emission spectra of a cell (see
section 1.3 Flow cytometry, including flow cytometry cell sorting).
A dispersing element can be a dispersive prism or a grating. Prisms
have a higher light efficiency over gratings and they are not sen-
sitive for polarized light. This maybe the reason why they are
employed in the spectral flow cytometer from Sony. A dispersing
element is installed between the interrogation point and a detector
array.

2.2.4 Laser.
solid-state, continuous wave lasers. Such lasers have a small foot-
print and a typical output power range from 20 to 100 mW. Lasers
are coherent light sources that allow a high photon density at the
illumination point, and therefore an efficient energy transfer to

Lasers employed for flow cytometers are mainly

the fluorochrome.

2.3 Electronics

As a flow cytometer measures the biological information of a par-
ticle (e.g., a cell) via photons, this light needs to be converted to
electrons and processed by an amplifier, filter, analog to digital
converter (ADC), and baseline restorer in order to visualize and
store the biological information of the cells or other particles. In
this section, the main components of cytometer electronics are
briefly described.
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Figure 5. Typical electronic signal processing of a flow cytometer. The
signal coming from a PMT or photo diode is amplified by a preamp and
a main amp. The analogue signals are then digitized by an ADC board.
A personal computer (PC) is used for further data processing and HV
controlling.

2.3.1 Detectors. From a technical point of view, the detection
of cell related light is difficult due to (i) the low light level, (ii)
the high analysis rate, and (iii) the high dynamic range of the
light level. Photomultiplier tubes (PMTs) meet these requirements
and are therefore employed in almost all flow cytometers. PMTs
are vacuum tubes containing a photocathode, electron focusing
electrodes, and a series of dynodes for electron multiplication.
The photocathode converts photons to photoelectrons that are
then multiplied by a series of dynodes driven by a high voltage
(Fig. 5). Photocathodes of PMTs employed in flow cytometers are
made from bialkali material that determines the spectral quantum
efficiency n of the PMT, which is the ratio of emitted electrons to
incident photons. The quantum efficiency of the photocathode is
always 0 < n < 1 and is a function of the light quantum energy
(h x f). A typical PMT (R9220, Hamamatsu) of a cytometer
has a quantum efficiency n = 0.2 at 500 nm and n = 0.09 at
700 nm, which is a reduction in sensitivity of about 7 dB. This
means that the detection of PE-Cy7 is always less sensitive as the
detection of FITC, for example. In many applications, PMTs are
increasingly being replaced, e.g., by avalanche photodiodes due to
their higher quantum efficiency. However, in flow cytometry, only
one commercial instrument (CytoFlex, Beckman Coulter, Aurora
and Norther lights, Cytek) employs APDs in order to improve the
sensitivity for wavelengths > 700 nm [19].

2.3.2 Amplifier and signal processing. Amplifiers in a flow
cytometer can be grouped as pre- and main amplifiers. Pre-
amplifiers are either voltage (VA) or transimpedance (TIA) ampli-
fiers that are used to amplify the voltage amplitude of a PMT (VA)
or to convert a signal current of a photodiode to a voltage (TIA).
Furthermore, pre-amplifiers perform operations, such as:

® impedance matching,
® filtering and pulse shaping,
® and bandwidth limiting.

All amplifiers in a cytometer are analogue hardware devices

which must be very well designed for optimal signal to noise ratios
(SNRs). In a typical cytometer such amplifiers have an SNR of >86
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dB. Once the signals are processed by the pre-amplifiers, the main
amplifier moves the signal level to a suitable range for the ADC
(Fig. 5).

In modern cytometers, the conversion of the continuous ana-
log voltage signal into discrete digital values is done by ADCs
that are defined by their sampling frequency and sample reso-
lution. The required dynamic detection range (DNR) of a flow
cytometer can be defined as the intensity range of stained and
unstained cells, for example. A stained cell can be 10 000 times
brighter than an unstained cell that gives a DNR of 4 log or 80
dB (DNR[dB]=20log(10%)). The DNR of an ideal ADC is given by:
DNR = 6.02*N + 1.76 dB [20].

This means that in theory, an ADC with N = 14 bit will have
a DNR of 86.04 dB. In practice, the effective number of bits of an
ADC is, due to noise and distortion of the circuit, some decibels
below the theoretical value (e.g., the ADC AD9240AS of the BD
Diva electronic has 78.5 dB [21]). This limits the dynamic range to
less than 4 decades and, more importantly, shrinks the resolution
of dim signals.

The sampling frequency of the AD9240AS is 10 MHz that
results in 30 samples per measured pulse of a high speed cell
sorter (pulse length = 3 ps). This results in a peak detection error
of 1-2% [22]. Modern ADCs have a resolution of 16 bit and a
sampling frequency of 250 MHz which allows the design of flow
cytometers with dynamic range of >4 decades and a peak detec-
tion error of <0.1%.

In the digital domain, the signals are processed by filters, base-
line restorer, pulse height, pulse width algorithms, and trigger
(see Section 1.3). Filtering is done to smooth the raw PMT signal
in order to improve the SNR. The resulting signal consists of an
unwanted DC part due to laser scatter light and electronic noise
(among others) and a specific AC part. Hence, the DC part is sub-
tracted by baseline restorers to increase the SNR and the DNR of
the cytometer. The baseline restorer attempts to keep the baseline
at zero. In practice, however, baseline restoring is not perfect and
can lead to negative values on the histogram axis or introduce a
slight distortion of low signals and therefore to an increased CV of
dim signals. After baseline restoring, the pulse parameters (height,
width, and area) are extracted and converted into a *.fcs file.

Taken together, the analogue and digital components of a flow
cytometer in combination with the baseline and pulse shaping
algorithms need to be well adjusted in order to maximize SNR
and DNR.

3 Flow cytometry, including flow cytometry cell
sorting

3.1 Convention, or fluorescence-activated flow cytometry
and sorting

Since the invention of the first prototype of a Fluorescence Acti-

vated Cell Sorter in 1968 at Stanford University, the technol-
ogy has become a powerful tool to analyze and sort individual
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cells based on their functional status. Moreover, flow cytometry
provides a robust statistic of thousands of individual cells and can
detect rare events at a frequency below 107 cells. The sample
uptake by the instrument can be done from tubes or multi-well
plates at an acquisition rate of thousands of cells/s. In a typi-
cal cytometer, the sensitivity decreases with increasing flow rate
due to the increasing diameter of the cell stream within the flow
cell. Alternatively, the AttuneNXT (ThermoFisher) uses acoustic-
assisted hydrodynamic focusing, which helps keeping the core
stream tight and therefore gives accurate results even at a much
higher sample throughput. Furthermore, the serial acquisition of
multiple cell samples can be automated by using high-throughput
platforms (HyperCyt®).

Today, instruments are available designed to detect up to 27
different bio-markers on an individual cell. Typically these markers
are fluorescently tagged antibodies, molecular sensors, as well as
genetically encoded reporters. For instance, the FACSymphony™
(Becton Dickinson) is technically capable of detecting up to 50
parameters of an individual cell. In practice, this high number of
parameters is not achievable because at the moment the range of
appropriate fluorescent dyes is limited.

Technical limitations regarding the maximum number of
detectable markers are also given by the overlap of the emission
spectra of the different fluorescent tags, since each fluorescence
detection channel is correlated to a biological marker. To over-
come this, fluorescent tags became available that have different
excitation wavelengths. Currently, up to seven lasers with emis-
sion wavelengths from 325 to 808 nm are used in order to achieve
a high flexibility in the choice of the fluorescent tags. Furthermore,
tunable lasers are used for special applications like fluorescent life
time measurements (FLIMs).

Flow cytometers use either PMTs or avalanche diodes to con-
vert the emitted or scattered light into amplified electrical pulses
that are processed by appropriate electronics to extract informa-
tion like pulse height, area, length, and time. The electronics
of the cytometer consist basically of a preamp circuit, baseline
restoration circuit, and an ADC. In most modern cytometers, the
data post-processing (i.e., pulse integration, compensation, log-
transformation) and data analysis is done in a computer by soft-
ware. All components together must have a low noise level (i.e.,
a high SNR) to achieve high instrument sensitivity (Q) and low
background (B) detection.

Avalanche diodes have better detection efficiency in long wave-
lengths and thus a better SNR in that range over PMTs. Further-
more, they open new possibilities for the application of fluorescent
tags with long-wave emission spectra. Avalanche diodes are imple-
mented in the CytoFLEX (Beckman Coulter) cytometer. Within this
instrument, the emitted fluorescence light is divided by a wave-
length division multiplexer (WDM) through a series of band pass
filters and integrated optics, onto an array of avalanche diodes
that enables a high sensitivity in the detection of, e.g., PE-Cy7.

Avalanche diodes or PMTs itself are light detectors that are
unsuitable for wavelength detection, hence, the fluorescent light
needs to be filtered by optical filters and mirrors. These filters must
be carefully chosen because a multiparameter experiment, i.e., an
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experiment in which multiple parameters (markers) are analyzed,
requires that multiple fluorophores are used simultaneously; a
consequence of this is spectral overlap or spillover (see Section
II.1 Compensation).

Conventional flow cytometers circumvent this problem by com-
pensation (see Section II.1 Compensation) in order to accurately
correlate the physical light properties with the biological proper-
ties of the cell. Following this, the data are analyzed in a multi-
variate fashion in combination with a hierarchical gating strategy
(see Section VIL.1 Data analysis).

It is essential to adapt the combination of fluorescent tags to
the given optical, laser, and electronic setup of the instrument to
minimize spillover, increase Q, and lower B signals. For instance,
by choosing the right concentration of a certain reagent (see Sec-
tion III.2 Titration: Determining optimal reagent concentration),
the fluorochrome related B can be optimized such that it con-
tributes ideally nothing to the B given by the instrument. This can
help to increase the separation (the distance between the means)
between a blank and a fluorescent population that is a function of
Q and B. Thus, it requires the characterization of Q and B of the
used instrument.

Mostly polystyrene particles (beads) are used for this purpose
in combination with software based protocols implemented in the
instruments, e.g., MACS®Quant, Fortessa, Yeti, Cytoflex to name
just a few. Beads are small particles and so to say “cell dummies” of
well-defined fluorescent intensity and sizes that also can be used
for PMT voltage optimization, compensation setup, cell counting,
scale calibration, and so on.

Scale calibration is an especially useful approach to mea-
sure absolute values (e.g., number of binding antibodies, amount
of fluorescent molecules or photoelectrons) instead of relative
mean fluorescent intensities (MFIs), which leads to quantitative
flow cytometry (see Section VII). Beside beads, scale calibration
can also be achieved by using LED light pulses. Recently, the
quantiFlash™ (APE) tool has become available that provides ultra
stable LED light pulses. Furthermore, by using this tool, instru-
ments can be compared within or between labs regarding their Q
and B values.

Up to this point, analytical cytometers have been described but
cells can, in addition, be sorted based on specific marker expres-
sion for downstream analysis (molecular biology, sequencing, etc.)
or cell culture (see Section II).

3.2 Spectral flow cytometry: Principles and evolution

For spectral flow cytometry, the “one detector, one marker”
paradigm is changed. After excitation (Fig. 6A), the complete
emitted light of a marker (Fig. 6B) is spectrally dispersed
either by refraction within a prism or by diffraction within a
grating (Fig. 6C) over a highly sensitive photo detector array
(Fig. 6D). Gratings are susceptible for polarized light. As polar-
ization occurs frequently in flow cytometry [23], the total effi-
ciency of a grating may be reduced. In fact, prisms are better
suited for spectral light dispersion because they have a better
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Figure 6. Principle of a spectral flow cytometer. (A) Excitation light
source (laser), (B) labeled cell, (C) dispersing element, (D) multichannel
light detector (CCD or multichannel PMT).

light transmission and are also stable for polarized light. Unfortu-
nately, the dispersion of a prism is not linear with regard to the
wavelength, which makes it difficult to use linear detector arrays
such as multianode PMTs [24].

As mentioned above, multianode PMTs or charge-coupled
devices (CCDs) can be used as detector arrays. CCDs have a high
quantum efficiency of 80-90% in the visible range (500-800 nm)
and a relative long readout time that limits the acquisition rate. On
the other hand, this in combination with high spectral resolution
allows the spectral detection of Raman scattering, which is a char-
acteristic spectrum of molecular vibrations, much narrower than
fluorescence spectra. This allows the application of new biological
markers, such as surface enhanced Raman scattering tags or near
infrared fluorescent dyes [25, 26].

Spectral flow cytometry was introduced in 1979 [27], when
the cytometric measurement of FITC- and PI-labeled mouse cells
was demonstrated using a video camera tube as a detector. More
recently, Robinson et al. developed a single cell spectral flow
cytometer based on a grating and PMT array [28-31]. This instru-
ment created single cell spectra and demonstrated a spectral flow
cytometer based on a 32-channel PMT array detector using a holo-
graphic grating and showed the detection and analysis of labeled
lymphocytes and microspheres in hyperspectral space. Goddard
etal. [32] employed a grating spectrograph attached to an intensi-
fied CCD for measuring microspheres and cells. This spectrograph
was implemented in the optical pathway of a conventional flow
cytometer and was able to take spectra of single cells and micro-
spheres as well as to discriminate free versus bound propidium
iodide.

The first commercially available spectral flow cytometer, the
SP6800, was developed by Sony [33]. This instrument employs a
prism array to disperse the collected light over a 32-channel mul-
tianode PMT. Moreover, the instrument is equipped with three
lasers (405, 488, and 638 nm), which allow for full spectral detec-
tion of the resulting emission spectra. The measured spectra from
single cells are subsequently unmixed by using reference spectra
of all used dyes and the autofluorescence spectrum. Least Square
Fitting algorithms are used to calculate the most accurate fit for all
reference spectra, leading to an accurate determination of which
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dyes are present on each cell and at which intensity. Using this
method, a complete fluorescence emission is used instead of only
a small portion of emitted light entering a dedicated detector
through a specific set of mirrors and optical filters. This is a major
advantage over conventional flow cytometry, in which light that
is lost outside of the optical filters also contaminates other chan-
nels with unwanted light that has to be corrected by a subtractive
method (see Section II.1 Compensation). Since dyes frequently
used in flow cytometry have rather broad emission spectra and
large spectral overlaps, spectral unmixing can help mitigate this
problem. Therefore, applications for spectral flow cytometry are
similar to those performed on conventional flow cytometers with
the additional benefit of spectral unmixing, which allows spec-
trally overlapping dyes to be measured, and auto-fluorescence sub-
traction to be included. Moreover, control of reagents (especially
tandem dyes) is paramount with the increased need for standard-
ization. Given that spectral flow cytometry shows full spectrum
unbiased data, quality control is more or less integrated.

In this fashion, spectral flow cytometers are designed to mea-
sure the biological information across multiple detection chan-
nels, where the optical configuration can be fixed for all exper-
iments, giving the added benefit of instrument stability, sensi-
tivity [34], and easier standardization across instruments, aided
by the lack of individual PMTs and individual optical filters and
mirrors.

II Setup—Instrument setup and quality
control

1 Compensation

1.1 Introduction

In flow cytometry, fluorescence spillover (i.e., which can be over-
come by compensation) is probably the single greatest source of
frustration for the scientist and cause of bad data. Correctly com-
pensating for spillover is critical to accurately identify populations
in multicolor flow experiments. Errors in compensation for one
fluorochrome can be propagated into other detectors resulting
in erroneous “virtual” positive populations or errors in popula-
tion percentages due to incorrect gating. Mastering fluorescence
spillover is much like chess, the rules are simple, but becoming a
skilled practitioner can take some effort. Here, the basic concepts
of fluorescence spillover are reviewed and some simple principles
to follow in order to maximize data quality are provided, while
debunking some of the myths that surround this field. For further
information on this subject, readers are referred to the following
references: [35-38]. In addition, a guide as to the Minimum Infor-
mation about a Flow Cytometry experiment has been developed
and vetted by the International Society for the Advancement of
Cytometry (ISAC) [39]. This includes recommendations for ways
to document compensation of complex panels.
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Figure 7. Spillover and compensation: (A) the emission spectra of PerCP-Cy5.5 and PE-Cy7. (B) Peripheral blood lymphocytes stained with PerCP-
Cy5.5 CD4 mAb. The MdFI is shown for the PerCP-Cy5.5 and PE-Cy7 detectors without (left) and with (right) compensation.

1.2 Principle of spillover and compensation

Fluorescence spillover is the amount of signal, measured in median
fluorescence intensity (MdFI), that a fluorochrome emits in a sec-
ondary detector specific for a different fluorochrome (Fig. 7A
shows the fluorochrome PerCP-Cy5.5 is spilling into the PE-Cy7
detector [dark red]). This is equivalent to a background in that
detector. We can calculate a spillover value (SOV) of PerCP-Cy5.5
into PE-Cy7 as Y/X x 100% (Fig. 7B, left). Compensation is the
mathematical process used in all flow cytometers and software in
which these SOVs are used to determine a compensation matrix
that effectively subtracts/corrects background due to spillover in
all detectors (Fig. 7B, right).

The accuracy of this correction is totally dependent upon the
accuracy of the SOVs determined from the appropriate single-color
compensation controls. In Fig. 7B, the spillover is correct when the
MdFI [PE-Cy7] of the PerCP-Cy5.5 positive (+) population is equal
to the MdFI [PE-Cy7] of the PerCP-Cy5.5 negative (-) population.
With a few exceptions, the mathematical calculation of SOVs is the
same for all cytometers and flow cytometry software packages.

1.3 Measuring SOVs/compensation controls

On all cytometers, SOVs should be determined using single-color
compensation controls. Most errors in calculating SOVs are due
to the use of inappropriate compensation controls. A compensa-
tion control should consist of a positively stained population and a
negative or unstained population. The positive and negative pop-
ulations do not need to be run in the same tube. Cytometer and
software protocols will specify what combinations can be used. It
is never good practice to try to run two controls in the same tube,
for example, using FITC CD4 mAb and PE CD19 mAb. This makes
the assumption that there is absolutely no antibody bound to the
“negative” cells, which is typically not the case.

Many software packages from flow cytometer manufactures
and third party companies have an “auto-compensation” feature.
While these can be very powerful, they are based on automated
gating algorithms in which the software identifies the positive and
negative populations. These gates may not always be appropriate.
It is recommended that for new controls the user confirm that the
software is providing correct gates and results.
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In general, correct SOVs can be obtained by following four
simple principles for single-color compensation controls:

1. The fluorescence spectrum of the compensation control

fluorochrome-conjugated reagent should be identical to the
reagent used in the experiment. More specifically, the fluo-
rochrome should be identical not similar. For example, even
though Alexa Fluor® 488 and FITC are spectrally very similar,
an Alexa Fluor® 488 compensation control cannot be used for
a FITC reagent or vice versa. Other examples are allophyco-
cyanin (APC)/Alexa Fluor® 647 and APC-Cy7/ APC-H7.
This principle is especially critical for tandem reagents (e.g.,
PE-Cy7, APC-Cy7) where there can be significant spectral dif-
ferences from lot to lot, which can lead to differences in the
SOV [40]. In such cases, it is recommended that users run
individual single-color, lot-specific compensation controls.

2. The autofluoresence of the positive and negative populations

must be equivalent. The spillover calculation assumes that any
difference in the MAFI of the spillover detector (e.g., Y in
Fig. 7A, left) is due to the presence of the fluorochrome mea-
sured by the primary detector. If the autofluoresence differs,
then part of the MdFI in the spillover detector will be due to the
difference in autofluoresence and not the fluorochrome itself.
An example is shown in Table 1. In measuring the SOV of FITC
into PE when similarly autofluorescent positive and negative
cells are used, the calculated SOV is 27%; however, incorrectly
using beads for the negative population results in an SOV of
22%, a 5% error.

This also applies to cell types. Cell lines and untransformed
lymphocytes should not be used for the same control. If a
stained cell line is used as a positive control, the same unstained
cell line should be used as a negative control. It is similar
with cell subsets, for example, if lymphocytes are analyzed,
lymphocytes, and not monocytes, should be used as both the
positive and negative control. Some software programs allow
a universal negative population (e.g., unstained lymphocytes);
however, this is acceptable only as long as all analyzed samples
are exclusively lymphocytes.

Myth: the SOV depends upon the type and autofluores-
ence of the cells you are analyzing. False. The SOV is only
a function of the fluorochrome. When correctly measured,
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the SOV is independent of the cell type(s) in the biological
sample.

3. The positive population should be as bright as possible.

As noted earlier, the SOV is equal to the slope of the MdFI
of the two detectors (Fig. 8, dashed line). The actual SOV is
not a function of the brightness of the positive population but
is the same all across the dynamic range. A truly correct SOV
will provide correct compensation whether it is derived from a
bright or dim positive population (Fig. 8, Correct SOV). When
calculating a slope, the most accurate measurement (i.e., SOV)
is obtained when the two data points obtained are apart as far
as possible. This is especially important for low spillover values
such as PE-Cy7 into PE.

However, we rarely get “perfect” SOVs, and the impact of any
errors in the SOV are magnified as the MdFI of the primary
detector increases as shown in Fig. 8. In this example, if there
is a 1% under compensation error in the SOV (Fig. 8; red line),
it would have a minimal impact on a dim population. In this
example, in an MdFI of 10% in FL1, the error would be 10 MdFI
in FL2, not noticeable. However, if the FL1 MdFI is 10°, the
MGAFI error in FL2 would be 1000 and this would incorrectly
look like a new positive population.

Myth: For spillover to be correct, it is required that the com-
pensation control positive population needs to be as bright as
your sample. Partly False.

To restate the message here, you want to get the most accurate
slope/SOV possible. Therefore as noted in the title, it is good
practice to have the positive control population as bright as
possible, preferably close to your sample MdFI (static or acti-
vated). However, for spillover to be correct, it is not required
that the compensation control positive population needs to be
as bright as your sample. In some cases, the positive popu-
lation of compensation beads may not be as bright as your
sample. This does not mean it is not a valid compensation
control. In general, if the positive population is approximately
equivalent to CD4, you will get good results. There is one major
caveat to this statement. For all measurements, it is critical that
the positive population is in the linear range of the detector.
Outside of this range, the corrected data will be inaccurate.
Most cytometer manufacturers provide linearity information
for their instruments.

4. Collect enough events to obtain meaningful accurate SOVs.
As a rule of thumb, collect at least 5000 events for both your
negative and positive population. Again this is to ensure the
accuracy of the measurements, especially for low SOVs.

1.4 Compensation controls

Compensation controls typically fall into two categories: (i)
stained cells; (ii) beads, these are seen as either (i) directly
fluorochrome-coated or (ii) anti-Ig capture beads and are available
from a number of sources. Each of these controls has advantages
and disadvantages. In a given multicolor experiment, compensa-
tion controls can be mixed and matched including all three types.
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Table 1. The consequences of using positive and negative
populations with differing autofluoresence: Lymphocytes were
stained with diluted FITC CD4 mAb. The MdFI of the CD4" [Cells (+),
unstained [Cells (-)] cells and unstained beads [Beads (-)] were
measured in the FITC and PE detectors. SOVs were calculated using
positive and negative cells or positive cells and negative beads

Fluorescence (MdFI)

FITC PE SOV
Cells (+) 3135 903 n/a
Cells () 95 78 27%
Beads (-) 107 228 22%

That is beads (positive and negative) can be used to compensate
Fluorochrome A, and cells (positive and negative) to compensate
Fluorochrome B. The key is to follow the second principle and not
mix and match different control types within the same single color
fluorescent control.

1.4.1 Stained cells. The advantage of using stained cells is that
these controls most closely replicate what is happening in the
assay tube. The disadvantage is that you may have to use precious
biological material. In particular, if you need a tandem, lot-specific
control for a specific CD marker, splitting the sample to generate
such a control decreases the number of cells available for analysis.
This may therefore require the use of even more of the biological
sample at the outset.

1.4.2 Beads. The advantage of beads is that no biological mate-
rial is required and they are easy to prepare and use. Following
the manufacturer’s protocols, for many fluorochromes, beads pro-
vide sufficiently accurate SOVs. The disadvantage is that these
beads are a surrogate for cells and may not in all cases provide
a perfect match to cells. This can result in discernible and repro-
ducible differences in the SOVs obtained from the exact same
reagent measured on beads versus cells. Where different SOVs are
obtained, the cells must be considered the biologically relevant
gold standard.

Compensation controls using fluorochrome-coated and anti-Ig
capture beads are available from a variety of sources. Some are
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Figure 9. Accuracy for SOV: The figure shows two different assays in which lysed whole blood was stained with the same fluorochromes:
BD Horizon™ Brilliant Violet 510 (BV510) and BD Horizon™ Brilliant Violet 605 (BV605). Both assays used the same BV605 reagent. In the top
panels, the BV510 positive population was dim while in the bottom panels the BV510 positive population is very bright. For each assay, the
SOVs were determined and the correct spillover was applied (Middle panels). For the left panels, the BV510—BV605 SOV was increased by
1% (overcompensated) and compensation applied. For the right panels, the BV510—BV605 SOV was decreased by 2% (undercompensated) and

compensation applied.

used as stand-alone controls, some are integrated into software
packages. However, when used for 10-18 color instruments, dif-
ferences in SOVs can be seen in all of these beads when comparing
the SOVs obtained with the beads to the SOVs obtained with the
gold standard of cells. These differences can vary from manufac-
turer to manufacturer. For example, the beads from Manufacturer
A may be more accurate than the beads from Manufacturer B
when calculating the SOV of Fluorochrome X into Y, while the
beads from Manufacturer B may be better for calculating the SOV
of Fluorochrome Y into Z. SOV differences between beads and
cells can be as large as 5-10%.

Compensation beads are a powerful tool for making the pro-
cess of determining SOVs fast and easy and should be used where
appropriate. However, it is important to use them with reasonable
caution. The best laboratory practice to ensure accurate compen-
sation when using beads is to pretest any new reagent on both
beads and cells to ensure that they are providing you with SOVs
equivalent to your stained assay samples. For example, if you are
using a new fluorochrome or a new lot of a tandem, run a quick
test staining both cells and beads; calculate the SOVs from both.
If the SOVs are effectively equivalent then you can be comfortable
using the beads as controls for all future assays. However, if there
are significant differences, you may need to use cells as your con-
trols or try a different bead. Finally, in such a test, you may want
to treat the cells and beads as you would in your assay, e.g., if
your assay includes a fix/perm step, you can include this in your

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

control staining. Fix/Perm buffers can sometimes, but not always,
alter the SOV of your fluorochromes.

1.5 What are “good” SOVs?

This is really a question that cannot be definitively answered.
There is great deal of misunderstanding regarding what SOVs
actually mean in terms of a multicolor flow cytometer and the
experiments run on them. First and foremost, SOVs are empirically
determined mathematical values that are used by flow cytometry
software to correct for the background due to fluorescence. While
these values are related to fluorescence spillover, they are not
direct absolute measurements of the fluorescence spillover of one
fluorochrome into another detector. SOVs are based upon median
fluorescence measurements, which are gain (i.e., PMT voltage)
dependent. That means that when you change the PMT voltage
on a detector, the SOVs associated with that detector will change.
However, the actual spillover of fluorescence from one detector
into another is unchanged. So you cannot ask “Why is the SOV on
my instrument different than the lab next door?” without knowing
the PMT voltages. The single most important fact to remember is
“Changing the PMT voltage on an instrument will change the SOVs
but it has absolutely no impact on the actual florescence spillover
and its associated spread and does not affect the quality of the
data.”

Wwww.eji-journal.eu
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1.6 What is “good enough” accuracy for SOVs?

Using the right compensation controls under the right conditions
will maximize the accuracy of your spillover values. Still, no matter
which controls are used, it is likely that there will be some error in
some of the SOV measurements you make. This brings up the final
question of what SOV accuracy is good enough to provide you
quality data. The honest answer is that “it depends.” It depends
upon the design of your assay, the fluorochromes used, and the
density of the antigens being analyzed. Any error in the final data
is directly proportional to both the error in the SOV measurement
and the brightness (MdFI) of the population being analyzed. This is
demonstrated in Fig. 9. In the assay represented in the top panels,
the Brilliant Violet™ (BV) 510 positive population is somewhat
duller (MdFI ~6000). In this situation, small (42%) errors in the
BV510 into BV605 detector do not significantly affect the error in
the MdFI in the BV605 detector (~4100).

The situation in the assay shown in the bottom panels is quite
different. The BV510 positive population is quite bright (MdFI
~68000). Identical errors (i.e., £2%) in the BV510 — BV605
SOV results in truly BV605 negative populations appearing to be
positive (BV605 MAFI errors of £1300). The MdAFI error in the
spillover detector (here BV605) = the MdFI of the population in
the primary detector (BV510) x the %error in the SOV. Therefore,
an “acceptable” error in the SOV for one assay (e.g., the top panels)
may be quite unacceptable for another (the bottom panels). This
is again why it is important to pretest your compensation controls
to better understand and manage any potential errors that can
impact the quality of the final assay.

In conclusion, with an understanding of the concepts of com-
pensation/fluorescence spillover and following a simple set of
principles when using compensation controls, it should be rel-
atively easy to obtain and present high quality multicolor flow
cytometry data.

2 Maintenance

Flow cytometric experiments produce relative data and they are
strictly dependent on the actual context of measurement (e.g.,
sample quality, reagent quality, or instrument performance). To
get comparable results over time, each single step of a flow cytome-
try experiment needs to be controlled. This section focuses on the
instrument side and discusses important (preventive as well as
some reactive) steps in maintaining flow cytometric instruments
to ensure a constant quality level of measurement. Even if several
tips and tricks are mentioned, this section can only offer a basic
selection of possibilities and options. For some maintenance steps,
you need to have additional experience. In case of doubt, consult
the technical support of the respective company.

2.1 Introduction

The signals generated by flow cytometric instruments are deter-
mined by many different factors, such as optical layout (laser and
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laser power, optical filter), sheath fluid, room climate, and so on.
It is therefore a prerequisite to “know” the performance of the
respective system at a certain time point. By using appropriate
controls and standards, it is possible to define the original status
of instrument performance and track it over time. This can be
performed in different ways and depends upon the type of instru-
ment (analyzer, cell sorter), the instrumental layout (number of
lasers, high-throughput system (HTS)) and the type of measure-
ment one wants to conduct (e.g., screening, diagnostic, qualitative
vs. quantitative or volumetric tests). Due to an increasing diversity
of available flow cytometers on the market, there is no common
routine of conducting maintenance and also the time frames and
maintenance intervals may vary from one instrument type to the
other. While most of the manufacturers offer service contracts for
their systems, the experienced user can do several things to pre-
vent potential damage and maintain or restore the instrument’s
original level of performance. Be aware that for some steps during
maintenance (e.g., laser alignment) additional precautions (e.g.,
wearing laser safety goggles) are necessary to accommodate for an
altered hazardous potential (optical (high energy laser), biologi-
cal, or electrical (high voltage)) compared to normal instrument
operation. Those interventions should only be done by service
engineers or specially trained users with the necessary risk assess-
ment and personal protection equipment in place.

Maintaining a flow cytometer means retrieving information
about the actual status of an instrument and comparing it to the
original (ideal) situation. It should be ensured that the data have
been collected under comparable conditions such as comparable
laser warm up time (between 15 and 30 min), fluidic setup (using
a primed system and choosing the same flow speed: low, medium,
high), and event-rate. If the performance check fails, one needs
to know how to bring it back to the original level (if possible).
Below several options detailing how to check the performance of
a flow cytometric instrument and what can be done as preventive
mainentance procedures are described (summarized in Table 2).

2.2 Maintaining optical devices

Maintenance starts with cleaning the instrument. To prevent dan-
ger from laser radiation or electrical hazards, this can be done
without switching on the cytometer. For example, it is necessary
to remove dust from the ventilation systems to allow effective air-
cooling of lasers and power supplies as well as from optical filters
(BP, SP, and LP), (dichroic) mirrors, and prisms of the optical
path. Dust will impair the laser-alignment and sensitivity of flu-
orescence signals by generating additional background and loss
of fluorescence signals. These parts can be cleaned with unsoiled
pressurized air (e.g., as used for electronic parts or computers)
and more resistant dust can be carefully removed with cotton
swaps or dust free paper wipes (moistened with a drop of pure
methanol (e.g., those used in microscopy) as methanol will evapo-
rate without leaving residues on the optics). How often these types
of preventive maintenance have to be performed strictly depends
on the environmental conditions and are sometimes included in
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Table 3. Summary of some critical parameters defining the optical
performance of a flow cytometer

Parameter A measure for ... Recommended
Value
SDen . electronical noise as low as possible
%rCV ... Laser alignment as low as possible
Qr ... Detector efficiency  as high as possible
B ... the channel as low as possible
background
Signal to . sensitivity of as high as possible
Noise ratio Detector

maintenance contracts of the vendors. Many flow cytometers’
lasers are directed via glass fibers to the detection site and,
therefore, are relative stable over time in their alignment. Other
machines are equipped with fixed optical benches, making repeti-
tive laser- and filter-alignment nearly obsolete. But in any case, it
is important to check (or “know”) the instrument status prior to
the measurement.

The Cytometer Setup and Tracking (CS&T) module from Bec-
ton Dickinson (BD), available since software version DIVA 6.0,
is an example, how instrument performance can be monitored
over time (BD Cytometer Setup and Tracking Application Guide
V3.0, [41]). The combination of software and the use of stan-
dardized beads make possible to retrieve critical parameters in
one run. After installation through a service engineer or exchange
of components (e.g., lasers, filters, or PMTs), the status of the
instrument is documented in a so-called “baseline.” A lot of infor-
mation (not all of it is listed here) about the linear range of each
PMT (important for proper measurement and compensation (see
Chapter II Section 1.3 Measuring SOVs/compensation controls),
electronic noise and background (B;, SDgy), detector efficiency
(Qy), as well as sensitivity (Peak ratio between negative and pos-
itive population) and quality of laser alignment (%rCV) is stored
in this file. All the introduced values are summarized in Table 3
with a very brief explanation and are described in much greater
detail elsewhere [42-51].

In a second step, the instrument performance can be tracked
and compared to the baseline values by running the same lot of
standard-beads at different time points. The software module is
then reporting every observed change. In Fig. 104, a typical result
of a CS&T performance check is shown. A wrong BP filter in front
of the PMT-detector resulted in a lower signal. As a consequence,
the system needed a higher PMT-voltage (AV) to reach the
defined target value for this particular channel. The change in AV
was larger than the accepted range (which is as default value in
CS&T < 50 V) and instrument performance failed with notice to
the user (red cross). On flow cytometers without a CS&T-option,
a similar result can be achieved by using nearly any kind of
standardized particles (e.g., Rainbow Beads, 6- or 8-Peak Beads,
Calibrite® , CS&T Beads [41] or other fluorescent-labeled Beads).
Instead of a “baseline,” one has to generate a system-specific
calibration containing all the fluorescent channels and parameters
including a fluorescence channel of each available laser versus
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time. At already suggested time-points, one is measuring the
beads under defined settings and save this result as a (instrument
specific) “standard.” Future measurements with the same kind of
beads (consider and document potential lot to lot variations over
time) and the same instrument settings (see Chapter IV, Section
2.1) will allow a comparison to the first “standard” measurement
and monitors changes in instrument performance. In Fig. 10B, a
result for the same situation as described for the CS&T-option is
shown. With the correct BP filter (510/50), the beads are falling
inside the target values (positive peak of the blue curve is inside
the brackets), whereas with a wrong BP filter (610/20), the
instrument performance fails (red curve).

Having this kind of information for all parameters at vari-
ous timepoints (every day or week) will give a good overview
of the performance of the system. Tracking at least one fluo-
rescent channel per laser over time gives additional information
about the stream stability and indicates if air bubbles inside the
system are causing problems. Displaying these plots during an
experiment may help to reveal problems with sticky or unfiltered
samples.

Beside the target channels, also the shape and width of the
peaks are of importance and can indicate for instance a laser
misalignment. As shown in Fig. 11A, the peak of the positive
beads is still inside the defined target area, but the width (%rCV)
is twice as big as the corresponding measurement during the
standard performance (Fig. 11B). After realigning the laser, the
shape of the peak and the %rCV value are again in the expected
range.

The selected examples illustrate, that tracking an instrument
performance is possible in different ways (8-Peak Beads, CS&T
or fluorescent labeled beads, etc.) as long as one knows where
to look at and to what instrument specific “standard” an actual
result has to be compared to. As noted earlier, there are several
additional parameters, which can be tracked (e.g., laser delay and
area scaling factors), but with a correct standard setup, most of
them can be accessed via appropriate bead measurements.

2.3 Maintaining the fluidic system

2.3.1 Sheath filters. The fluidic system of most flow cytometers
is assembled with parts that need to be maintained on a regular
basis. One has to ensure that the fluidic lines and filters are free
of air bubbles. Entrapped air compresses differently than sheath
fluid and can cause unstable (“dancing”) fluorescence signals due
to incorrect time calculation of the incoming signals. The more
lasers a machine has, the less tolerant the system is against air
bubbles or unstable compressed air supply. Sheath or saline fil-
ters therefore have to be vented on a daily basis and replaced
every 6 months (most commonly suggested time interval by man-
ufacturers). In machines without extra sheath supply (e.g., Guava
EasyCyte, Partec/ Sysmex, Accuri etc.), air in the system will cause
false values for volumetric cell counting or will lead to empty fcs-
files without any measured event.
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Figure 10. Examples for performance tracking with and without a CS&T module [130]. (A) A Levey-Jennings chart of a weekly measured perfor-
mance for one parameter (out of 10) is shown. The cross in red indicates a failure in the performance check (a higher PMT-Voltage is needed to
reach the target values of the beads, which corresponds to a loss of sensitivity). After checking and changing the band-pass filter in front of the
corresponding PMT, the performance is measured again and is compared to the previous situation (blue dots). With the correct band-pass filter
installed, the performance of the PMT is back to the previous level. The graph is taken from a CS&T-Cytometer Performance Report of a BD FAC-
SCanto II equipped with 3 lasers. (B) The histogram of channel A of the violet 405 nm laser shows the corresponding measurement to the situation
described above in (a) and is taken from a self-defined, instrument-specific calibration worksheet. The blue population represents the “standard”
setup (with a 510/50 band-pass filter in front of the PMT of channel A, where the beads are reaching the respective target values (brackets). The
red curve shows a measurement with a 610/20 nm band-pass filter instead. The beads are clearly outside the target values and the positive and
negative populations are barely separated from each other. This is an example, how one can easily track basic instrument performance without
having a separate software module available.

sterilization/decontamination,

avoid crystallization for long-term storage (e.g., overnight),
unclogging,

and bleaching (get rid of cross-contaminating dyes).

2.3.2 Sheath tanks. Sheath tanks, especially when they are pres- -
surized, have to be refilled and checked for leakiness on a frequent -
basis. Bal seals have to be replaced before they lose integrity. The -
consequences are similar to those described above for entrapped -
air bubbles. An additional consequence in cell sorters is an unsta-
ble droplet breakoff point, which is critically dependent on a con-
stant and stable pressure (especially for nozzle sizes above 85 um,
see also Chapter I Section 1.4 Droplet generation of a cell sorter).

2.3.3 Fluidic lines, SIP, and HTS. For long-term storage, such as
an overnight shutdown or prior to maintenance through a service

Degasing Sheath tanks before usage can therefore improve the
stability of the droplet formation in cell sorters.

To ensure sterile cell sorting, one has to clean/autoclave the
sheath tanks on a regular basis. This goes in line with cleaning the
sample injection port (SIP) and the sample tubing (see Table 2,
Fluidics). Some machines offer semi-automated start-up and shut-
down protocols, as well as cleaning routines one can run after a
defined period of time or on demand [52]. In general, there are at
least four basic protocols to maintain a fluidic system, depending
on the intention of the cleaning:

A Laser not aligned:
%rCV (P2) = 24,5 %

engineer, most labs run a decontamination protocol followed by a
wash cycle before they switch off the instrument (or hand it over
to a service technician). The most commonly used solutions to
decontaminate a flow cytometer are 1% sodium hypochlorite or
70-80% Ethanol. But freshly prepared 1% hydrogen peroxide can
also be used. Distilled or deionized water is ideal for washing out
the cleaning solution. To keep a machine in a “dormant”/unused
state for a longer period of time (weeks/month), one could dry
the tanks and system tubing completely after the cleaning process
or flush all lines and tanks with distilled or deionized water (con-
taining some preserving agents to prevent bacterial and fungal

B Laser realigned:
%rCV (P2) = 10,2 %

3 ¥

= P2 =

3 g3

£ 83 £ 83

3c ass

083 o83

3 S 3

o =3

v o3

E 83

o3 T T o
010‘ 10? 107 10t 10° D10‘ 10?

4

Figure 11. How one can detect suboptimal
alignment of lasers. Both histograms display a

negative and positive bead population in the
450/50 channel of the UV-Laser of a BD FAC-
SAria SORP cell sorter. Although the positive
peak in (A) still falls into the defined target

107 10t 10 area (brackets = P2), the shape and %CV of the

peak suggest a suboptimal alignment of the UV-
Laser. After realignment the shape of the posi-

tive peak become narrower with only the half of

UV Laser 450/50
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the %CV. (B) Laser-alignment is optimal, when
the lowest %CV values are reached.
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contamination). When possible, a sample tube containing water
can be left at the SIP. All this is to ensure that no salt crystal for-
mation occurs, which could subsequently cause clogging, even if
the SIP or tubing were to dry out.

Sticky or clumpy cells, which are either not properly filtered
or used at too high a cell concentration, could block the orifice of
an instrument. In some (mostly pump driven) instruments (e.g.,
BD Accuri, Merck/Millipore Guava EasyCyte) one can reverse the
direction of the fluidics to push the blockage backwards out of
the tubing. Running a (prewarmed) detergent (e.g., FACSRinse)
through the system for several minutes, followed by filtered deion-
ized water or PBS, can help to release the obstraction in clogged
SIP and/or sample lines. In machines where one can easily access
and remove the SIP, sonication (in clean water) of the tubing is
also an option (e.g., Guava EasyCyte). As a last option, one could
use thin wires to clean the SIP, working like a sweeper cleaning a
chimney. If an optional HTS or Carousel Module is available, the
washing steps are even more important and fluidic parts and tub-
ing should be changed like recommended from the vendor. The
usage of fluorescent dyes such as PI, DAPI, or Acridine Orange
(AO), which are used to stain nucleic acids (e.g., live/dead, cell
cycle, or RNA-DNA ratio) makes an additional cleaning step nec-
essary (because the use of AO can cause a lot of trouble, there
are different alternatives available for many applications in which
AO is used [e.g., lysotracker, Syto® dyes, and Pyronin Y]). These
dyes are often stained in excess to ensure a good staining profile.
Due to their planar structure, they are sticky and can also adhere
to the tubing. Therefore, a high likelihood of cross-contaminating
samples between different users exists. Running a bleaching solu-
tion (e.g., 1% sodium hypochlorite) for 5-10 min will prevent this.
To check for efficient cleaning, run an unstained cell sample and
observe in a bivariate plot (fluorescence channel of the dye (e.g.,
PI) versus time) if background of these cells is increasing over
time. In that case additional cleaning is necessary.

In all situations, one has to be careful with the use of aggres-
sive/corrosive solutions and make sure that they are washed
out/replaced by the respective sheath fluid or distilled water and
are not left inside the flow cell for an extended period of time (e.g.,
overnight) [53], as this could damage the tubing and sealing and
end up in leakiness of the system.

Some flow cytometers (e.g., Accuri C6, Guava Easycyte, Attune
Nxt, MACS®Quant, and CyFlow) allow volumetric measurement,
which enables counting and direct calculating of the cell number
and concentration of a sample. A prerequisite for accurate cell
counting is also an air bubble and particle free (filtered) sheath
fluid and intact sample lines. Mechanical stress makes it necessary
to replace the tubing at appropriate intervals (e.g., a bimonthly
change of the peristaltic pump tubing is recommended for the BD
Accuri C6 system [54]).

2.3.4 Flow Cell/Cuvette. The flow cell is part of the fluidic and
optical system of a flow cytometer and is therefore included when
performing a cleaning as described above. Nevertheless, some
instruments (e.g., BD FACSAria cell sorter, BD FACSCanto II)
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provide separate automated cleaning procedures to improve per-
formance. For most instruments (e.g., FACSCalibur, LSRII, and
Fortessa), there are also manual cleaning options, which will
require separate training.

2.4 Computer and software

Beside the above-described maintenance steps to ensure proper
function of a flow cytometer, the computer and software need
some attention. Defragmentation of the computer’s hard drive and
backups of the FCS-files should be scheduled in a frequent way
(weekly/monthly, depending on the usage). Where the FCS-files
are organized in databases, one should take care that the size of the
database does not exceed recommended size limits (e.g., <45% of
available disk space for the BD FACSDiva Software [55]). This will
impair and slow down at a certain time point the performance of
the entire system. Using the implemented Data Manager software
on BD instruments (at least once per month) reduces the size of
the database log file and is improving the overall performance and
stability of the DIVA software.

Although most flow cytometers on the market are very robust
and reliable, there are still many things that need to be con-
trolled. Table 2 summarizes many common steps to consider dur-
ing instrument maintenance. As already mentioned, it depends on
the instrument and environmental setup which steps have to be
done in which frequency and the focus might vary from labora-
tory to laboratory. Therefore, it is an overview and a suggestion of
procedures, which should help to get the best results out of your
flow data. In any case of doubt, contact the reference guidelines
and/or service engineers of your vendor to prevent damage from
your system and to keep it in a good condition.

3 PMT voltage optimization

Correctly setting PMT voltage gains is essential to optimize signals
and improve the resolution of dim populations. The aim is to
bring signal out of the low end of the scale, which is dominated
by electronic noise that will obscure dim events, without pushing
bright events off the top of the scale.

Historically, many cytometry users set voltages by eye, often
by placing an unstained population in the first decades of a log
scale. However, this method is potentially problematic, particu-
larly in channels with inherently low autofluorescence, such as
those in the red spectrum. Alternatively, while it is possible to set
voltages using stained cells on a per experiment basis this is time-
consuming, uses valuable samples and lacks reproducibility. As a
result, standardized methods to optimize voltages are required.

Due to their ability to provide consistent signals, fluorescent
bead-based methods are an important step in PMT setup. Several
approaches can be used. On BD instruments Cytometer setup and
tracking (CS&T), an automated bead-based method is available
[41]. In this case, CS&T beads are used in an automated fashion to
obtain an initial baseline voltage optimization based on setting the
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Figure 12. Voltage walk displaying rCV and rSD of the second peak of
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MAFI of dim beads to 10 times the robust standard deviation of the
electronic noise (rSDen), essentially ensuring that electronic noise
only contributes 10% or less of the signal. This allows setting of
reproducible voltages in reference to a bead standard, but does not
guarantee that the voltages are optimal for the biological samples
being used in a particular experiment.

An alternative is a voltage walk approach in which a
range of voltages are applied to beads to determine the
point at which separation of an unstained and dim bead
population is maximal, while also ensuring that the separation
of highly stained bead populations is not altered. The level of sep-
aration can be determined via ratios such as M2 (separation of
dimmest peak = MFI of the lowest positive peak/90th percentile
of the negative bead) and M5 (separation of brightest peak) [48]
or via calculation of the stain index [56]. A variant of this approach
is the peak 2 method which also applies a voltage walk to a bead
set containing a dim population [57]. This is used to find the point
at which the robust CV (rCV) of the second peak, the dimmest pos-
itive population, is not reduced by further voltage increases. The
rCV of dim particles directly corresponds to the resolution sensi-
tivity [58]. This point also coincides with the point at which the
standard deviation begins to increase (Figure 12). A disadvantage
here is that the exact point to choose is subjective and differing
bead sets may have differing levels of separation of the peak 2
beads, affecting sensitivity.

While bead-based methods are effective at determining mini-
mal voltage requirements and tracking reproducibility, some fur-
ther optimization may be required to determine optimal settings
for particular biological samples. In some cases, it may be found
that the minimum voltage determined by beads causes highly
stained cells to be off scale or above the linear maximum. In this
case, it is essential to reduce the voltage in order to obtain reli-
able results from these cells since data outside the linear range
will result in compensation errors. If this occurs regularly, switch-
ing to a dimmer fluorochrome for the highly stained marker or
adjusting staining protocols may be a better solution to preserve
resolution of dim populations for this channel. Another source of
variation in optimal PMT voltages is the difference in the level of
autofluorescence in a cell population and the calibration beads.
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One method to deal with this is to use the BD application set-
tings [59]. To ensure that electronic noise does not have a major
influence on the resolution of dim populations, unstained cells
can be run and the PMT gain adjusted until the population has
an rSDen of 2.5 times baseline. This will effectively balance the
autofluorescence of the population on the outer edge of the elec-
tronic noise meaning that dim signals should be resolvable and
define the minimal acceptable voltage. BD application settings
are able to save these cell population optimized values in refer-
ence to CS&T baseline values so that they can be automatically
adjusted in reference to any APMT between CS&T baseline and
CS&T daily performance checks. On non-BD instruments, it is also
possible to carry out these daily adjustments if the electronic noise
of the instrument has been determined by the user or by using
a voltage walk approach to define optimal separation distances
of measured populations and then saving these values in refer-
ence to a corresponding MdFI of a bead population at the same
voltage [48].

In summary, the goal of PMT voltage optimization is to initially
determine the settings with optimal sensitivity and then reproduce
them on a daily basis. It is important to note that the aim is not
to reuse the same voltage value but rather to optimize the voltage
each time to ensure the same signal. While multiple methods are
available, most conform to a similar basic structure: 1) initial setup
using a control population (normally a bead control) to determine
reproducible minimum voltage requirements; 2) validation and
if needed, further optimization of settings for relevant biological
samples, to be saved in reference to the bead control; and 3) a
daily check of the beads controls in order obtain the desired ref-
erence values and thus the optimal voltage. Importantly, while
steps 1 and 2 may be initially time-consuming, baseline settings
determined in this way should be robust for an instrument as
long as it does not undergo significant configuration changes.
Once this baseline is set, a relatively brief daily performance
check can be used to ensure reproducibility and maintain optimal
performance.

III Before you start: Reagent and sample
preparation, experimental design

1 Controls: Determining positivity by eliminating
false positives

1.1 Introduction

For antibodies, the desired way of binding is the specific binding
of the antibody, i.e., via its antigen-binding site, to its antigen.
However, antibodies can bind in another manner to cells, also
deemed as “specific,” by interaction with that cell’s endogenous
Fc receptors. A third possible interaction between antibodies and
antigens is “nonspecific,” and occurs through ionic and hydropho-
bic interactions between the two molecules (“stickiness”). It is of
critical importance to exclude the latter two to be able to reliably
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quantify antigen expression by immunofluorescence. Therefore,
proper controls are essential in flow cytometry to determine back-
ground fluorescence and/or background staining, to distinguish
false positivity from true staining and to quantitate “true” positiv-
ity as such. Antibodies, the most widely used staining reagents in
flow cytometry, can bind a cell in many different manners.

1.2 Fluorescence spreading into the channel of interest:
Fluorescence minus one controls

The first step in establishing what a positive signal should
look like is to obtain a reference for the natural or back-
ground levels, autofluorescence, in that particular detection chan-
nel. For this purpose, a sample without the staining of inter-
est should be acquired. In the case of multiparameter staining,
this should be the fluorescence minus one (FMO) control. In
the FMO control, all antibody conjugates in the experiment are
included except the one that is controlled for. The FMO con-
trol provides a measure of the spread of fluorescence from the
other staining parameters into the channel of interest, and is
required to accurately determine the threshold for positive stain-
ing [60]. It does not, however, provide any measure of nonspecific
binding.

1.3 Specificity of reagent for staining target: Biological
controls

There are several methods to control for the specificity of antibody-
mediated immunofluorescent staining, each of which confers vary-
ing degree of confidence. The most reliable, but often also the
most difficult to obtain, control is a negative control consisting of
cells that do not express the marker of interest. The negative con-
trol should be as similar as possible to the experimental sample
to exclude differences due to autofluorescence, size, “stickiness,”
and so on. Such a negative control could be represented by using
cell lines that do not usually express the marker of interest, and
comparing these against cell lines engineered for ectopic overex-
pression of the marker, or by comparison to cells genetically defi-
cient for the marker of interest, both of which provide excellent
controls for establishing staining protocols and for testing staining
specificity. Depending on the nature of the marker of interest, the
comparison to activated versus non-activated cells may be suit-
able if markers dependent on activation are analyzed, although
one has to consider that activation may also change properties of
the cell, such as its size and shape, which may also increase the
inherent autofluorescence or unspecific staining. The use of inter-
nal controls, by staining additional markers to identify cells not
expressing the marker of interest within the same sample, e.g.,
using CD8™ T cells as a negative control for CD4" T-cell-specific
markers, or CD19" B cells when examining CD3" T cell-specific
markers, should also be considered.
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1.4 Specificity of reagent for staining target: Blocking and
isotype controls

In cases where biological negative controls are not available or
difficult to come by, blocking controls can also provide an excel-
lent measure of unspecific binding. Specific binding is blockable,
i.e., loss of staining by the fluorescently labeled antibody after
the addition of either excess soluble antigen or unlabeled anti-
body, both of which block the specific interaction of the staining
antibody with its cognate antigen. Unlabeled blocking antibody
must recognize the same antigenic epitope with comparable affin-
ity of the labeled antibody whose specificity has to be verified.
Ideally the same antibody clone should be used. Any positive sig-
nals still detected despite the use of blocking controls indicate that
unspecific binding due to ionic and hydrophobic interactions of the
antibody or the fluorochrome has occurred. When using these con-
trols, however, one has to be aware that blocking controls do not
exclude cross-reactivity of the staining antibody to other antigens.
Normal human serum (10% in PBS with an optional addition of
0.5% BSA) can be used to block the binding of labeled antibodies
to FcyR when human cells (particularly B cells or myeloid cells,
i.e., monocytes, dendritic cells, and macrophages) are analyzed.

Probably the most widely used staining control, the isotype
control, is of limited use in determining the threshold of positiv-
ity/level of background fluorescence due to unspecific binding.
The rationale behind using isotype controls is the assumption that
unspecific staining is due to the isotype of the antibody. As a
matter of fact, positive staining with isotype controls may be an
indication that antibodies bind via Fc receptors to the cell. In that
case, Fc receptor blocking reagents should be used to prevent such
an interaction [61]. However, isotype controls are by nature dif-
ferent reagents than the staining antibody, with a different amino
acid composition in the variable region, different numbers of flu-
orochromes bound to the antibody, and different concentrations,
and, thus, have different “unspecific” binding properties. There-
fore, a negative staining with the isotype control does not infer
that the staining one observes with the experimental antibody is
specific.

2 Titration: Determining optimal reagent
concentration

Before any experiment, it is good practice to validate and optimize
the reagents used. In flow cytometry, these reagents are generally
specific antibodies used to detect and quantify proteins on sin-
gle cells. Using too much or too little of the staining reagent will
result in increased unspecific staining, decreased SNR, decreased
sensitivity, lack of linearity between level of expression and stain-
ing intensity, and increased experimental costs. Thus, it cannot
be stressed enough that determining the optimal concentration
of antibodies for your experiment is of utmost importance. The
optimal concentration or “titer” of an antibody or any other stain-
ing reagent has to be determined empirically for target and your
staining condition (i.e., staining time and temperature), and for
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titrated on murine splenocytes. The antibody was titrated in 1:2 dilution

steps starting from a 1:100 dilution (5.4 pg/mL) up to 1:12800 (0.04 ng/mL). (A) Histograms of the stained samples are shown. (B) MFI of the positive
and negative populations (left axis) and SNR between the positive and negative populations (right axis) are plotted. Best separating titer for this

particular antibody was determined to be 0.7 pg/mL (1:800 dilution).

every new batch of staining reagent for that matter. Live cells
may have a different staining optimum than fixed cells, proteins
stained on the cell surface different than the same protein stained
intracellularly. As it is very improbable that commercial reagents
have been tested on your particular experimental conditions, they
should also always be titrated rather than being used at the man-
ufacturer’s recommended titer or concentration.

To determine the optimal titer for the staining antibody it is
recommended to make a serial dilution of the antibody. If it is not
known from which concentration to start from, a generic starting
point is 10 pg/mL of antibody, which is then serially diluted 1:2 for
six to eight dilution steps. The number of cells used for the titration
should be orientated toward the number of cells being stained
in the actual experiment. However, while the number of cells
affects the staining quality, staining tends to be quite robust within
quite a large density range, e.g., 10°-5 x 10° cells. Once titrated,
an antibody concentration generally gives comparable staining
quality within a ten- to 50-fold range of cell concentrations. If
cell concentrations are increased by more than that, it is usually
sufficient to increase antibody concentrations by two- to threefold,
or to make a quick two to three step titration.

Once a titration series has been made, there are several ways
to evaluate the data to determine the optimal titer. The simplest
method is to calculate the ratio of the MFI of the positive pop-
ulation (stained by the CD4 mAb) to the MFI of the negative
population, i.e., the SNR (Fig. 13A and B). It should be taken into
consideration that the applied gates for the negative and positive
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population will have to be adjusted for each sample in the titration
series. The titer for the best separation will be the one with the
highest SNR (Fig. 13B), i.e., in this case 0.68 pg/mL or a 1:800
dilution of the original antibody stock.

One can also consider the lowest antibody concentration that
gives near maximum signal. This will be the concentration at
which staining is saturating and most robust toward changes in cell
number, staining time, and temperature. Other methods to assess
optimal staining by determining the staining index are described
here [62]:

Additional aspects to consider are

1. When using antibodies, it is the concentration of the anti-
body which is the critical parameter, i.e., when upscaling an
experiment to stain in a bigger volume, increase the amount
of antibody correspondingly to keep the concentration the
same.

2. When titrating an antibody, make sure you have a population
that does not express the antigen of interest; this helps to
correctly assess background staining. If there are no “negative”
cells in the population, consider spiking in cells.

3. Once an optimal titer has been determined, indicate the con-
centration of the staining antibody for optimal staining, and
not the dilution factor, when it comes to publishing your
results.

4. If possible, use counterstains to identify subsets of cells that
coexpress or do not coexpress the marker you are titrating for.
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This will help determine/confirm the specificity of the titrated
antibody.

3 Preparation of single-cell suspensions

3.1 Introduction

The fluidic nature of counting in flow cytometry requires single-
cell suspensions. If cells from either solid tissue or an adherent
cell culture have to be analyzed, a disintegration of the tissue or
the cell layer into single cells is an absolute prerequisite for any
flow analysis.

Techniques for the disaggregation of tissue into single cells are
very old with most of the basic protocols being from the 1980s
or 1990s. Since flow cytometry was first developed, it has always
been of great importance to measure cells not only from a sus-
pension culture but also from adherent cell cultures or from solid
tissue. In particular, in tumor research, disaggregation of the tis-
sue has to be done carefully for the application of flow cytometry.
Nonetheless, despite all the protocols and even some automatic
disaggregation systems, disaggregation is still a process that has
to be optimized specifically for each tissue in order to get the best
possible results. A high degree of standardization can be main-
tained in the cytometric laboratory using automatic processing
machines from industrial companies. For non-automated proto-
cols, companies provide a large variety of special enzymes and
protocols for enzymatic digestion.

The protocol for cell preparation depends strongly on the cel-
lular properties that are under study. These staining targets could
either be markers on the cell surface, in the cell plasma, or in
the nucleus. Alternatively, it could be DNA or RNA extracted from
each cell after cell sorting.

With similar techniques, subcellular components such as
nuclei, chromosomes, and mitochondria can be extracted either
directly from the tissue or after disintegration.

The two main principles for dissociation of a tissue or an adher-
ent cell culture into single cells are mechanical or enzymatic dis-
sociation; however, the effect of the enzymes on each protein of
interest needs to be determined, e.g., some cell surface proteins are
cleaved by collagenase. Also note, just as a reminder, if unknown
clinical material is to be analyzed, biological safety regulations
have to be maintained.

3.2 Mechanical disintegration

From a tissue (e.g., solid tumors), a sufficient number of cells
have to be extracted by applying mechanical forces. The tissue
is generally placed into a Petri dish containing some growth
medium and held by forceps. Using a scalpel, the tissue is then
scraped and minced, as long as it takes until cells are released.
The solution is then filtered to remove large tissue pieces and very
gently centrifuged. The resulting pellet is resuspended in growth
medium afterward.
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3.3 Enzymatic digestion

For enzymatic digestion, very often trypsin and collagenase Type
IT are used. In addition, other commonly used enzymes include
papain, elastase, pronase, hyaluronidase, and Dispase®. If the
degree of ploidy has to be determined, as in the case of tissue
from solid tumors, DNase I should be added to the cocktail to
remove DNA from non-intact cells. The tissue is incubated in the
enzyme solution, usually at 37°C for some time. This is followed
by removing the enzymatic cocktail by centrifugation and resus-
pending the cells in medium.

It is advised after dissociation by either mechanical or enzy-
matic methods to determine the number of cells and their viability.
An easy way of determining viability is to use a dye exclusion test
with the classical Trypan blue test in a hemocytometer by visual
microscopic inspection being the “gold standard.” Use of either this
test, or other dye exclusion tests with fluorescing dyes that can be
assessed by flow cytometry are helpful to perform. Further infor-
mation on establishing/controlling for viability is covered later in
this article (Section III.4 Dead cell exclusion, cell viability, and
sample freezing). After viability has been established, the cell sus-
pension can be used directly for flow cytometric analysis or stored
after fixation or freezing for later measurement.

In many published protocols, both mechanical and enzymatic
methods of generating single-cell suspensions from original mate-
rial are commonly combined and modified appropriately to give
the best results in term of cell yield, cell viability, and integrity
of aneuploid populations. A good representation of all kinds of
cells in the sample after tissue dissociation is always aimed for;
however, it can never be taken for granted that it is 100% and that
the proportion of different cell types in the final sample resembles
exactly their proportions in the tissue. Furthermore, the physiolog-
ical state of the generated cell suspension may be different from
that in the starting material.

3.4 Special disaggregation techniques
Two special disaggregation techniques deserve a mention and

these are nuclei from paraffin-embedded tissue and nuclei and
chromosome isolation.

3.4.1 Nuclei from paraffin-embedded tissue.
samples from paraffin-embedded sections for flow cytometry

The preparation of

requires a different protocol from those described above. In clini-
cal research, the flow cytometric analysis of cells from a paraffin-
embedded section can be required, especially if backward screen-
ing of patients needs to be performed. Preparations of cell nuclei
from paraffin sections are possible. In principle, a section cut from
the paraffin block has to be dewaxed using a solvent such as
xylene, followed by treatment with ethanol and water for rehydra-
tion. However, this can be a very lengthy procedure. Thereafter,
DNA staining of the isolated nuclei with intercalating dyes can
give reasonably good DNA histograms.
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3.4.2 Nuclei and chromosome isolation. Pure cell nuclei and/or
micronuclei can be isolated directly from most tissues and the
protocols used for nuclei preparation for cells in suspension can be
adopted. Excellent results from adherent cell cultures are possible
even without using trypsination. The tissue is first treated with
salt solutions containing a detergent and RNase. This is followed
by treatment with an acidic sucrose solution. In this way, the
cytoplasm is destroyed and nuclei are released [63]. In a very
similar way, whole chromosomes can be isolated from metaphase
cells and their DNA content can be measured with high precision.
Even single chromosomes can be sorted based on their difference
in DNA content.

3.5 Ensuring a single-cell suspension/removing oversized
aggregates after extraction

For all disaggregation methods described, it is essential to ensure
a single-cell suspension and to remove oversized aggregates after
extraction. To do so, the suspensions should be filtered through a
simple mesh (~30 to 50 pm) or a cell strainer to remove larger
aggregates, which otherwise can clog the flow cytometer’s nozzle
or channel.

3.6 General comments

Once a protocol for a certain cell type and experiment has been
developed, it is strongly recommended to always proceed in a
highly standardized way. Automatic systems with high repro-
ducibility provide mechanical as well as enzymatic tissue disag-
gregation in a more or less automatic process and may be advan-
tageous in the routine cytometric laboratory. For a typical solid
tissue, the cell yield is about 107 cells/mg material and it should
be possible to achieve >50% viability in the isolated cells. What
should not be underestimated, however, is the probability of per-
turbing cell surface structures and epitopes or disrupting the cell,
which could occur in solid tissue disaggregation. In some cases,
cell clumping, dramatically reducing the cellular yield, can be a
big obstacle for a productive flow analysis.

Many protocols for tissue dissociation and cell isolation use
a combination of the above procedures as one technique on its
own may not deliver a high cell yield and cell viability. Alternative
methods such as aspiration may also be used [64]. A successful
protocol depends in general on the personal experience in the
laboratory. It is also highly dependent on the amount of available
tissue(s), the nature of the tissue, and the planned use of the
material.

4 Dead cell exclusion, cell viability, and sample
freezing

4.1 Exclude dead cells

The cell type and the isolation procedure from dissociated tis-
sues or liquid samples will influence cellular integrity and via-
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bility. In principle, dead cells will increase background signals
either caused by a general increase in autofluorescence or by
an increased behavior to bind antibodies in a low-affinity and
unspecific manner. Therefore, dead cells should be labeled by
high affinity DNA stains such as PI, DAPI, or 7- ADD (7-amino-
actinomycin D), so that they can be excluded by appropriate gat-
ing from further analysis (see live/dead discrimination see Sec-
tion II.4 and Section V.2). In general, fluorochromes for discrim-
ination of living and dead cells can be differentiated between
those that passively integrate in the DNA of plasma membrane-
permeable dead cells or those that were actively transported into
living cells only. However, these probes are not applicable for
intracellular analyses, since all cells have to be fixed and per-
meabilized before staining. For these purposes, fixable dead cell
stains are available that bind to amines of proteins. These probes
are available in a wide range of different fluorescence colors, and
samples are to be stained first before applying the fixation and
permeabilization protocol. An extensive overview of life/dead
cell discrimination based on dye exclusion can be found in
ref. [65].

4.2 DNA-binding dyes

The principle of identifying dead cells using DNA binding dyes
is based on the concept that these dyes are impermeable to the
plasma membrane and so cannot enter viable cells having intact
membranes. Viable cells will exclude these dyes and therefore
exhibit little to no fluorescence. Cell viability can therefore be
assessed by incubating samples with a DNA dye such as PI or 7-
AAD; dead cells will stain positively for either of these two nuclear
dyes. It is important to be aware that dyes such as PI and 7-AAD
can be taken up into viable cells over time, and so these stains
should be added immediately ( ~10 min) prior to analysis, and the
staining protocol should be standardized across the experiments.
It is also important to note that DNA binding dyes cannot be used
on fixed or permeabilized cells such as those that would be used
in studies interrogating the expression of intracellular “targets”
using intracellular flow cytometry.

For the analysis, a data acquisition region is placed around the
positively stained cells, and color-eventing or “back gating” on the
PI+ or 7-AAD+ cells present is used to identify most, but not all,
dead cells as exhibiting lower FSC and higher SSC than viable cells.
Although it is possible to gate around the viable cell population on
the basis of their light scatter profile and use this for all subsequent
samples, even if these samples do not include a viability indicator,
by far the best method for excluding dead cells from data analysis
is to use a vital DNA dye in all samples. Although common dyes
used in multicolor analyses include PI, 7-AAD, TOPRO-3, pyronin
Y(G) (PY(G)), and SYTOX, a plethora of options are now avail-
able from a range of commercial suppliers. A note of caution is
that the broad emission spectrum of 7-AAD (600-750 nm at 20%
normalized emission maximum) can result in a significant level
of spectral overlap into other detectors and exclude its use in the
context of other fluorochromes such as PE-Cy5, PerCP, and PerCP-
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Cy5.5 in large multi-parameter panels. Furthermore, it is quite a
“dim” (low quantum efficiency) fluorescent molecule when com-
pared to PI, which is very “bright.” However, the minimal spectral
overlap between 7-AAD emission and that of fluorochromes such
as FITC and PE can be useful in some instances. One will also need
a compensation control for these dyes, and this could be generated
by staining cells that have been heat treated (70°C, 30 min), or by
leaving cells in isotonic saline without nutrition overnight.

Although these approaches use one of the fluorescent detec-
tion channels and thereby reduce the number of other parameters
that can be interrogated, the issue of viability is an important one
and the integrity of the experimental data and their interpreta-
tion should not be compromised by not including a viability stain
in all experiments. The far-red viability dye DRAQ7TM (Biostatus
Ltd., UK) is another viability dye that can be used in similar set-
tings to PI and 7-AAD and allows the identification or exclusion of
apoptotic, damaged, or dead cells. A particularly useful feature of
DRAQ7TM is that its dual excitation using blue (488 nm) and red
(633/638 nm) lasers and its emission at 650-800 nm allows multi-
beam excitation and the exclusion of dead (DRAQ7+) cells with-
out “consuming” what could be a vital, and much needed, addi-
tional fluorescent channel [66, 67]. The advantages of the classical
DNA-binding dyes are that this is a well-established approach that
involves a short incubation at the end of the staining procedure,
and that the reagents are of low cost. However, they are limited in
their spectral (excitation, emission) characteristics and a signifi-
cant disadvantage is that they are not suitable for experiments that
are interrogating intracellular expression of relevant antigens that
require fixation and permeabilization. A typical staining protocol
involves the following:

1. Add 500 pL of cell suspension (1-2 x 10° cells—unfixed) to a
12 x 75 mm polystyrene tube.

2. Add nuclear staining compound dissolved in PBS [PI: 5 pL,
200 pg/mL, 7-AAD: 4 pL, 250 pg/mL, TO-PRO-3: 4 plL,
250 pg/mlL, or PY(G): 5 pL, 200 pg/mL] to tube.

3. Incubate cells on ice for at least 5 min.

4. Analyze cells by flow cytometry.

4.3 Protein-binding dyes

In some instances, the aim of the analysis will be to determine
and compare the expression of intracellular molecules/proteins,
in which case cells must be fixed and permeabilized in order to
allow the probes and antibodies to enter the cells. The use of
DNA binding dyes is inappropriate in these circumstances. In these
instances, the use of dyes binding to the amine groups of proteins
(amine-binding dyes), not DNA, is recommended.

The identification of nonviable cells under such circumstances
can be achieved using products having varied fluorescence spec-
tral properties such as the LIVE/DEADR_ fixable range of prod-
ucts from Life Technologies, the eFluor™ fixable dyes from eBio-
science, BioLegend’s Zombie range of fixable dyes, Tonbo bio-
sciences’ Ghost Dyes™, and the Fixation and Dead Cell Discrimi-
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nation Kit from Miltenyi Biotec. These dyes covalently react with
protein so that the discrimination is completely preserved follow-
ing fixation of the sample. It should be noted that these dyes are
membrane impermeable and so will be internalized only by non-
viable cells. However, the level of fluorescence emitted by viable
cells (with which the dye has had access to only a few amines
on the cell surface), and nonviable cells (in which the dye has
had access to many more amines intracellularly) will be clearly
distinguishable. A word of caution: it is crucial to ensure that
staining protocols are performed in the absence of proteins in the
staining buffer, to which the dye will bind. Experiments can be
compensated using commercial amine-reactive beads or labeled
and unlabeled cells.

4.4 Vital dyes

A third category of reagent that can be used for determining cell
viability and cell death are the vital dyes. These dyes indicate via-
bility by emitting fluorescence in response to metabolic activity
in cells. Cellular esterases cleave the acetomethoxy group to yield
calcein inside metabolically active cells. “Free” calcein binds intra-
cellular calcium and fluoresces brightly green. Calcein AM dyes
can be passively loaded into adherent and non-adherent cells.
These cell-permeable esterase substrates serve as viability probes
that measure both enzymatic activity, which is required to activate
their fluorescence, and cell membrane integrity, which is required
for intracellular retention of their fluorescent products. Available
with blue, violet, and green fluorescence, these dyes are ideal for
short-term staining (signals can be measured within 5 min, but
once the AM group is cleaved, it can be actively transported out of
the cell within a few hours) of live cells and can be used in multi-
plexed flow cytometry experiments. However, as the fluorescence
generated by these dyes is driven by the presence of metabolic
activity, it is not easy to include them in staining protocols that
require fixation and permeabilization.

4.5 Dye-free approaches

As a sub-optimal alternative to the use of fluorescent stains, the
light scatter properties of dying cells and cells undergoing apop-
tosis change and these can be detected by flow cytometry based
on forward and side light scatter (FSc, SSc) properties. However,
the nature of these changes and their detection will depend on the
cells and the optical design of the instrument being used. Apop-
totic or dying cells can therefore be identified without any staining
by FSC and SSC parameters only. Reardon et al. [68] have exten-
sively compared the use of light scatter- and fluorescence-based
approaches for monitoring viability after freezing. Cells can also be
stained for apoptotic markers (e.g., cleaved caspase-3 or cleaved-
PARP). This works well for cells that are directly collected from
growth culture or in vivo, as cells in these situations commonly
die by apoptosis. These markers will not work for cells that die by
necrosis, but such cells are more likely to have abnormal scatter.
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4.6 Freezing cell samples

The freezing of cell samples offers the advantage of being able
to monitor responses over a prolonged period and to man-
age longitudinal studies involving many patients and/or healthy
donors/controls. Freezing of cells is also used when including sam-
ples taken at multiple sites and having them analyzed at a central
laboratory. Freezing, therefore, facilitates the logistics of measure-
ment, such as when only a few samples per day are to be analyzed
and the simultaneous analysis of samples that have been collected
at different times reduces the potential impact of experimental
and analytical variabilities that can be introduced. Of course, all
of these should be minimized by establishing standard operating
procedures for the experimental set up and flow cytometric anal-
yses and undertaking robust and regular quality control processes
for the instrument.

However, even if precautions are taken, freezing cells
inevitably influences cellular biology and key parameters that are
likely to be a key element of the study such as viability, immuno-
logical capacity and responsiveness, and ability to be expanded in
vitro. The properties of thawed cells might be significantly differ-
ent to their freshly isolated counterparts. These potential issues
and limitations therefore need to be taken into consideration.
Whenever possible, one should determine the effect of freezing
and thawing on the key biological and immunological readouts
before embarking on an experimental program that stores frozen
samples.

Maintaining the highest level of viability requires cells to be
frozen in a cryoprotective solution. DMSO is a commonly used
solution that, when used at a concentration between 5 and 10%
v/v in an appropriate medium, retains a high level of viability
after storage. One technical point to consider is that the best
recovery is achieved with a gradual freezing process, i.e., low-
ering the temperature of the cells by 1 to 2°C/min. This pro-
cedure is intentionally slow in order to prevent the formation
of ice crystals and cell rupture. Higher concentrations of DMSO
(up to 10% v/v) allows faster freezing and has been shown to
deliver 85% post-thaw viability, with some variability between
different types of leukemia. Automatic freezing techniques using
temperature-controlled setups have been developed for the rou-
tine cytometry laboratory. In these systems, the cell samples are
slowly moved down a tank of liquid nitrogen by a motor-driven
spindle. Commercially available cell freezers are the most suitable
appliances for this process. However, manual methods have been
widely reported to give adequate results.

The thawing process is as important as the freezing one and
must be done very rapidly, with active thawing being prefer-
ential to a passive one. Active thawing and other steps in the
thawing process have been evaluated for leukocytes by Hgnge
et al. [69]. It should be appreciated that different cell types
respond differently to thawing, and this needs to be taken into
consideration during experimental design. As an example, Alsayed
et al. [70] reported that myeloid leukemia cells recovered better
than lymphoid leukemia cells. Immunophenotyping is an impor-
tant and frequently used method in risk assessment and post-
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therapy follow-up in the clinical laboratory that requires a high
degree of standardization and post-thaw viability tests in order to
ensure that results are accurate and robust.

It is also possible to fix live cells and then freeze them. This is
not appropriate for any setting where the cells need to be analyzed
for function after thawing, if the main issue is one of logistics,
fixing, and then freezing works well. One can use the Smart Tube
System (Smart Tube Inc), or the fixing protocol published by Chow
etal. [71].

5 Cell fixation and permeabilization for flow
cytometric analyses

5.1 Introduction

The analysis of intracellular targets using flow cytometry (intra-
cellular cytometry) presents a number of technical challenges that
are not generally encountered in the measurement of cell sur-
face epitopes, or in the measurement of dye uptake/processing
(e.g., Calcein AM) in viable cells. In general, cells (in suspension)
must be first “fixed” to preserve and maintain both the structure
and location of target epitopes, then “permeabilized” to allow
probe (e.g., antibodies) access—ideally to all cellular compart-
ments (cytoplasm, mitochondria, ribosomes, nucleus, etc.).

In general, cell fixation is accomplished by the use of either
crosslinking fixatives (e.g., formaldehyde, glutaraldehyde), or low
molecular weight alcohols (methanol, ethanol), which generally
act to “coagulate” proteins. Formaldehyde has the advantage of
generally maintaining the overall conformation of the native pro-
tein. However, since formaldehyde generates multiple reactive
sites on peptides, polysaccharides, and lipids, crosslinking can hide
or sequester epitopes such that they are not freely accessible to
antibody probes after fixation. An additional benefit of formalde-
hyde fixation in the study of posttranslational protein modifica-
tions (e.g., phosphorylation, methylation, acetylation, ubiquitina-
tion, etc.) is that formaldehyde appears to both “fix” the modi-
fication of target amino acids (serine, threonine, tyrosine), and
also inhibits the degradation of these targets in living cells (e.g.,
phosphatase removal of phosphorylations, demethylase removal
of methylations, and so on). In contrast, alcohol fixation generally
results in poor detection of some (phospho-, and potentially other
protein) modifications.

5.2 Fixation of whole blood specimens

Studies in the field of immunology frequently utilize peripheral
blood, lymph node, or bone marrow cells, often with a prelim-
inary purification step (Ficoll-Hypaque, hypotonic lysis, ammo-
nium chloride) to remove red blood cells. In addition, preliminary
purification techniques can remove potential target cell popula-
tions (e.g., loss of blasts using Ficoll-Hypaque). In this section,
we will first cover fixation and permeabilization techniques for
samples containing red blood cells, and subsequently cover fixa-
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tion and permeabilization techniques for isolated cell populations
(tissue culture cells, isolated lymphocytes, monocytes, etc.)

Following fixation, cell permeabilization is performed in order
to gain access to the cell interior. This can be accomplished using
either detergents (e.g., Triton X-100, NP-40) or saponifiers (e.g.,
Saponin), or with low molecular weight alcohols (methanol or
ethanol). A complete discussion of the advantages and disadvan-
tages of different approaches/reagents is beyond the scope of this
guideline, but also see Chapter V section 15. Here, we focus on
a fixation and permeabilization technique developed for use with
clinical samples (whole blood, bone marrow) [71]. We set out to
develop a technique that would allow the direct addition of fixa-
tive to clinical samples (to immediately “fix” phospho-epitopes and
prevent dissociation of signaling inhibitors out of cells, which can
result in rapid reversal of their inhibition). However, the addition
of fixative directly to whole blood presented the problem of how
to remove RBCs after fixation. We discovered that the addition of
Triton X-100 at the appropriate concentration and time directly
to the sample (still containing formaldehyde) achieved RBC lysis
and WBC fixation without any significant loss of WBC populations.
As a cautionary note, it is important that the incubation times are
strictly followed.

As shown in Fig. 14, whole blood from a healthy human
fixed using the formaldehyde/Triton X-100 technique shows three
major populations using FSC versus SSC (lower panel). Here, the
location of the monocyte population (blue) is determined using
CD14. The separation of lymphocytes from monocytes by light
scatter alone is sufficient to identify both populations; and as
shown in the figure, the use of CD14 provides a good resolu-
tion of these cell types. The resolution of lymphocytes from cel-
lular debris using light scatter alone, however, is problematic.
The lysis of RBCs generates a significant amount of debris that
overlaps with lymphocytes in light scatter measurement. How-
ever, as shown in Fig. 14 (top panel), staining the sample with
CD45 allows clear resolution of CD45-positive/negative lympho-
cytes from CD45-positive/negative debris. The data shown here
were generated after a single wash following the RBC lysis step.
Use of additional washes at this point reduces debris significantly
for most samples.

5.3 Materials

5.3.1 Staining whole human blood.

1. Fresh human whole blood (5-10 mL) collected in anticoagu-
lant (KoEDTA or sodium heparin).

2. Formaldehyde, 10% (methanol-free). Store at room tempera-
ture in the dark. Use within 6 months.

3. Triton X-100 detergent (e.g., Surfact-Amps™ X-100, Thermo
Fisher). Prepare working solution by diluting 116 uL 10% aque-
ous Triton X-100 solution with 10 mL 1x PBS. Store stock and
working solutions at room temperature. Working solution is
stable for 1 month.

4. PBS, calcium- and magnesium-free, pH 7.4.
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Figure 14. Human whole blood fixed with formaldehyde and perme-
abilized with TX-100. White blood cell populations were identified using
CD14-PE-Cy7 and CD45-Krome Orange. Debris (red) is identified using
CD45 versus SS (top panel—region C). Identification of peripheral blood
monocytes (shown in blue in both panels) was accomplished using CD-
14-PE-Cy7 (not shown).

5. Wash buffer—PBS/5% BSA (preferably protease-free BSA if
also using for antibody dilutions).

6. Methanol—100% reagent grade, dilute to 50 or 80% with NaCl
(final concentration 0.9%), store at —20°C; use at 4°C).

5.3.2 Procedure: Whole blood fixation and permeabilization.

1. Place anti-coagulated whole blood sample at 37°C and allow
temperature to equilibrate.

2. For 100 pL whole blood sample, add 65 uL 10% formalde-
hyde, and immediately vortex. Incubate at room temperature
(~24°C) for exactly 10 min.

3. After exactly 10 min of incubation in formaldehyde at room
temperature, add 1 mL of room temperature Triton working
solution, vortex, and place in 37°C bath and set timer for 15
min.
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4. Add 1 mL of cold (4°C) wash buffer and vortex. Centrifuge at
500 x g for 4 min.

5. Inspect tube for complete RBC lysis (rust red pellet, clear red
supernatant—not turbid). If RBC lysis is incomplete, resus-
pend pellet in 1 mL Triton working solution at 37°C for an
additional 15 min.

6. Remove supernatant, and wash pellet thrice using cold wash
buffer (centrifuge at 500 x g).

7. For methanol treatment, slowly add 1 mL 4°C methanol solu-
tion (50 or 80% depending on target epitope) to the washed
cell pellet while vortexing pellet. Incubate in ice for 10 min.

8. Centrifuge (500 x g) and wash pellet twice using 2 mL cold
wash buffer.

9. After final centrifugation, carefully remove as much super-
natant fluid as possible. Resuspend pellet by vortexing. Add
antibody cocktail, incubate and wash twice with cold wash
buffer.

10. Resuspend cell pellet in 0.5 mL wash buffer and analyze
immediately on flow cytometer. For intracellular epitopes that
degrade, or for samples that need to be analyzed more than
6 h after resuspension, resuspend in 0.1% paraformaldehyde
in PBS. Store at 4°C in the dark until analysis.

5.4 Effect of methanol on epitope staining

Some intracellular or intranuclear epitopes remain poorly acces-
sible to antibody probes after fixation and permeabilization using
the formaldehyde-Triton technique described above. This is likely
a limitation of all similar aldehyde-detergent (only) fixation and
permeabilization techniques. In our experience, phospho-STAT
proteins are largely undetected after this type of processing. How-
ever, treatment of the fixed and permeabilized cells with cold
(4°C) methanol for 5-10 min “unmasks” these epitopes [71],
although care must be taken to validate the effects of methanol
treatment particularly when used post-staining and when using
tandem dyes as described below. As shown in Fig. 15, treatment
of fixed and permeabilized whole blood (activated using GM-CSF)
with up to 50% cold methanol has minimal impact on the qual-
ity of P-STATS staining (same signal intensity for 50% methanol
or untreated sample indicating almost no P-STATS5 staining, not
shown). However, treatment with 80% cold methanol produces
a significantly stronger P-STATS5 signal. The impact of treatment
with methanol at both 50% (top) and 80% (bottom) concentra-
tions on P-ERK and P-S6 staining (ribosomal S6 protein) is also
shown in Fig. 15. Here, methanol treatment has minimal effect on
the P-ERK signal intensity and reduces the P-S6 signal by about
20%. It is therefore important, when first developing and optimiz-
ing fixation and permeabilization for new cytoplasmic epitopes, to
determine the impact of methanol treatment on all target epitopes
that will be measured in the assay.

While methanol “unmasking” is important for the evaluation
of some phospho-epitopes, it also has the effect of decreasing
(or eliminating) the immunoreactivity of other important epitopes
used to detect specific cell populations. In our experience, this is of
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Figure 15. Impact of methanol concentration on P-STATS immunore-
activity in peripheral blood monocytes activated in vitro using GM-CSF.
Whole blood from a normal donor was treated with GM-CSF for up to 20
min in vitro at 37°C. One part of the fixed and permeabilized samples
was treated with 50% methanol (A) and the other with 80% methanol
(B) at 4°C. After washing, all samples were stained with (-¢-) P-STATS,
(-0-) P-ERK, and (-A-) P-S6.

particular importance in the analysis of some myeloid—monocyte
markers in human blood or bone marrow (CD14, CD33, CD64),
and of less importance for stem-cell or progenitor cell markers
(CD34, CD117). See ref. [72, 73] for details regarding cell surface
CD markers that we have tested, which are effected by methanol
treatment.

In the example illustrated in Fig. 16, we have compared the sig-
nal strength obtained when staining whole blood CD14-positive
monocytes using either 50 or 80% cold methanol. In addition,
in this study, cell surface CD14 was stained with a tandem dye
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Figure 16. Effect of methanol treatment on CD14 stain-
b ing of human peripheral blood monocytes. Whole blood
200 MFl = 3 samples from one individual were stained with CD-14-PE-
MFl =12 = Cy7 before (left panels) or after (right panels) fixation and
- o . o - . ’ permeabilization. Samples were treated with either 50%
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(PE-Cy7) either before fixation and permeabilization (and prior to
cold methanol treatment), or after fixation, permeabilization, and
cold methanol treatment. Looking at the impact of 50% methanol
treatment (upper panels), comparing the CD14 fluorescence inten-
sity for monocytes labeled before or after fix-perm and methanol,
the MFIs are very similar for cells labeled before or after fixa-
tion and subsequent treatment. In contrast, when considering the
impact of pre- or post-fixation staining as shown in the lower
panels, cells labeled with CD14 after fix-perm and 80% methanol
(lower right panel) show a significant reduction in CD14 stain-
ing intensity (compared with that of cells stained after 50% cold
methanol, top right). While cells stained with CD14 mAb before
fix-perm and 80% cold methanol treatment (bottom left) show
a fourfold higher MFI than cells stained after, they still show a
50-60% loss in CD14 staining intensity (relative to unfixed whole
blood). Together, these data support the concept that the CD14
epitope detected by the antibody used here (BCI clone RMO52) is
not affected significantly by treatment with 50% cold methanol,
but is affected following 80% cold methanol. In addition, these
data show that the antibody-conjugate is also impacted by 80%
cold methanol (MFI is lower for cells stained following fix-perm
and 80% methanol treatment). These data should reinforce the
concept that all of the details of fixation—permeabilization and
methanol treatment need to be validated for the complete set of
antibody conjugates used for a new experiment. For more infor-
mation regarding the use of pre- or post-staining peripheral blood
in relation to intracellular and CD epitopes, see ref. [74]. This
technique [74] has been utilized to stain both cell surface and
intracellular epitopes for the analysis of MAP Kinase, STAT, and
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ribosomal S6 signal transduction pathways in human bone mar-
row samples [72, 73].

5.5 Fixation and permeabilization for non-adherent tissue
culture cell preparations

Routine fixation and permeabilization of tissue culture cells
(anchorage-independent cell lines) is accomplished using
formaldehyde fixation followed by permeabilization of cytoplas-
mic and nuclear membranes using absolute methanol. Although
we routinely stain both cell surface and cytoplasmic or nuclear
epitopes simultaneously, it is also possible to stain cell surface
epitopes with some antibody conjugates prior to fixation and per-
meabilization [74]. This approach is particularly useful for cell
surface markers that are altered (e.g., CD19) or destroyed (e.g.
CD14, CD15, CD64) by fixation using alcohol treatment alone.

5.5.1 Determining optimal formaldehyde fixative concentration.
Optimal detection of phospho-epitopes appears to be influenced
by the formaldehyde concentration used to fix different types
of cells. As shown in Fig. 17, P-STAT5 in K562 cells is opti-
mally detected following treatment with 0.05 to ~0.4% formalde-
hyde (37°C for 10 min). Since the degree of potential epitope
cross-linking/fixation is proportional to the formaldehyde
concentration, incubation time, and temperature, all three of these
variables should be controlled and performed identically each
time. As shown in Fig. 17 at higher final formaldehyde concen-
trations, the P-STATS5 signal decreases, likely from overfixation,
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Figure 17. Effect of formaldehyde concentration on P-STATS
immunoreactivity in K562 cells (reproduced from ref. [75] with per-
mission). Cells were fixed at 37°C for 10 min using increasing final con-
centrations of formaldehyde, permeabilized, and stained with anti-P-
STATS5-PE as described.

and limitation of phospho-epitope accessibility by antibody con-
jugates [75]. As also shown in Fig. 17, treatment with absolute
methanol alone (no formaldehyde: first data point) results in a
background level of signal.

5.5.2 Routine fixation, permeabilization, and antibody staining for
non-adherent cultured cell preparations. For fixation and perme-
abilization of non-adherent tissue culture cells, we add the optimal
formaldehyde concentration directly to sub-confluent cells (ideally
re-fed 12-24 h prior to harvest) in tissue culture media (routinely
containing 15-20% FBS), and return cells to the 37°C tissue cul-
ture incubator for 10 min. Cells are then centrifuged (400 x g
for 10 min), and resuspended using a vortex mixer (note: cells
are clumped at this point and require vigorous treatment with
vortex to achieve resuspension of all cells). While vortexing, abso-
lute methanol (stored at —20°C) is added with ~1 mL absolute
methanol per 107 cells being added. At this point, the cells can
be stored in a well-sealed container at —20°C for several weeks
with no significant decrease in the detection of phospho-epitopes
(epitopes tested thus far).

For staining of intracellular epitopes, place 3-5 x 10° cells
into each tube (we routinely perform staining of tissue culture
cells in 1.2 mL microfuge tubes). Centrifuge tubes (for refriger-
ated microfuge, use 10 000 rpm for 12 s), carefully aspirate off
supernatant, and resuspend the cell pellet in 1 mL cold (4°C) wash
buffer (Dulbecco’s PBS/5% FCS or Dulbecco’s PBS/5% protease-
free BSA) while vortexing. Place tube on ice for 5 min to allow
buffer to equilibrate and remove residual alcohol. Centrifuge as
above. Repeat and wash twice with cold wash buffer.

Carefully remove supernatant following the last centrifugation
step, and resuspend cells in 100 uL of antibody conjugate (or
antibody conjugate mixture). It is important that each antibody
used is titrated to ensure optimal SNR. Incubate cells with antibody
(or antibodies) on ice (4°C) in the dark (if using photosensitive
conjugates) for 30 min.
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Resuspend cells in 0.5 mL cold wash buffer for flow cytometry
analysis (if cells are to be analyzed within 1-2 h). If cells will not
be analyzed within 1-2 h, centrifuge the washed cells, and resus-
pend the cell pellet in cold PBS/0.1% paraformaldehyde. Cells
post-fixed in 0.1% paraformaldehyde and stored at 4°C (dark)
are stable (light scatter and phospho-epitope detection) for at
least 24 h. It should be noted that the signal intensity of some
phospho-epitopes start to decrease significantly within minutes of
the final resuspension in cold wash buffer (e.g., P-S6). For these
epitopes, it is strongly recommended to immediately place the cells
in PBS/0.1% formaldehyde, which significantly decreases the rate
of signal loss.

6 Variable lymphocyte receptor antibodies

6.1 Ouverview

Variable lymphocyte receptor antibodies of the evolutionarily dis-
tant jawless sea lamprey are structurally distinct from Igs of jawed
vertebrates. They recognize antigens with a high degree of speci-
ficity and can be utilized in various biomedical research appli-
cations in which their unique antigen recognition characteristics
complement conventional antibody panels. In this section, we pro-
vide a protocol for the use of these novel reagents in multicolor
flow cytometry applications.

6.2 Introduction

The recently identified variable lymphocyte receptor (VLR) anti-
gen receptors of jawless vertebrates have contributed greatly to
our understanding of the evolution of the adaptive immune sys-
tem [76]. Three VLR genes (VLRA, VLRB, and VLRC) have been
described that are assembled by a gene conversion-like mecha-
nism, and are expressed by cells reminiscent of af T cells, B cells,
and y3 T cells, respectively, with VLRB being secreted in the form
of disulfide-linked decameric complexes. Conventional antibodies
utilize the Ig domain as the basic structural unit and are gen-
erated by recombination of the variable (V), diversity (D), and
joining (J) gene segments for the antibody heavy chain and the
V and J gene segments of the antibody light chain. As illustrated
in Fig. 18, the resulting antibody consists of an F(ab)/F(ab’)2
domain that engages the antigen primarily via interactions medi-
ated by residues located in the complementarity determining
regions (CDR) 1, 2, and 3 whereas the Fc domain allows for the
communication with various cells of the immune system to elicit
biological responses. The ability of antibodies to recognize their
antigens with a very high degree of specificity and to label these
reagents with fluorescent dyes makes antibodies the key compo-
nent of most flow cytometric applications. Unlike conventional
antibodies, VLR antibodies utilize the leucine-rich repeat (LRR) as
a basic structural unit [77]; the resulting gene product assumes
a solenoid shape (Fig. 19A), wherein the corresponding antigen
interacts with residues located at the inner concave surface, and
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F(ab)/ F(ab")2 domain: antigen recognition

Fc domain: Fe receptor binding

with a variable loop structure protruding from the capping C-
terminal LRR unit [78, 79]. VLR antibodies have become a novel
class of highly specific biomedical research tools, by virtue of the
vast VLR antibody repertoire. Interestingly, VLR antibodies appear
to be particularly suited for the specific recognition of posttransla-
tional protein modifications. Several monoclonal VLR antibodies
recognizing carbohydrate moieties were described [80, 81] and
recently our group reported the isolation of a monoclonal VLR
antibody recognizing the HLA-I antigen in a tyrosine sulfation-
dependent manner specifically on human memory B cells and
plasma cells, a binding pattern distinct from those of any described
conventional antibody [82]. The distinctive antigen recognition
characteristics of these VLR antibodies indicate that the unique
origins and protein architecture of VLR antibodies may permit
binding to antigens that conventional antibodies may not readily
recognize because of tolerogenic and/or structural constraints. An
established protocol harnesses the expansive repertoire to gener-
ate antigen-specific monoclonal VLR antibodies with ready appli-
cability in standard laboratory techniques such as flow cytometry
and ELISAs [83].

Several research groups have used monoclonal VLR antibod-
ies, either unmodified or engineered as Fc fusion proteins for
purification using protein A/G columns and detection with a vari-
ety of commercially available reagents recognizing the IgG Fc
domain. Alternatively, purification is also readily performed using
Ni-columns targeting an engineered 6xHis epitope tag followed by
detection of the VLR antibody with reagents specific for the incor-
porated HA-epitope tag (Fig. 19B). Here, we describe a protocol
for use of VLR antibodies in multicolor flow cytometry analyses of
human PBMCs in combination with conventional, directly labeled
monoclonal antibodies. Depending on the type of VLR antibody
used and the expression levels of the targeted antigen, a two-
layer or three-layer staining approach can be used (see below for
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Figure 18. Structural characteristics of Igs. Rib-
bon diagram of a mouse monoclonal IgG anti-
body consisting of two identical heavy and light
chain proteins, respectively. Antibody heavy
chain residues are indicated in blue and light
chain residues in green. Amino acid residues
encoding the CDR1, 2, and 3 regions are shown
in red. (Image was generated using the Swiss
PDB viewer and PDB accession number 1IGT).

protocol). The use of monoclonal VLR antibodies with engineered
epitope tags or VLR-Fc fusion proteins permit a more efficient two-
layer staining approach. The use of unmodified monoclonal VLR
antibodies or experiments targeting antigens expressed at low lev-
els require a three-layer staining approach since the established
anti-VLRB monoclonal antibody 4C4 cannot be readily modified
with common labeling systems that target primary amines. Several
positive and negative control reagents for VLR-based experiments
have been described [83, 85].

6.3 Experimental workflow and acquisition

6.3.1 Reagents.

* Fluorescently labeled anti-epitope tag or Fc-specific reagents
are available from several commercial sources.

* Monoclonal mouse anti-VLRB clone 4C4 [86]. Note that this
antibody is reactive with an epitope in the stalk region of all
VLRB molecules, and it displays impaired antigen-binding char-
acteristics following modification with amine-reactive dyes.

* Negative control monoclonal VLR4 antibody (specific for the
BclA antigen of the exosporium of B. anthracis [83]).

* Positive control VLR32 antibody (specific for human CD5) [87]
or VLRB MM3 antibody (specific for human CD38 on plasma
cells) [85]. Suitable cell lines for testing of positive controls are
the Jurkat T-cell leukemia and the Daudi Burkitt’s lymphoma,
respectively.

6.3.2 Two-layer staining approach.

* Incubate PBMC with monoclonal VLR antibody in PBS/0.5 BSA
for 25 min on ice (v = 40 pL).

ammu engineered VLR

VLR-Fc fusion

Figure 19. Structural characteristics of VLR antibodies. (A) Ribbon diagram of the antigen-binding units of a monoclonal VLR antibody. Parallel
p-sheets lining the concave antigen-binding surface are shown in blue and a variable loop structure involved in antigen binding is depicted in red.
The invariant stalk region necessary for multimerization of the secreted VLR antibody was omitted (Model was generated using the Protein Model
Portal Algorithm [84]). (B) Structural characteristics of VLR antibodies. Individual VLRB units consist of a signal peptide, N-terminal LRR (LRR-NT),
LRR-1, up to nine variable LRRv units, a connecting peptide, C-terminal capping LRR (LRR-CT) and the invariable stalk region and can be modified
by inclusion of engineered 6xHis and HA-epitope tags or Fc-fusion sequences.
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* Wash with PBS/0.5% BSA.

* Resuspend cells in antibody cocktail containing fluorescently
labeled lineage-specific conventional monoclonal antibodies
and fluorescently labeled anti-epitope tag antibodies (or anti-Fc
antibodies if VLR-Fc fusion proteins are used), incubate for 15
min on ice.

* Wash twice with PBS/0.5% BSA.

* Resuspend in PBS/0.5% BSA/1 pg/mL PI and analyze by flow
cytometry.

6.3.3 Three-layer staining approach.

* Incubate PBMC with monoclonal VLR antibody in PBS/0.5%
BSA for 25 min on ice (v = 40 uL).

* Wash with PBS/0.5% BSA.

* Resuspend cells in PBS/0.5% BSA, add anti-VLRB clone 4C4
at a concentration of 1 ug/mL and incubate for 15 min on ice
(v = 40 pL).

* Wash with PBS/0.5% BSA.

* Resuspend cells in PBS/0.5% BSA, add fluorescently labeled
goat anti-mouse reagent (typically at a 1:300 dilution), incubate
for 15 min on ice (v = 40 pL).

* Wash with PBS/0.5% BSA.

Resuspend cells in PBS/0.5% BSA/5% normal mouse serum,

incubate for 10 min on ice. (Blocking step, see “Pitfalls” below)

* Add antibody cocktail containing fluorescently labeled lineage-
specific conventional mAbs, continue incubation for 15 min on
ice.

* Wash twice with PBS/0.5% BSA.

* Resuspend in PBS/0.5% BSA/1 ug/mL PI and analyze by flow
cytometry.

As is the case with all conventional antibodies, monoclonal VLR
reagents must be titrated prior to use and 2 pg/mL serves well as a
starting point. While background signals with the negative control
VLR4 are not typically observed, negative control stains lacking
any VLR antibody, in addition to negative controls or the various
conventional antibodies, should be routinely included.

6.4 Pitfalls

Potential omission of blocking step in three-layer staining
approach. This blocking step is important to prevent binding of
directly labeled antibodies from the next incubation step to poten-
tially unoccupied binding sites of the goat anti-mouse reagent from
the previous step.

7 New antibody reagents
As discussed earlier in this chapter, the determination of specific

binding of antibodies to antigens and Fcy receptors as well as
nonspecific antibody binding to cells can be difficult. Furthermore,
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the critical role of antibodies and their limitations are known and
published [88]. Therefore, to improve the data reliability in these
respects, further advanced technologies are desirable and various
antibody products with improved characteristics are available. A
few of them are discussed here.

Miltenyi Biotec developed the REAfinity antibodies. These are
recombinant antibodies, which are engineered by cloning of the
antibody-binding region of mouse or rat mAbs with the human
IgG1 Fc region. The construct is expressed in a mammalian cell
line under standardized conditions. To eliminate any binding of
the recombinant antibodies to the Fcy receptors, the Fc region of
the antibody is mutated suggesting that no blocking of the Fcy
receptor binding sites on the target cell surface is necessary. Since
all recombinant antibodies are derived from human IgG1, the same
isotype control antibody can be used to prove that there is no bind-
ing of any REAfinity antibody to the Fcy receptors on target cells.
Additional advantages are proposed to be a very high antibody
purity and a very good lot-to-lot consistency due to the standard-
ized antibody expression by the used cell lines. Other compa-
nies, such as Enzo Lifesciences, provide recombinant antibodies
as well.

Another type of antibodies without any reactivity to mam-
malian Fcy receptors is the chicken IgY [89], making it an alter-
native to be considered for improving data accuracy. One more
possibility to reduce error sources, when analyzing cells with high
multiparameter panels, is the use of the Duraclone system pro-
vided by Beckman Coulter. These are pre-formulated antibody
panels, which are unitized and dry, allowing an easy work flow,
since no pipetting and antibody mixing is necessary. To perform
the staining, the cell suspension (e.g., a sample of whole blood)
needs to be added to the lyophilized antibody mixture. Due to that
standardization, a reduced staining variability can be expected.
Additionally, the panel does not need to be developed, in contrast
leading to a reduced flexibility, although drop-in markers are pro-
vided. Solutions to stain samples for compensation are included
in the available Kkits.

Another technology to be mentioned here, because it allows a
huge flexibility (especially if a primary conjugated antibody flu-
orochrome combination is not available) is the Zenon labeling
system by Thermo Fisher Scientific. It consists of Fab fragments
conjugated with fluorochromes, which target the Fc region of pri-
mary, non-conjugated antibodies. The creation of that complex
can be performed with very small amounts and it is very fast. It
needs only some minutes, although remaining unbound Fab frag-
ments should be captured afterward by addition of nonspecific
IgG. Also, the ratio between the Fab fragments and the primary
antibody needs to be titrated to obtain the desired degree of bind-
ing and therefore the staining intensity. After staining the cells,
a fixation based on aldehydes might be beneficial to preserve the
staining and to prevent the transfer of Zenon labels from one
antibody to another one. Since the Zenon labeled antibodies are
significant bigger than directly labeled primary antibodies, there
might be limitations when using them especially for intracellular
staining.
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It should be noted that this section should not be understood
as an advertisement to specific products. Rather it is an incom-
plete selection of some materials on the market to get an overview
about different systems. Other related or comparable products,
which are not discussed here, are offered by various compa-
nies. Nevertheless, the discussed materials might help improving
the data quality. However, irrespectively which of the discussed
techniques are used, the researcher needs to gain an impres-
sion if the used material will indeed help to create more accu-
rate results. Furthermore, the same controls, as stated above,
should be considered to ensure the reliability of the obtained
data.

IV Cell sorting

1 Pre-enrichment of low abundant cell populations
prior to acquisition/cell sorting

1.1 Introduction

One of the major advantages of flow cytometry is the capability to
measure multiple parameters per cell with a speed of several thou-
sand cells per second. This allows the measurement and detection
of rare cell populations with frequencies below one in one million
cells (1/1 x 10°). But even with this relatively high number of
cells analyzed per second, a lot of time is required to acquire a
significant number of rare cells for statistical analysis. Assuming
a frequency of one cell of interest per 1 x 10° cells in a given
sample, one would need to acquire a minimum of 1 x 10° cells
to have at least 10° cells of interest at the end of acquisition. The
average acquisition speed of many flow cytometric analyzers, at
which they will detect and acquire all incoming signals without
significant loss due to coincident or electronic aborts, is around
10* cells/s. It would therefore take more than 24 h to acquire
enough of the described sample in order to reach the 1000 cells
of interest.

While this time calculation is basically true for many available
flow cytometric analyzers, for cell sorting, the time calculation is
different. Here, additional parameters come into focus. In common
flow cytometers that hydrodynamically focus the cells in front of
the laser intersection point (point of fluorescence detection, see
Chapter I Section 1.2 Hydrodynamic focusing), the speed of the
carrier stream is given by the system and only the volume of
sample running through per time can be adjusted by the user.
In contrast, the fluidic of most cell sorters is more variable and
allows adjustments of speed and flow-through volumes at various
steps (both on the sample and instrument side). In many cell sort-
ing experiments, there is a demand to maximize both the yield
and purity of the sorted cells and minimize the time you need
to run your cells through a machine. Yield and purity influence
each other and are both dependent on the speed (cells running
through a sorter per second) and the frequency of cells of interest
(see Chapter IV, Section 2.1). Unfortunately, they cannot be max-
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Figure 20. In cell sorting experiments one often needs to find a com-
promise between purity, yield, and time, which cannot be optimized all
at the same time.

imized both at the same time. The less abundant a cell population
is, the lower the speed of sorting has to be, in order to ensure
a high yield with an acceptable purity (>95%). If you speed up
(increase the number of cells running through the machine per
time), your yield will drop significantly (up to 50% in some cases)
or alternatively, the purity is sacrificed for a higher yield obtained
in a shorter period of time (see Fig. 20). Therefore, sorting 1000
rare cells with high purity could last twice as long as the acqui-
sition only (the relation between speed, frequency of cells, yield,
and purity are discussed in more detail in Chapter IV, Section
2.1). This crude calculation only accounts for the time needed
for acquisition and cell sorting; not counted is the time already
invested in preparing and staining the cells (see, e.g., Chapter III,
Section 3).

Given that flow cytometry as a method allows the identifica-
tion and quantification of individual cells within a given popula-
tion and given that in cell sorting this decision takes even more
time, thereby slowing down the process, it is obvious that enumer-
ation/evaluation of every single event especially of samples with
large cell numbers prior to sorting is not a practicable way to go
about analysis and sorting of rare cell populations. How then can
we achieve acceptable work times and make it possible to analyze
those rare cell populations?

We need a reduction in workload, meaning a reduction of
the amount of cells that need to be measured in the flow
cytometer. One way to overcome this situation is to get rid of
as many “unwanted” cells as possible prior to acquisition, in
the form of pre-enrichment. Cells can be separated from each
other in many different ways and some methods of pre-enriching
rare cells before flow cytometric analysis are discussed below.
Because same pre-enriching techniques can be used as stand-
alone bulk sorting approaches, the following section comple-
ments the subsequent chapter about parallel cell sorting. Require-
ments and pitfalls analysing rare cells are discussed in Chapter V,
Section 1.

In general, we can distinguish methods based on physical prop-
erties (such as density and size) or using immunological features
(antibodies coated to beads or magnetic particles) as discussed in
the following two sections.
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1.2 Pre-enrichment by physical properties

Physical properties of cells may be exploited to enrich them. For
instance, monocytes, macrophages, and dendritic cells within a
mixed cellular population adhere to plastic and are in general
adherent within the first 2 h of being incubated on a Petri dish.
Cells other than macrophages and dendritic cells can be removed
and washed off with the supernatant. After longer incubation peri-
ods (=20 h), dendritic cells start detaching from the plastic again.
With this method, an enrichment of up to 70% could be reached
for dendritic cells. This method is used in the process of generating
and isolating dendritic cells out of monocytes and macrophages
derived from blood or bone marrow [90, 91].

Another simple method to eliminate unwanted events is the
lysis of red blood cells (see also Chapter IV, Section 2.5 and
Fig. 22B), which are a common “contaminating element” in tis-
sue preparations. In contrast to nucleated cells, erythrocytes burst
upon brief exposure (<60 s) to a hypotonic medium (e.g., erythro-
cyte lysis buffer: 155 mM NH4Cl; 10 mM KHCO3; 100 mM EDTA).
Remember that human and mouse erythrocytes differ in size and
ability to resist hypotonic shock over time. Various buffers and
protocols are available, which differ in temperature and exposure
time, affecting lysis outcome. It is therefore necessary to adapt
the lysing protocol to the experimental conditions ([92-94] and
Chapter IV, Section 2.5).

Peripheral PBMCs can be enriched by density gradient centrifu-
gation using Ficoll®. This biological inert polysaccharide allows
the separation of PBMCs from plasma, granulocytes, and erythro-
cytes based on their cellular density (Fig. 21) (see also Section
IV.2: Parallel cell sorting: 1.3.1 Ficoll-Paque™, Lymphoprep™).

While many users report a lower recovery (up to 10-15%)
in the absolute numbers of target cells after density gradi-
ent centrifugation, they profit from faster operational times in
downstream assays and lowered costs, because fewer (staining)
reagents in less buffer are needed for the significantly reduced
total cell numbers. In functional assays, e.g., antigen presenta-
tion or proliferation assays and transplantation (e.g., hematopoi-
etic stem cell transplantation to reconstitute bone marrow and
blood formation in irradiated mice), a higher cell viability and
reconstitution frequency is reported when Ficoll-enriched cells
were used, as compared to preparations without preenrichment
via density gradients.

Elutriation [95-97] is another method of separating cells based
on their size, which uses centrifugal forces. The technique is also
called counter flow centrifugation and makes use of a modified
elutriator rotor containing a separation chamber with which one
can gently separate a large variety of cells from different tissues
and specimens. The cells are separated in this chamber mainly
based on their different sizes by the opposing action of the cen-
trifugal field generated by the rotation of the rotor and the liquid
flow inside the chamber (Fig. 21; centripetal, means in direction
to the rotor axis (counter flow)). Because the separation is not
dependent on a specific density gradient, this method is com-
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patible with a wide set of media. Another big advantage is high
viability and low activation of the cells, making it an interesting
tool in a clinical environment [98].

1.3 Pre-enrichment by immunological properties

Although pre-enrichment methods based on physical properties
(such as size, density, etc.) are straightforward, they do not allow
for functional or biological discrimination of sub-populations, e.g.
discrimination between T and B lymphocytes. To do so, immuno-
logical separation methods, which make use of antibodies to
reach the specificity and cell population of interest, could be
used.

One of the first methods established (in the early 1970s) is
antibody-mediated complement lysis of unwanted cells. The cells
(e.g. erythrocytes or T cells in a mixed lymphocyte pool) that you
want to eliminate are detected and opsonized with specific anti-
bodies (at the beginning serum from immunized animals were
used, nowadays one can also use mAbs against the antigen of
interest). Soluble parts from the complement C system are added
to the cell suspension, bind to the antibody-tagged cells, and lyse
them [99, 100]. There are more “classical” methods to enrich dif-
ferent immune cell subpopulations, some of which are still in use.
These methods are summarized elsewhere [101] and are only
mentioned to complete the overview. In the meantime, a vari-
ety of easier and more efficient techniques have become avail-
able. These techniques combine the advantages of beads and
antibodies.

To enrich or deplete subpopulations out of a heterogeneous
cell population, one can use beads coupled with mAbs against
antigens expressed on the cells of interest that bind to the anti-
gens forming larger aggregates. These cell-bead aggregates can
now be easily separated from the unbound cells in the solution by
passing the bead/cell-mixture over a mesh (Fig. 21). Cells that are
bound to beads would not pass through the mesh, and are thus
enriched on the mesh surface, whereas all other cells are smaller
than the mesh-size and flow through. After filtration through the
mesh, the antibody-coupled beads can be detached from the cells
to allow the cells to be further analyzed. Using varying sizes of
mesh and beads make sequential separations possible. For exam-
ple, the pluriBead® technology allows cell enrichment as well as
depletion of specific subpopulations [102]. Advantages and dis-
advantages of that technology are further discussed in Chapter IV
Section 2.2.1.1.

The most commonly used methods for pre-enrichment of sub-
populations are based on beads passing a magnetic field. A variety
of companies offer different solutions for enrichment or depletion
of cell populations. One system of immunological pre-enrichment
employing magnetic fields is the MACS® Bead-Technology
[103].
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Figure 21. This figure shows a summary of discussed enrichment methods. (A) The separation of different cell types with a Ficoll® density
gradient is shown. (B) Once one applies a centrifugal force in an elutriation chamber, cells will stop passing through and start separating along a
density gradient built inside the chamber. The equilibrium formed depends on the speed of the cellular flow, the amount of applied centrifugal
force, and the viscosity of the medium used. This is the reason why elutriation is compatible with a wide range of cell types and carrier media.
(C) Target cells (black) can form aggregates with antibody-labeled beads and If you add beads that are coated with specific antibodies against your
target cells (black) to the cell suspension, the target cells will form aggregates with the beads. These aggregates are held back on the top of the
mesh while the rest of the cell suspension is passing through. With this method one can either deplete or enrich for a specific cell population.
Combining different mesh and bead sizes is allowing for a serial enrichment of target cells.

1.4 Magnetic pre-enrichment for high-resolution detection
and analysis of rare cell populations

For the detection and analysis of cell subsets that are detectable
only in very low frequencies (<0.1%), appropriate pre-enrichment
strategies, as detailed in the sections “Pre-enrichment by physical
properties” and “Pre-enrichment by immunological properties,”
may help improve gating resolution for the cell population of inter-
est. Typical applications are the detection of hematopoietic stem
cells [104], CTCs [105], dendritic cells [106], or lymphocyte sub-
sets, such as antigen-specific T cells [107]. As one of the most com-
monly used pre-enrichment technologies immunomagnetic posi-
tive and negative selection strategies have been established (this
has been exemplified in the context of detecting antigen-specific T
cells (Chapter V Section17.5.3, Fig. 67). Magnetic pre-enrichment
is a unique tool to improve resolution of cell populations, e.g., via
isolation of weakly labeled cells to achieve separation of “overlap-
ping” populations, depletion of irrelevant cells, or enrichment of
rare cells (Fig. 24). As described above for mesh-filtration based
enrichment, the concept is based on the attachment of small, inert,
supra-magnetic particles to mAbs specific for antigens on the tar-
get cell population.

Cells labeled to these antibody-bead conjugates are then sep-
arated via a column containing a ferromagnetic matrix. By apply-
ing a magnetic field to the matrix, the beads stick to the matrix
inside the column and the bead-carrying cells are held back from
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passing through (Fig. 22C). Unlabeled cells can pass through the
matrix and are collected in the flow-through (Fig. 22D). To elute
the trapped cells from the column, the magnetic field is sim-
ply removed. The MACS® technology therefore enables different
strategies for positive enrichment or depletion of cells. MACS®
beads are comparable small and offer the advantage of not inter-
fering (too much) with downstream assays (see also Chapter V,
Section 18.5). In contrast to cell sorting, up-scaling the cell num-
bers does not significantly increase processing times. For some
cell types (e.g., CD4" T cells or B cells), a high enough purity
can be achieved such that further enrichment is not necessary
(of course this is dependent on the quality needed for the down-
stream assay, e.g., RNA/DNA purification). Solutions using mag-
netic beads other than MACS® beads are also available for cell
separation (e.g., Dynal® Beads [108] or BD iMag™ [109]). The
beads in these kits are generally larger than the MACS® beads and
do not require a separate matrix to retain the cells in the magnetic
field. The disadvantage of using these systems is that, for many
downstream assays, it is necessary to detach the beads from the
cells to avoid interference with the system.

To pre-enrich your cells, you can choose a protocol from a
variety of different techniques, which separate your cells based on
their physical and/or immunological properties. Pre-enrichment
could be useful to cut down the processing time of your experi-
ment, increase the quality of downstream assays, or to reduce the
amount of reagents needed.
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Figure 22. Enrichment of human B cells out of whole blood stained for CD45 BV421 and CD19 APC. (A) Staining prior enrichment. (B) Staining after
lysis of erythrocytes with Lysing-buffer. (C) Staining after CD19* MACS® enrichment. (D) Staining of the CD19~ fraction (MACS® flow through).

2 Parallel cell sorting

2.1 Introduction and general considerations

Parallel or bulk cell sorting is generally used to isolate a large
number of cells in a batch mode, often as a pre-enrichment step
before a single-cell sort (see Section IV.1 “Pre-enrichment of low
abundant cell populations prior to acquisition/cell sorting”). Par-
allel sorting uses parameters such as cell size, density, magnetic,
or electrical properties. Affinity binding reagents (e.g., antibodies)
for specific cell subsets can be used to change specific properties,
e.g., magnetism or density to achieve an antigen-specific bulk sort.
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General considerations: Bulk cell sorting from a cell mixture
can be done by many methods, each one having different advan-
tages and challenges. The main variable parameters to be con-
sidered are specificity, yield, purity, viability, and functionality.
Moreover, speed, cost, and consumables for equipment must be
also taken into account. The importance of the different functional
parameters will depend on the specific experimental goals, e.g.,
very high purity may be essential in many cases, while yield may be
less important, because sufficient material is available. Instrumen-
tation features depend on the specific needs and the experience of
the user(s). Figure 23 illustrates the various parameters needed
in deciding on a sorting strategy or method. Not always can all
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parameters be set at optimal levels simultaneously. For cell iso-
lations, where multiparameter sorting is not needed, but where
speed is of essence, e.g., because high numbers of cells must be
sorted, bulk cell sorting is preferred.

Flow cytometry cell sorting, where cells are sorted one-by-one,
is the gold standard for multiparameter cell sorting. This proce-
dure yields very high specificity according to one or several surface
markers, which are made visible by fluorescence-labeled antibod-
ies. The limitation is mainly the number of cells that can be sorted
during a work-day. Pre-enrichment for subsequent flow cytometry
cell sorting is another important application of bulk sorting and
should always be considered, especially when the wanted cells
are comparatively rare. First, because it reduces time of the cell

Purity Fraction =

Eur. J. Immunol. 2019. 49: 1457-1973

Figure 23. Check-list: Parameters for select-
ing a sorting method. The parameters that
affect cell sorting and therefore must be pri-
oritized when choosing a sorting strategy are
shown. Starting from the available material
(amount, fragility), they range from the mun-
dane cost aspect to practical and methodologi-
cal concerns such as the available time, to the
important experimental approaches regarding
what yield, purity, or versatility is needed for
down-stream applications. Optimization of one
parameter may downgrade another parameter,
e.g., a high purity may be at the expense of a
high yield or speed, or unchanged functional-
ity of the cells may not allow direct positive
selection.

physiological

complex

Cell “yield” is the fraction of wanted cells in the original mixture
that could be recovered alive after the sorting procedure.

To quantitatively evaluate sorting performance, several calcu-
lations can be performed. The purity, i.e., fraction of positive cells
in the sorted fraction, can be expressed as the ratio of positive
cells and the sum of positive and negative cells. Then, using the
measured purity and yield, the yield for nontarget particles, the
negYieldFraction (Fraction = Percentage/100), in the target sam-
ple after sorting can be calculated. This provides a helpful metric
when optimizing a sorting technology. Ideally this number will
be zero, when 100% purity is achieved in the separation. The
negYieldFraction, a measure for how many unwanted cells are
found in the sorted sample, can be calculated by re-arranging the
equation:

posFraction * posYieldFraction

to obtain

negYieldFraction =

posFraction x posYieldFraction + negFraction * negYieldFraction

posFraction * posYieldFraction  (1.0/PurityFraction — 1.0)

sort, and second because it helps to improve gating quality by
eliminating potential fluorescence overlap between stained and
unstained cells (Fig. 24). An overview of cell sorting technologies
and applications can be found in ref. [110]

Bulk cell sorting can either use any cell surface marker for
distinction, or use distinct physical properties of cells, such as
density differences (Ficoll™ isolation), size, plastic adherence,
phagocytic capacity (macrophage enrichment), or sensitivity to
hypotonicity (erythrocyte lysis). Keeping track of cell numbers,
viability, and analyzing the sorted cells before, during, and after
any separation is good routine in order to determine cell yield and
cell purity, and to detect any unreasonable cell losses or damages.
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1.0 — posFraction

Another approach for the evaluation of bulk sorting perfor-
mance is described in ref. [111], where it only uses fractions of
cells in the original and positive fraction and does not need infor-
mation about the yield of the positive (wanted) population. The
enrichment factor Fe in ref. [111] is the inverse of the negYield-
Fraction, if the yield of positive cells is 100%. At lower yields,
there are small differences between the two metrics. Table 4 pro-
vides an example showing that final purity values alone are not a
good measure for sorting performance (rows 4 and 5 in Table 4),
even though it may be the important measure for biological
activity.
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Figure 24. Improvement of population discrimina-
tion after pre-enrichment. Cytometer histograms of
unwanted (gray lines) and wanted (solid green) pop-
ulations. (A) A large excess of an unwanted popula-
tion may create substantial overlap with the target
population, making it impossible to achieve a good
single cell sort. (B) After a pre-enrichment bulk sort,
which removes most of the unwanted population a
good discrimination between the two populations can
be achieved.

Table 4. Example of sort performance metrics. The values for purity,
yield, and the fraction of positive cells in the original sample are
measured and the negative logarithm of negYieldFraction, -log(Y-)
(the underlying equations are detailed in the text (IV.2.1) and the
logarithm of Fe [111] are calculated

Purity (%) Yield (%) Orig (%) -log(Y-) Log(Fe)
95 100 50 1.28 1.28
95 90 50 1.32 1.28
95 10 50 2.28 1.28
99 90 1 4.04 3.99
95.6 90 0.1 4.38 4.34

2.2 Antibody based bulk cell sorting

Physical properties of cells can be changed by the reaction with
specially tagged affinity reagents like antibody conjugates with
magnetic particles. In this way, specific subsets can be isolated
with bulk sorting methods.

2.2.1 Magnetic beads coupled to antibodies. This technique uses
the force of magnetism to sort out cells according to specific
cell surface markers. Several commercial systems are available,
which use either inorganic superparamagnetic or ferromagnetic
materials embedded in polystyrene beads or in a matrix such as
dextran, or coated with graphene [112]. Beads in sizes from tens of
nanometers up to several times the size of a typical mammalian cell
are available for bulk cell sorting. The bead-size is not disclosed by
all companies. Cells are incubated with the beads and then drawn
to a magnet of appropriate strength either in a column, tube, or
96-well plate. Nanometer sized beads require high field strength
and field gradients, generally achieved in columns or microflu-
idic channels with optimized ferromagnetic structures. Unwanted
cells are poured off or eluted. In negative selection strategies, all
unwanted cells are labeled, leaving the wanted ones untouched for
downstream applications or a second round of selection by another
surface marker. Several bead or affinity reagent chemistries allow
the detachment from the cells if needed. The bulk sorting method
hinges on the quality of the antibodies used, and the density of
the surface markers on the cells. Cells with a low density sur-
face marker expression may be more difficult to sort. Rare cell
sorting is possible, albeit it may require several rounds of sorting
and intensive washing to remove nonmagnetic cells. Bulk sort-
ing with beads, especially with large beads, cannot distinguish
between high and low expression of a given antigen on the cells.
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Selection of a good antibody is crucial for successful sorting, as
is the concentration of beads in the labeling step. Nonspecific
binding associated with antibodies clustered on beads has to be
addressed with some reagents and cell types. Nowadays, many
kits for sorting a range of cell types in various species are com-
mercially available. Custom-made beads may be a choice as well,
and are offered by some companies. Conjugation of antibodies to
magnetic beads in your own laboratory or the use of avidin beads
with second-step labeling with biotinylated antibodies is another
option.

Advantages: Fast, high cell numbers, specific, positive, and neg-
ative selection possible.

Pitfalls: No distinction of antigen density in sorting with larger
beads (some nanometer-sized colloidal beads show some differ-
ences in magnetic retention in some systems [113]); activation
of cells by bead attachment is possible (must be excluded for
individual downstream applications). Temperature and duration
for binding must be considered (in the context of phagocytosis,
decreasing possibility of nonspecific binding, capping, or efficient
binding kinetics). Note: the sort quality must always be analyzed
to detect possible cell losses and impurities. Also the cell viability
can be influenced by buffers or bead sizes.

Selected manufacturers: miltenyibiotec.com, Sepmag.eu, stem-
cell.com, thermofisher.com, turbobeads.com, cd-bioparticles.com,
biolegend.com

2.2.1.1 Nonmagnetic beads coupled to antibodies. Nonmag-
netic beads coupled to antibodies (pluribeads®) use strainers to
fish out cells, attached to large polystyrene beads. The method
is based on the size-enlargement of cells as the beads are larger
than cells. Specificity is achieved by the antibodies and, again, the
quality of the antibodies is important. As beads vary in size, sev-
eral cell subsets can be sorted out of a mixture by using different
sized beads for different antibodies. A potential advantage is that
the size of the beads may prevent phagocytic uptake. Beads can
be detached by a special buffer, and sequential sorting is possible.

Advantages: Fast, high cell numbers, specific, positive, and neg-
ative selection possible.

Pitfalls: Generally no distinction of antigen density in sort-
ing; activation of cells by bead attachment/detachment proce-
dure is possible (must be excluded for individual downstream
applications); nonspecific binding (the sort quality must be ana-
lyzed to detect possible cell losses and impurities). Temperature
and duration for binding must be considered (in the context of
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phagocytosis, decreasing possibility of nonspecific binding, cap-
ping, or efficient binding kinetics).
Selected manufacturer: pluriselect.com

2.3 Methods based on density differences

Cells, organelles, parasites, and so on have different densities, and
their density differences can be used for cell separation [114, 115].

2.3.1 Ficoll-Paque™, Lymphoprep™. Ficoll-Paque™ contains
Ficoll™, a highly branched polysaccharide, and metrizoate.
LymphoPrep™ replaces the latter with sodium diatrizoate. Sideby-
side comparisons of the gradient media have previously been
done [116]. They have low viscosity, are nontoxic, and can be pre-
pared for different densities. Ready-made solutions are also com-
mercially available. Ficoll-Paque™ gradients are frequently used
to separate peripheral PBMCs versus granulocytes/erythrocytes
from whole blood. Efficient removal of dead cells from a mixture
is possible as well (note of caution: this procedure is stressful for
the living cells). When separating blood, the upper fraction con-
tains both lymphocytes and other mononuclear cells. Addition of
iohexol, a nonionic X-ray contrast agent, to the gradient medium
can remove monocytes as well [116]. Nycoprep™ and OptiPrep™
are gradient solutions without Ficoll™, based on a tri-iodinated
derivative of benzoic acid with three aliphatic, highly hydrophilic
side chains or on iodixanol, respectively. They thus are not based
on a polysaccharide net [117]. From the granulocyte/erythrocyte
mix, neutrophil granulocytes can be isolated further by dextran
sedimentation [118, 119], and erythrocytes lysed by hypotonic
shock (see Chapter IV, section 2.5).

Advantage: Easy to use, little equipment needed.

Pitfalls: Density for similar cells between species can differ
(e.g., for mouse, horse, and human lymphocytes [120]); erythro-
cytes and granulocytes can become captured in the upper layer,
if the gradient is overloaded or the blood was frozen. Centrifuga-
tion must be done at room temperature and with the centrifuge
brakes turned off. The step of overlayering blood on the gradient
is time consuming and must be done with care. Various commer-
cially available systems such as SepMate™ exist to aid in this,
including prepared Ficoll-gradients in containers to draw blood.
Loss of cells and recontamination when harvesting them from the
gradient surface is possible. Cell activation can be an issue, e.g.,
when isolating neutrophils [118].

Selected manufacturers: gelifesciences.com, http://www.
stemcell.com/en/Products/Popular-Product-Lines/SepMate.aspx

Percoll: A second density separation medium is Percoll,
made from colloidal nanosized silica particles coated with
polyvinylpyrrolidone [121]. Percoll is nontoxic and has a low vis-
cosity, so cells can be centrifuged at low centrifugal forces. Iso-
osmotic gradients of densities between 1.0 and 1.3 g/mL can be
formed by layering solutions of different percentages of Percoll
in a tube. Cells of differing densities collect at the different inter-
faces and can be taken off. Colored density marker beads made
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of Sephadex™ are helpful to visualize the density borders in the
gradients.

Advantage: Versatile, as several cell types separate in the dif-
ferent layers in one tube.

Pitfalls: See Ficoll-Paque™; cell activation can be an issue and
must be considered.

2.4 Methods based on cell size

Size differences of cells of interest, e.g., erythrocytes, platelets,
leukocytes, or circulating tumor cells (CTCs) in blood, can also be
used for separation.

2.4.1 Filters. Membrane filters are applied in sample de-bulking
as they can separate particles or molecules based on size. The
pore size enables larger cells to be retained on the membrane
and smaller cells to pass through. For example, leukocytes (mean
diameter 8-10 pum) can be isolated from erythrocytes (6-8 um
but disc shaped) by flowing whole blood through a membrane
filter; back flushing will recover the captured white blood cells.
However, classical filter membranes do not have homogeneous
and precisely controlled pore sizes, so the resolving power of this
separation is limited and, due to the material of the filter, the
recovery of white blood cells may be inefficient.

Another separation method based on cell size that targets red
blood cells and platelets specifically uses microfibrated silicon
chips. These feature homogeneously etched slots of a certain size
designed to let erythrocytes pass through under a certain pressure
while retaining leukocytes on the surface of the chip. The leuko-
cytes can then be recovered by elution. Early evaluation of this
technology has demonstrated 98.6 + 4.4% recovery of leukocytes
without bias to any leukocyte subpopulation and 99% removal
of erythrocytes. The enriched leukocytes have over 95% viabil-
ity [122].

Mesh-size based catching of cells from adipose tissue directly in
culture has been demonstrated using various filter materials [123].

Advantages: Easy to use and little equipment is needed.

Pitfalls: Throughput of the filters is limited by surface area and
overload may result in reduced purity and recovery of leukocytes.
So far the commercial devices can only handle up to 2 mL of whole
blood, which is sufficient for some cell analysis assays but not
enough for blood transplantation and cell therapy applications.
The recovery of leukocytes is sensitive to the pressure applied—
pushing with higher pressure and higher flow rate may result in
decreased recovery.

Selected manufacturer: avivabio.com (for microchip devices)

A method of bulk sort-
ing currently under development is based on cell size. There are
several publications reporting a microfluidic device that separates
particles and cells with high resolution [124] and is able to not
only fractionate whole blood components by their sizes [125]
but to also isolate CTCs from whole blood [126]. Recent work
describes improvements for the routine use of the technology for

2.4.2 Deterministic lateral displacement.
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rare cell enrichment [127], for the isolation of leukocytes from
whole blood [128], and for cell washing for cellular therapy appli-
cations [129]. The micro-fabricated silicon device consists of a
matrix of obstacles, and the gap and the size of the obstacles are
precisely controlled. When the particle mixture is introduced to
the device, the laminar flow goes through the arrays of obstacles
and the smaller particles will follow the streamlines and the larger
particles will be “bumped” by the obstacles and deflected into a
different flow stream. Multiple sections of an obstacle matrix with
varying gap sizes can be built in one device so that multiple sized
particles can be isolated because each sized particle will follow its
own determined path flowing through the device. In theory, there
should be no throughput limitation of the technology as it is a
continuous flow system; however, some surface treatment of the
device may be needed to avoid cell adhesion. The device has little
tolerance to clogging, air bubbles, or cell aggregates, as changes
in the fluid flow profile alter the particle travel path and deflect
the flow streams possibly resulting in decreased purity and/or
recovery.

Advantages: High resolution, continuous separation, and hav-
ing the potential to be high throughput, high resolution size
discrimination with high purity of cell populations with non-
overlapping sizes.

Pitfalls: Clogging with samples with cell aggregates.

Manufacturer: Contact gpbscientific.com for quote for custom
fabrication.

2.4.3 Acoustic particle sorting. Particles exposed to an acoustic
field are known to move in response to an applied acoustic radi-
ation force. Numerous researchers have investigated the effect of
acoustic waves on cells and particles in aqueous solution. The
force exerted on a particle by an acoustic field can be described by
the following equation:

Fx ~r3K ®sin(2nx/\)

where r is particle radius, K is a constant proportional to density
of medium and particle, ¢ is the acoustic contrast factor (propor-
tional to density and compressibility), and x is the distance from
the pressure node in the direction of the wave [130]. Thus, acous-
tic focusing can be used to separate and position particles based on
size, density, and deformability. The ultrasonic standing wave is
generated by a piezoelectric transducer and resonance vibration
of the microfluidic device made in silicon or glass. The channel
width is designed to match half a wave length resonance of 2 MHz
in order to have larger cells “focused” in the middle of the chan-
nel. [131]) demonstrated the removal of platelets from peripheral
blood progenitor cell product on a microfluidic device in which
an acoustic standing wave is generated in the fluidic channel. The
acoustic pressure pushes leukocytes to the pressure node located
at the center of the channel and leaves platelets at the side stream
going to a waste outlet. Size is a dominant parameter for acoustic
cell sorting but not the only parameter as shown in the equation
above. For example, separation of leukocytes from erythrocytes in
whole blood is not easily done on an acoustic device as erythro-
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cytes, although having a smaller diameter, move to the acoustic
energy node along with leukocytes as the erythrocytes have a
higher density. Recently, optimization of the technology has been
achieved and the preparation of mononuclear cells from diluted
peripheral blood has been reported [132].

Advantages: Continuous flow—no throughput limitation, label
free.

Pitfalls: The cell moving trajectory in the flow channel is deter-
mined by both the acoustic pressure and the shear pressure so
the flow rate and channel configuration need to be well controlled
otherwise the separation efficiency will suffer. Due to the heteroge-
neous nature of cells in biological sample and the multiparameter
physics of acoustic separation, separations have to be optimized
for specific samples.

Manufacturer: acousort.com

2.5 Erythrocyte lysis

Enucleated erythrocytes are more susceptible to hypotonic shock
than nucleated cells (see also Chapter IV, Section 1.2). Either a
low isotonic Tris/NH4Cl buffer for several minutes at room tem-
perature or 37°C, or pure water for several seconds will lyse ery-
throcytes in cell mixtures. The latter method is particularly useful
for blood, which contains approximately 1000 times more ery-
throcytes than leukocytes. Several other cell lysis solutions are
available commercially as well [92, 93].

2.6 A historical note

The methods described in Chapter IV, Sections 2.2-2.5 have super-
seded older methods to specifically isolate cells, such as panning
on antibody-coated plastic dishes [133], nylon-wool based iso-
lation of T cells, or sheep red blood cell rosetting followed by a
Ficoll gradient [134, 135]. The latter is still commercially available
under the name RosetteSep™ for specific uses, in particular for
the removal of unwanted cells from blood and can be considered
a protocol still in use. These older methods are not discussed here,
but they are summarized in ref. [101].

3 Serial cell sorting

3.1 Cell sorting by flow cytometry

Successful cell sorting by flow cytometry often requires that more
attention be paid to sample preparation than is typically done
when preparing samples for analysis only. When sorting, the often-
challenging objective is to not only separate some sample fraction
in a timely manner such that the sorted output is a pure viable
fraction, but also that the sorted cells be functionally capable,
that they expand well in culture or perhaps be competent to per-
form in some other subsequent assay (e.g., produce cytokines or
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some other vital cellular function). Another requisite for good
cell sorting is to have a proper single-cell suspension, ensuring a
desirable sample behavior in flow where good doublet discrimi-
nation can be performed with minimal conflict aborts during the
sort. How to best achieve good sample behavior and maximize
performance?

3.1.1 Choice of buffers. The most commonly used media/buffers
for processing mammalian cells were designed to work at 1 atmo-
sphere pressure either on a laboratory bench or within a CO,
incubator, yet inside the sample chamber of most cell sorters the
pressure can often exceed 2 to 4 atmospheres depending on the
conditions and nozzle size chosen for the sort. Sample buffers that
historically tend to perform well for sorting such as Dulbecco’s
PBS or HBSS (minus Ca™ and Mg*™), both with 10 to 25 mM
HEPES and protein (usually 1 to 2% heat inactivated serum or
BSA), and more recently BD FACS™ Pre-Sort Buffer plus from 0.2
to 2% protein (application dependent) are recommended. Bicar-
bonate media buffers such as Roswell Park Memorial Institute
(RPMI) or DMEM usually do not make the best candidates for
sample sort buffers or sort collection buffers since they (i) are a
different buffer type than the cytometer’s sheath buffer (bicarbon-
ate vs. phosphate), and (ii) by design require 5% CO, to main-
tain physiological pH, and (iii) usually contain divalent cations
(Ca?* and Mg?") plus phenol (very fluorescent). If a bicarbonate
media is used, one should be wary and use either Ca™ or Mg™™"
minus formulas without phenol or mitigate the undesirable diva-
lent cation side effects for sorting (making the cells “sticky”) by
adding ~1 mM EDTA in addition to 25 mM HEPES and protein.
HEPES buffered bicarbonate media has been reported to be light
sensitive [136].

3.1.2 Considerations for adherent cells and cells isolated from solid
tissues. In preparing adherent cell lines for sorting a common
pitfall is often within the protocol to remove the cells from a
dish using trypsin or trypsin-EDTA and subsequently inactivate
the trypsin by adding back culture media containing a significant
amount of serum. This step is designed to stop the proteolytic
activity of the trypsin and make the cells “sticky” to easily adhere
to a plastic dish when passaging the cells. The opposite is desired
for cell sorting by flow cytometry, the sample should not be “sticky”
with a tendency to adhere to plastic. As a result, good flow cytom-
etry cell sorting protocols for adherent cells will typically either
inactivate the trypsin with soybean trypsin inhibitor or use one of
the many available nonenzymatic cell disassociation buffers (e.g.,
Accutase™); in either case, if the cells grow in media with serum,
the culture should be gently rinsed twice with Dulbecco’s PBS
before disassociating and removing the cells from their substrate.
Some cell types, when disassociated with nonenzymatic disasso-
ciation buffers that rely on chelating agents, may show decreased
viability as compared to trypsin disassociation [137]. If there is any
doubt, a few simple pilot experiments designed to determine the
best preparation method for the specific cells in question is often a
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very good investment toward successful sorting, since things like
EDTA can affect certain cell types [138].

Similarly, isolating cells from any primary tissue for flow
cytometry cell sorting can be very challenging, care should be
taken to ensure the chosen protocol is optimized and tested to not
only provide the intended cells (e.g., regarding isolated dendritic
cells from spleen different protocols can enrich for different phe-
notypes) but helps coerce the cells into a well-behaved single-cell
suspension. The highest quality reagents should be used, especially
when using proteolytic enzymes such as collagenase, pronase, dis-
pase, or trypsin since small amounts of contaminants can have
serious undesirable effects resulting in poor sample performance.
Collagenase is dependent on calcium for activation, for example,
and other divalent cations may be activators (Zn™") or inhibitors
(Mg™) [139], and care should be taken to ensure any additive
endotoxin levels are as low as possible.

3.1.3 Stickiness to plastic: A menace of cell sorting. When per-
forming bulk sorts and collecting a sorted fraction into a plastic
tube, it is usually best to precoat the tube with serum leaving some
at the bottom, or if desired, additionally seed the tube with a small
volume of the sample buffer containing 2 to 10% serum. Adding
unbuffered bicarbonate media to the collection tube and sorting
on top of it runs the risk of high pH conditions causing undesirable
salts to form while the phosphate and bicarbonate buffers mix with
the cells present, thereby reducing cell viability. When performing
single-cell sorts into a microtiter plate, any media pre-added to
the wells should be HEPES buffered and conditioned beforehand
if possible. Additionally, when sorting onto/into small targets such
as microtiter plate wells extra care should be taken to ensure the
accuracy of the deflected drops during the sort by choosing an
appropriate nozzle size to minimize the effects of cells on drop
breakoff [140] (choose a nozzle at least five to six times the cell
diameter as verified under a microscope).

3.1.4 Cell concentrations and sorting rates. Once prepared, the
sample should have a final cell concentration that allows the
desired event rate to be achieved with only a modest differen-
tial pressure on the sample. Increasing the sample rate signifi-
cantly by simply forcing more through the system is not recom-
mended. The sample should be filtered just prior to being loaded
onto the sorter to help ensure no clumps are present and fur-
ther disperse any weakly adhered cells. After filtering the sample
through a Nitex nylon monofilament mesh with an appropriate
pore size (30-50 pm depending on cell size), any samples that
tend to dynamically re-aggregate during a sort are best dealt with
by installing an in-line nylon sample filter of the same pore size
to help prevent clogs. Generally, since the theoretical sorting effi-
ciency of a single cell preparation is that of a homogeneous Pois-
son process [141], the operational efficiency of the sorter may be
estimated by

_ - . drop_packet
(rate x(1.0— fraction) x Trequency )

Efficiency =e

wWww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1457-1973

where rate is total events/s, fraction is percent being sorted, drop
packet is the number of drops including any additional temporal
purity mask, and frequency is the drop rate in drops/s. Normaliz-
ing to sorter drop frequency, this means when sorting a fraction
that is 10% of the total at an event rate of one cell to every four
to five drops, it can be expected to sort with an efficiency of 80 to
85% when using a single drop sort.

3.1.5 Purity and doublets.
setup, suddenly the application sorting efficiency is low (higher

If, after optimizing the sorter during

than expected conflict abort rate), it is indicative that the sample
is not a monodisperse cell suspension, that cells are likely “sticky,”
adhering to one another during entrainment and not arriving into
the sensing zone as a homogeneous Poisson process. This is a very
common scenario with many cell preparations, especially adherent
and primary cells, and often the sorter performance is blamed
for what is a behavior intrinsic to the sample. Much of the time
this can be significantly mitigated by reexamination of the sample
preparation protocol to discover what might be improved to help
coerce the cells into a well-behaved single-cell suspension. This
often involves the addition of EDTA or DNase etc. to the sample
sort buffer.

Whenever a sorted sample using a purity sort mode (where
system-defined spatial-temporal drop zones in the stream are
examined logically for potential contaminants for each sort event)
is not as highly sorted as desired, the most common reasons are
that either the classification scheme for single cells is not robust
enough and hidden passenger cells are occasionally sorted, or that
there are particles in the stream that are disturbing the droplet
breakoff stability and, as a result, the wrong drops will occasionally
appear in the collection tube, or a combination of the two. Sorters
certainly cannot read the operator’s mind and will attempt to do
exactly what they are set up to do so, if a positive selection from the
sorter suffers from disappointing purity, one simple performance
check is enough to sort a completely negative cell fraction for
comparison. If that sorted negative fraction is 99% pure or higher,
yet the positive fraction is only 80 to 95% pure, then the likely
cause is undetected “doublets” due to an insufficiently constrained
single-cell gating strategy. In many flow systems, doublets tend to
align with the doublet figure’s major axis in line with the partially
developed laminar flow and the pulse width becomes a very useful
parameter to help distinguish singlets from doublets. Other sys-
tems, such as the BD FACSAria™ family that use fully developed
laminar flow in their fluidics design can have those same doublet
figures rotate off axis after entrainment in flow such that forward
scatter (FSC) pulse width alone will not detect enough doublets,
and in such cases using both FSC and side scatter (SSC) look-
ing at plots of Height versus Width (or Height versus Area—but
that usually leaves less screen real estate for drawing gates) will
help reveal many more doublets, boosting the purity to a more
acceptable level with careful gating. Figure 25 (reproduced with
permission from ref. [142]) is an example of such a strategy where
pulse geometry gates on both FSC and SSC detect an additional
9% of doublets that would pass through a standard scatter gate.
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Matching nozzle size to particle size is key, and the general rule of
thumb is that the nozzle should be four to five times that of the par-
ticles for bulk sorting and five to six times that of the particles for
plate deposition where accuracy is more critical. Ensure that the
actual cell size is what you expect it to be when choosing a nozzle,
and whenever there is doubt it is very useful to quickly compare to
known bead size standards by simply putting small drops of each
on a microscope slide and checking, not only the size(s) within
the sample but also the quality as the amount of debris should
be low, the number of single cells high, and clumps/aggregates
should be the rare exception rather than the rule. Electrostatic
cell sorters tend to perform very well with monodisperse sam-
ples and struggle with poorly dispersed ones so, as with many
other applications, sample preparation can be the limiting or
enabling step. The International Society for the Advancement of
Cytometry (ISAC) Cell Sorter Biosafety Standards were published
in 2014 by the ISAC Biosafety Committee [143], and related
information is readily available and is a highly recommended
reading before embarking on any series of cell sorting experiments
including:

1. The ISAC web site (http://isac-net.org) Resources for
Cytometrists — Biosafety

2. CYTO University (ISAC’s on-line portal for cytometry edu-
cation) http://cytou.peachnewmedia.com — Course: Flow
Cytometry Biosafety

3.1.6 Gating Strategies. Most real-world sort samples are a com-
plex mixture of cells in various states and contain varying amounts
of debris and dead cells; identifying and sorting the cells of interest
while excluding unwanted populations and debris is done by “gat-
ing” the sample using selected features and some number of graph-
ical gate regions combined with Boolean logic. This can become
complex in high dimensional experiments where it is now possi-
ble to sort cells based on over 30 dimensions on some instruments
(such as BD FACSymphony™). Any classical gating strategies used
to phenotypically identify the cells may not be the most effective
or even possible to use for the purposes of sorting, especially if
the number of gates is high or the population of interest is iden-
tified through a variety of clustering methods or a dimensionality
reduction technique such as tSNE [144] or UMAP [145]. Algo-
rithms such as GateFinder [146], Hypergate [147], and Hyper-
Finder [148] tackle this problem where analytical methods or
data projections are unavailable in the cell sorter by treating the
identified population of interest as a training set, and computa-
tionally determine an optimal feature set and gating strategy by
using data dimensions that do exist in hardware to sort the pop-
ulation. These algorithms objectively optimize feature selection
and gate efficacy by means of an F1 measure, the harmonic mean
of precision (purity) and recall (yield) at each gate step. Since
the real-time sort decisions within the sorter are done extremely
rapidly within onboard electronics, it is always desirable to find a
gating strategy that is efficient and uses as few gates as possible.
When population analysis and identification is by computational
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methods, then creating a set of optimal sort gates by means of an
appropriate optimizing algorithm becomes necessary.

3.1.7 Prevention of cell sedimentation. Long-term sorting often
leads to sedimentation of the cells. The sedimentation rate of cells
in a fluid depends on their physical properties such as density,
cell size, cell shape, viscosity of the surrounding medium, and
gravity [149]. In addition, the effective density of a cell is also
affected by its water content, and thus the sedimentation rate is
not a constant property for an individual cell type [149, 150].
Sedimentation of cells can be avoided by shaking or rotat-
ing the sample tube, or stirring with the sample line inside the
cell sorter (BD FACS [151]). Rotating unidirectionally is not very
effective since the sedimentation is delayed but not prevented. For
example, the threshold rate of human leukocytes decreases to 80%
after 30 min of cell sorting and then to 50% after an additional
15 min. Moreover, the constant rotation of the tube, especially
if cells stick between the lower end of the sample line and the
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tube bottom, acts like a “cell crasher.” A more effective and gentle
treatment is achieved by shaking or pipetting the cell suspension.
Another possibility is the use of Surface Acoustic Waves (SAW)
to keep the cells in a homogeneous suspension. SAWs are gener-
ated on the surface of a piezoelectric crystal by applying a high-
frequency electrical signal to specially formed pairs of electrodes
deposited on the crystal [152]. By use of a coupling fluid (e.g.,
water) between the crystal and the sample tube, the SAWSs are con-
ducted to the sample via the tube bottom. This allows a mechanical
and gentle resuspending of the sample by acoustic streaming. This
approach is specific in that it uses low amplitudes and high fre-
quencies and is therefore not detrimental for living cells and can
be implemented in a cell sorter (e.g., BD FACSAria™) [153].
Furthermore, the sedimentation of cells can be controlled by
using isopycnic (i.e., equal or constant density) media [154]. This
can be achieved by using various reagents, e.g., Percoll®, Ficoll®,
HBSS, Nychodenz®, Xanthan Gum [149, 154, 155]. For exam-
ple, a 60% Percoll solution results in a media density of 1.07
g/cm?, which is equal to the density of human lymphocytes but
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Figure 26. The threshold value defines a signal intensity, in one or more parameters, above which the cytometer starts to recognize an event.
All other events will be invisible to the instrument’s electronics. A particle passing the laser beam emits a certain amount of light over time. The
threshold is set on the height of the signal that is emitted by each particle. On the left-hand side a dotplot with the forward scatter as the trigger
parameter is shown. Only particles with a signal higher than this threshold value are recognized by the software as an event and shown in the
dotplot (black and orange dots). The dots in on the left side of the threshold value (grey and blue dots) are not included in the data file.

different from that of human erythrocytes (1.10 g/cm?). However,
in practice the sedimentation rate of both cell types is decreased
or stopped and therefore sedimentation is drastically minimized.
The toxicity of the final buffer should be tested by leaving cells in
the buffer overnight at 4°C and the resultant cell viability should
not be below 80%.

3.1.8 Trigger and threshold. To facilitate the discrimination of
particles of interest from background events, it is useful to define
a minimal signal value, the threshold value, which a particle pass-
ing the optics of a flow cytometer must reach to be actually recog-
nized as an event. The threshold value defines the signal intensity
above which the cytometer starts to recognize an event and there-
fore limits the number of events coming from background signal
(Fig. 26). Every event showing a lower signal than the thresh-
old defined will not be processed by the cytometer electronic and
will not be represented in the data file. Therefore, it is advisable
to look for a leading parameter (i.e., a parameter with a clear
discriminator for the population of interest) as the trigger param-
eter, and predefine a threshold value. This fact is important to
consider when it comes to cell sorting. Because the instrument
ignores events below the threshold, they are not being included
in the process of the sort decision. Consequently, sorted fractions
can get contaminated due to the fact that these “invisible” particles
are in fact still part of the sample. When the droplets are formed
these particles can end up inside or in the neighboring drop of a
target cell because the settings of the sorting mask are ignored,
resulting in a contamination of the sorted fractions. It is therefore
recommendable to use the minimal threshold value possible for
identifying the required population.

The default setting of the trigger parameter on most instru-
ments is set to forward light scatter. Alternatively, a fluorescence
parameter can be used for triggering. The discrimination of small
particles, e.g., platelets, erythrocytes, or extracellular vesicles, is
often more specific when the threshold can be set on a fluores-
cent signal (e.g., a common surface marker or even autofluores-
cence that clearly defines the target population) as background
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discrimination in FSC and SSC is often difficult. A combination of
several threshold parameters can also be used to set the thresh-
old more strictly. In this case, the event must meet the value of
multiple thresholds to be processed by the flow cytometer. Such
a threshold combination is often used when the expected signal
of a particle is quite close to the background noise of the trigger
channel. As threshold levels are applied to pulse height (H), it is
advisable to set threshold values while viewing pulse height [24],
especially if the trigger parameter might be a fluorescence param-
eter where signal levels are low and the main contributor to area is
pulse width (W). For many cytometers, pulse height and width are
not collected by default and have to be chosen in the instrument
setting beforehand.

3.2 Microfluidic

Recently, microfluidic devices have entered the arena of flow
cytometry and, in particular, cell sorting devices [156-159]. As
these devices also utilize sequential sorting and similar fluores-
cence detection technologies to identify the cells of interest, best
practices for microfluidic devices have a lot in common with
those applicable to droplet sorters. This is especially true for con-
siderations regarding sample preparation, such as choosing the
right marker panel or appropriate buffer selection as discussed
above (See Chapter IV Cell sorting). While sequential sorting
technologies have a lot in common, there are also some major
differences and knowing and understanding these differences is
key to successful application. One of the biggest differences is
that droplet sorters are typically operated in resonance [160],
whereas many microfluidic sorters are operated purely on demand
[158, 161, 162]. To explain further, operated in resonance means
that the drop generating nozzle is running in resonant mode, sta-
bly generating a constant stream of drops. This way, drop vol-
ume and spacing is fixed and cells are randomly “positioned”
inside the drops. This contrasts with many microfluidic sorters,
where the displaced volume can be fine-tuned in size (volume)
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and time/space (centering the target cells). Although the enabling
principles vary, the sorting effect is mainly generated by displac-
ing a certain volume [161, 163]. Given that the sort-timing is
precise and correct, this volume defines expected purities and
yields of target cells. In an ideal system, target cells and nontarget
cells are totally uncorrelated and thus follow a Poisson distri-
bution [164]. In the case of a “yield sort,” where all target cell
candidates are to be sorted independently of the nontarget cells
nearby, the expected yield is 100% by definition. The expected
purity can be calculated as follows: Let Ay be the average number
of target cells per displaced volume, then the relative number of
sort-actuations is defined by N, = e™*T. For each displaced vol-
ume, there is a chance to catch a nontarget cell, defined by iy,
the average number of nontarget cells per displaced volume. With
this, the expected purity P can be calculated to be

_ 1
a 1+)\.N€_)‘7.

On the other hand, in case of a “purity sort,” every time a second
cell is in close proximity to a target cell, the potential displacement
will be inhibited. Thus, the theoretical purity is 100%, whereas
the expected yield decreases. In this case, the yield calculation is
simply the likelihood of having a single cell within the displaced
volume:

1
= ONFM) v i
O +2p) 1

Besides the obvious close formal relationship between the two
formulas, it is worth noting that the expected yield in a purity sort
is solely determined by the total cell frequency (\y + A7) and not
by the target/nontarget ratio, whereas the expected purity in yield
sorts is strongly dependent on the target cell frequency. In order
to give a practical example, these two figures are here calculated
for a virtual sorting device assuming that the microfluidic sorter:

1. has a sample flow rate of 4 mL/h and does not require a sheath
to be operated.

2. is able to redirect 100% of the sample stream into the target
cell reservoir for 50 ps and then instantly return the flow back
to the nonsorted fraction.

mononuclear cells

Iviable cells

Eur. J. Immunol. 2019. 49: 1457-1973

Table 5. Expected purities, yields and processing times for different
starting cell concentrations

Total cells/mL 10° 107 108
Purity in Yield Sort [%] 96 69 18
Yield in Purity Sort [%)] 96 64 11
Time to process 10°cells 309 31 3:05

3. uses a sample with 10° total cells/mL with 0.1% target cells.

This translates to a flow of 1.1 ul/s and cell detection frequency
of 1.1 x 102 total cells/s. Since in this example 0.1% of all cells are
target cells, the target cell frequency is 1/s; resulting in an average
time of 1 000 000 pus between target cells and 900 ps between any
two cells. Given that the sorting volume displacement is done in
50 ps, A and \y can be calculated as:

50 ps
A = ——————— = 0.00005
1.000.000 ps
50 pus
AN = = 0.056
N7 900 s

Thus, the expected purity in a yield sort would be

100%

= T3 0.056 ¢ o005 — 20%

Similarly, the expected yield in a purity sort would be
Y = 100% - e~*0%%) = 96%

Using the same calculation for 1 x 107 total cells/mL and 1 x
108 total cells/mL, generates the data presented in Table 5. The
key observation here is that, even though the resulting purity in
the above yield sort example is limited, especially when process-
ing input material with a concentration of 1 x 10° total cells/mL
(Table 5), the enrichment from 0.1 to 18% purity is still 180-fold.
This opens up the opportunity to utilize a sequential sorting strat-
egy, where a fast yield sort is followed by a purity sort. When
starting the experiment with the higher frequency yield sort from
the above example, the first pass would have theoretically yielded
an 18% pure target cell fraction being processed with a rate of
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Figure 28. Result of a sequential sorting process. 109 total cells have been processed sequentially in 5 h to a final purity greater than 99%.
Overall 280 000 target cells have been harvested from 800 000 target cells starting material, resulting in an overall yield of approximately

35%.

roughly 100 000 cells/s. If re-suspended again in the original vol-
ume, the second pass is processed with a total cell count very close
to the one in the first example and would have yielded the target
cells in a greater than 99% pure fraction. The above is demon-
strated with a microfluidic sorter using a MEMS sorting chip in a
completely closed cartridge performing a CD34" cell enrichment
from a nonmobilized donor. As seen in Fig. 27, the staining pattern
and gating strategy is straightforward. The target cell frequency
was determined to be 0.08% and the total concentration was cho-
sen so that the 10° total cells were suspended in 10 mL solution.
From there, a yield sort was carried out, with a flow rate of 4
mL/h. The resulting cell processing rate was 110 000 total cells/s.
With a target frequency of 0.08%, approximately 90 sorting actu-
ations per second were expected. The enriched cells were then
re-suspended in 10 mL solution and processed a second time for
purity. The results are shown in Fig. 28. As a result of this sequen-
tial sorting strategy, with an overall sorting time investment of
only 5 h, a result was achieved equaling a typical 20 h single-pass
sort.

Since microchip sorting devices are particularly powerful in
sorting cells gently due to the absence of high shear forces or elec-
trostatic charges, they are ideally suited to follow such a sequen-
tial sorting approach. The rarer the target cell population or the
higher the total cell count, the more advantageous this method
becomes.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

4 Collecting cells

4.1 Introduction

Even if a cell sorter is well adjusted, i.e., the instrument is able to
deflect the right drop with the cell of interest at the right moment,
it is still possible that the drop does not hit the collection vessel,
due to issues regarding the relationship between cell size, nozzle
size, sheath fluid temperature, and pressure stability. This results
in a low sort yield and sometimes low purity. Optimal collec-
tion efficiency therefore depends on the setup of the cell sorter
as well as the position and properties of the sample collection
tubes.

4.2 Cell sorter-specific parameters

For a cell sort with high purity and yield an optimal gating strat-
egy and detector setup is mandatory. Often, the discrimination
between stained and unstained cell populations is problematic
if they have a high overlap. In “dim” populations (i.e., low sig-
nal intensity, e.g., due to low marker expression or weak fluo-
rochrome) the distribution of the cell events is dominated by the
photon counting statistic of the PMTs and the background light
and electronic noise of the detection channel. In other words,
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when the light intensity emitted from a single cell is measured
by a PMT, the specific signal has an additive part of a constant
amount of nonspecific signal (coming from the background light,
electronic noise, etc.). Thus, when a specific cell signal decreases,
the nonspecific part remains stable and more and more dominates
the entire signal and hence the distribution of the population. Con-
sequently, the relative position of a cell inside a dim population
is dominated by the background signal. This can lead to low cell
recovery if gates are not well adjusted. Proper staining controls
such as FMO [165] controls instead of unstained/single stained
cells are very helpful to find the real boundaries of cell populations
(see Section III.1: Controls: Determining positivity be eliminating
false negatives). Furthermore, an optimal SNR by choosing the
required PMT gain is essential for good population discrimination
and optimal cell recovery [48].

Modern cell sorters can sort up to six cell populations simulta-
neously in collection devices equipped with tubes (e.g., Falcon®
5-50 mL round buttom tubes, 1-2 mL microcentrifuge tubes).
Depositions of single cells in multi-well culture plates or onto
slides, are also possible. Droplet sorters allow drops to be charged
on different charge levels either positively or negatively, which
allows drops to be deflected either to the left, far left or to
right, far right. Deflection streams containing populations with
the highest number of events to be sorted should be placed close
to the center stream (i.e., left or right), since the focusing of the
deflection streams is often better if their deflection is low. This
minimizes the risk of cross contamination between the collection
tubes.

Furthermore, the position of the deflection stream should be
monitored during the sort process. This can be achieved by using
the AccuDrop™ technology (BD FACSAria user’s guide [151]) that
consists of a red diode laser for side stream illumination, a filter
block, and a camera mounted in the back of the sort chamber. The
camera provides an image of the deflection streams with the inter-
cept points of the laser beam. This allows the user the monitoring
of the deflection stream quality in terms of position, focusing, and
stability. Some sorters allow the monitoring of the break-off point
using a camera and control the amplitude of the drop drive fre-
quency depending on the camera image. This keeps the break-off
point in a stable position by increasing or decreasing the amount
of drop drive energy to the stream. This is a useful approach as
long as the viscosity, density, and pressure of the sheath fluid is
stable. If not, the cell recovery decreases even if the position of
the break-off point is stable. Rapid temperature fluctuations of
the sheath fluid of 1-2 K inside or next to the nozzle can become
critical for cell recovery as well as for the side stream focusing.
Therefore, good air conditioning or a sheath cooling [18] a device
is highly recommended.

The side stream position for cells sorting in multi-well plates
is essential and needs to be verified by test sorting of the target
cells because the final drop positioning is often slightly different
for beads or other cells. For single-cell sorting of 384-well plates,
a plate cooling device is recommended to avoid evaporation of the
cell media.
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4.3 Sample collection tubes

The collection tubes can differ in terms of material as well as
size. Polypropylene tubes are preferable over polystyrene tubes
because the cells adhere less to the tube wall. Polystyrene tubes
may build up the charge of the deflected drops on their surface.
This can generate cross-contamination between collection tubes
due to “jumping drops” caused by repulsion of incoming drops
but can be prevented by using a grounded wire connected to a
bent injection needle hung over the side of tube, such that the
needle is in the fluid [154]. Different tubes sizes can be combined
in a specific tube holder depending on the flexibility of the cell
sorter. Moreover, a custom made tube holder became available
recently as 3D print file [166].

The size of the collection vessel should fit to the expected vol-
ume of the sorted cell suspension and is correlated to the drop size
and therefore to size of the nozzle. For example, 4 x 10° cells fill
approximately a 5 mL Falcon® tube (12 x 75 mm), when using
a 70 um nozzle. The same amount of cells would require five 5
mL tubes when a 100 um nozzle is used. Especially for long-term
sorts, these correlations should be concerned, in order to prepare
enough collection tubes beforehand. On the other hand, there is a
high risk that cells may not be recovered in the collection tube if
the tube size is much higher than the expected sample volume.

Collection tubes should be coated with proteins to avoid that
the sorted cells stick to the tube wall as this results in reduced
recovery and viability. This can be done by filling the tubes with
10% FCS 30 min before sorting or incubated overnight at 4°C with
10% BSA. As a general rule, the collection tubes should be prefilled
with a small volume of media optimized for the cells of interest.
This prevents the dehydration of the sorted cells and keeps the
cells under optimal conditions to ensure their viability [167].

5 Flow-Cytometric Cell Sorting under GMP Conditions

5.1 Introduction

Flow cytometric cell sorting is a versatile and well-established
research tool to isolate cells in high purity and speed. Multipa-
rameter sorting permits the identification and isolation of spe-
cific cell subpopulations based on qualitative and/or quantitative
antigen expression as well as on positive and negative selection
criteria within a single selection procedure. With the advent of
numerous cell therapy approaches for clinical applications, mainly
driven by the success of chimeric-antigen-receptor-modified (CAR)
T cells [168], interest in the clinical use of flow cytometric sorting
is rising. Yet, cytometry-based cell sorting under good manufac-
turing practice (GMP) conditions is not yet available in a ready-
to-use format and custom-made solutions pose a major challenge
as stringent rules and regulations must be obeyed. The authors of
this section established GMP-compliant and approved flow-sorting
technologies and protocols adhering to European guidelines and
regulations for the isolation of regulatory T cell subpopulations to
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generate homogeneous cell products for the treatment of patients
with graft-versus-host disease [169] within clinical trials. Based
on their experience, a “list to consider” for researchers envisag-
ing the implementation of flow sorting for medicinal products
is provided, but not an “easy to use recipe,” as manufacturing
rules are complex and vary for each product depending on cell
source, applied reagents, manufacturing process, cell specifica-
tions, (inter-) national and regional regulations, and various other
issues pinpointed in this section. Thus, the first issue to clarify
when flow-sorting is envisaged for the production of medicines is
the clinical need and benefit as compared to established and/or
approved alternative cell enrichment technologies, taking into
account the efforts and implementation costs for GMP-compatible
flow cytometric sorting.

5.2 GMP: Regulatory Requirements and Product
Classification

When cellular products are supposed to be administered to
patients, strict requirements have to be obeyed including inter-
national, national, and regional laws, rules, and regulations. For
pharmaceutical manufacturing, GMP principles have highest pri-
ority and adherence to these guidelines is inspected by regulatory
agencies during the manufacturing authorization process and reg-
ularly thereafter. GMP rules shall ensure high quality and batch to
batch consistency for pharmaceutical products to prevent harm of
patients caused by deviations during drug manufacturing. In con-
trast to the United States, full GMP-adherence is required within
the European Union (EU) even for phase-I clinical trials [170],
including cell therapy studies. Main areas covered by these GMP-
regulations include detailed prerequisites concerning (i) quality
management system, (ii) personnel, (iii) facility and equipment,
(iv) documentation, (v) manufacturing, (vi) quality control, (vii)
external suppliers, (viii) complaints and callbacks, and (ix) self-
inspections.

The regulatory landscape in Europe is complex and became
even more so since the category “advanced therapy medicinal
products” (ATMP) was introduced by the European Commission
(EQC) in 2008 to discriminate unmanipulated blood products and
tissues from gene therapy-, somatic cell therapy-, and tissue engi-
neered medicinal products. ATMPs are medicinal products “con-
taining cells or tissues that have been subject to substantial manipula-
tion so that biological characteristics [ . . . ] have been altered”. They
“have properties [ . . . ] to treat, prevent or diagnose a disease through
the pharmacological, immunological or metabolic action of its cells
or tissues” [171-173]. “Substantial manipulation” in this context
is defined in Annex I to regulation (EC) No 1394/2007 [174]
where those manipulations are listed that are not considered
substantial (e.g., cutting, grinding, centrifugation) and thus do
not result in classification of a product as ATMP (then regulated as
conventional blood, tissue, or cell products). Thus, flow cytomet-
ric cell sorting itself does not lead to classification as ATMP, unless
additional cell manipulations before (e.g., gene transduction) or
after cytometric sorting (e.g., in vitro stimulation or expansion)
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are performed. In such cases, ATMP-specific GMP rules installed
in 05/2018 by the European Commission must be obeyed [171].

5.3 Facility and Equipment

GMP rules concerning facility and equipment focus on controlled
manufacturing conditions to ensure final product quality with a
particular focus on the prevention of (cross-) contaminations (e.g.,
by particles or microbial agents). Thus, the facility and equipment
must be qualified for the intended purpose and environmental
conditions during manufacturing must be tightly monitored (e.g.,
controlled air flow and pressure, temperature, humidity, environ-
mental particles, sterility, and so on). Based on thorough risk
analyses and embedded in a detailed quality management system,
qualification of the facility and all equipment (such as a flow-
cytometric cell sorter) is performed in a stepwise fashion with
particular attention on the intended performance and the inher-
ent risks of a manufacturing process:

Design qualification (DQ): Documented verification that the
proposed design of the facilities, systems, and equipment is suit-

able for the intended purpose. Thus, an upfront description of the
intended use and definition of quality criteria for a manufacturing
equipment (and/or the whole facility) is required and defined in
“user requirement specification” (URS) documents.

Installation qualification (IQ): Documented proof that the URS

are met by the equipment after its installation at the manufactur-
ing site.

Operation qualification (0Q): Documented proof that the
equipment is suited for the intended purpose and meets all prede-
fined quality criteria when in operation.

Process qualification (PQ): Documented proof that the equip-

ment is suited for the intended purpose within the whole manu-
facturing process of a pharmacologic agent.

During cell sorting with a stream in air cytometer the cells are
exposed to the environment. Even instruments using cuvette flow
cells contain open handling steps where the cells are exposed to
the environment, therefore both techniques require clean room
conditions class A (laminar air flow hood) in a class B room.
The classification of clean room conditions in Europe is based on
the maximal permitted airborne particle numbers as described in
Annex 1 to part I of the European GMP guidelines (Table 6).

As no commercially available cell sorter is designed to meet
these criteria, we cooperated with a cytometer manufacturer and a
laminar air flow provider specialized in manufacturing equipment
for the pharmaceutical industry and installed the cell separation
chamber of the sorter in a custom-made laminar air flow bench
qualified to meet class A clean room conditions while all auxiliary
equipment potentially emitting particles (due to their air cooling
systems) are contained in a separate air-filtered (in- and outlet)
cabinet (Figure 29).

For cell therapy medicinal products batch to batch cross-
contamination by cells, infectious agents or subcellular compo-
nents (e.g., RNA or DNA) must be omitted and aseptic conditions
are required. With conventional flow-cytometric cell sorters vali-
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Table 6. Maximum permitted airborne particle concentration for each cleanroom grade (modified after EU GMP Guidelines Annex 1). Annex 1 to
the EU GMP Guidelines defines the maximum permitted number of particles equal to or greater than 5.0 pm/m? as 20, corresponding to an ISO
classification of 4.8. ISO class 5 would permit 29 particles equal to or greater than 5.0 um per m>. ISO = EN ISO 14644. Other clean room

definitions apply to the US and other non-EU countries

Maximum permitted number of particles/m3 equal to or greater than the tabulated size

Clean room grade Atrest Clean room grade In operation

Annex 1 ISO 0.5 um 5.0 um Annex 1 ISO 0.5 um 5.0 um

A 5/4.8 3520 20 A 5/4.8 3520 20

B 5 3520 29 B 7 352 000 2900

C 7 352 000 2900 C 8 3520 000 29 000

D 8 3520 000 29,000 D - Not defined Not defined

dation of line clearance is almost impossible as it must be proven
for each potential microbial contaminant (bacteria, fungi, viruses,
endotoxins) and the test systems themselves for sterility testing
have to be validated. To circumvent these problems, we use a
sorter permitting the exchange of the whole fluidics system after
production of each batch that is then replaced with a new ster-
ile (y-irradiated) single-use kit. Some providers currently develop
new sorters that use mechanical valves or air pulses in closed sys-
tems for fluorescence-based cell separation that may significantly
facilitate GMP-compatible flow sorting in the future.

5.4 Raw Materials

For the manufacturing of cell-based medicinal products a variety of
raw materials are required. Hardly any of these raw materials, e.g.,
fluorescence-labeled antibodies for sorting, are covered by a phar-
macopoeia or have ever been used for production of a medicinal
product before. Since they come into direct contact with the cells,

they are classified as critical for the safety, purity and potency of
the final product. Therefore, in-house specifications, considering
all potential risks, have to be provided if no reference to phar-
macopoeial monographs can be made. Minimal requirements for
quality control of critical raw materials are identity, biological
activity/potency, toxicity, content, purity, sterility and microbial
safety (including mycoplasma where applicable), viral safety, risk
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of transmissible spongiform encephalopathies (where applicable),
and stability. As these quality criteria reach back at least two gen-
erations (thus, definition of environment, equipment, and quality
standards during the production of the respective materials), it
is pivotal to ensure their highest possible quality for cell manu-
facturing. Since hardly any GMP-compliant (fluorescent-labeled)
antibodies for flow-sorting are currently commercially available,
they have to be custom-made by a qualified manufacturer.

5.5 Process validation, quality control, and product release

Process validation usually has to be performed prospectively with
production of at least three batches. However, it is accepted by
most authorities that process validation of investigational medici-
nal products (IMP; for clinical trials) cannot be as complete as for
authorized (marketed) medicinal products. Guidance on process
validation is provided by the European Medicines Agency (Guide-
line [175]) and the U.S. Food and Drug Administration (Guid-
ance for Industry [176]). During process validation not only pre-
defined final release criteria have to be examined, but also process-
related impurities. These may originate from the cells (e.g., pro-
teins, DNA), cell culture media (e.g., antibiotics, media supple-
ments), or downstream processing equipment (e.g., columns).
Most often they originate from raw materials for cell process-
ing, e.g., cytokines, antibodies, serum, culture media, chemicals,

Figure 29. Custom-made GMP-compliant flow cyto-
metric cell sorter (A) with auxiliary equipment cabi-
net (left) and laminar air flow hood (right) containing
the sort chamber and (B) the sort unit in operation
(safety-cabinet-enclosed sort unit seen between the
two operators).
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enzymes, and nucleic acids for genetic modifications. Since at least
some of these substances (e.g., cytokines and stimulatory or sort-
antibodies) may have an influence on the therapeutic cell product
and/or may put a patient at risk even if administered in residual
amounts (e.g., immunogenicity of antibodies, in vivo activity of
cytokines), their presence in the final cell product has to be eval-
uated (ICH Q6B) [177]. Based on the potential risk, strategies for
the determination of impurities may be arithmetical (calculation
of residual amounts based on starting concentration and dilution
factors or washing efficacy) or analytical (quantitative or limit
test for impurities in the final product). While the arithmetical
approach may be suited and accepted for impurities with low risk
profile, evaluation of a particular impurity may be necessary or
requested by the authorities for every batch if substances are sus-
pected to bear a significant risk for the recipient (e.g., biologically
active antibodies, toxic fluorochromes). Since standardized meth-
ods for the analysis of impurities are usually not available, respec-
tive test systems have to be designed and validated individually in
advance (proving the appropriateness of an assay with respect to
sensitivity, specificity, accuracy, precision, detection limit, range
and limits of quantitation, robustness, and repeatability) [178],
which is at least laborious and time consuming.

A successfully validated manufacturing process is a prerequi-
site to receive a manufacturing license by the respective author-
ities for cell therapy medicinal products that are either applied
within clinical trials (separate clinical trial approval required) or
as authorized medicinal products. In Europe, each cellular prod-
uct for clinical use must be released by a qualified person who is
responsible for the GMP-compliant manufacturing and final qual-
ity of the product. Predefined quality and release criteria typically
include parameters such as volume, cell numbers, cell concen-
tration, viability, identity, purity, potency, cellular contaminants,
sterility, endotoxins, mycoplasma negativity, visual control, and
eventually impurities (e.g., for sort-antibodies). Almost all assay
systems for these quality controls (including flow cytometry-based
tests) have to be developed individually and specifically for a given
cell product and require validation (same criteria as described
above) during the development of the manufacturing process to
ensure their adequacy.

5.6 Final Remarks

The huge advantages of multi-parameter flow cytometric cell sort-
ing with its speed and flexibility in a research environment thus
far do not apply to GMP-compatible sorting. The high demands
on the quality of auxiliary and raw materials and on the envi-
ronmental conditions as well as stringent quality assurance mea-
sures and controls require a precisely structured and long-term
preparation phase for each cell manufacturing process that cannot
easily be changed once established. Thus, product characteristics
and manufacturing tools and methods for an envisaged clinical
cell product must be defined in detail in preclinical testing and
be robust enough to justify the implementation of an expensive
and strenuous manufacturing process involving flow cytometry.
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Biological applications

Most importantly, the clinical benefit and advancement has to be
considered in comparison to established and comparably “easy
to use” cell enrichment technologies. Yet, once established it is
satisfying to witness that cell purities easily exceeding 95% are
regularly achieved with GMP-compatible flow sorting, which may
be relevant in certain clinical situations such as GvHD therapy.
The increasing interest of clinicians in cell therapy may moti-
vate equipment and reagent manufactures to invest in financial
and intellectual resources for the development of GMP-compatible
flow sorting equipment and to provide a broader range of suited
sort reagents in the near future.

V Biological applications

1 Rare cells: General rules

1.1 Introduction

Rare cell populations are of growing importance in several fields,
from basic research to translational medicine and diagnostics. In
several clinical settings, rare cell counts provide valuable infor-
mation on the status and stage of the patient’s disease. Some
examples are rare CTCs in the peripheral blood, tumor stem cells,
circulating endothelial cells, hematopoietic progenitor cells and
their subpopulations, and fetal cells in maternal circulation. Inter-
esting applications of rare cell analysis include the detection of
metastatic breast cancer cells [179] or neuroblastoma cells infil-
trating the bone marrow [180], monitoring of minimal residual
disease [181, 182], detection of stem cells and rare HIV-infected
cells in peripheral blood [183], antigen specific T cells, invariant
natural killer T (iNKT) cells, and analysis of mutation frequencies
in genetic toxicology [184]. Moreover, polyfunctional assays, such
as the Ag-induced production of different cytokines by T lympho-
cytes, are often performed, and these raise the problem of finding
rare cells within these T-cell populations as well. In this section, the
main issues of this topic will be discussed, including the amount of
biological material required, the use of pre-enriched populations,
the number of markers to use and cells to acquire, the importance
of excluding doublets and the use of a DUMP channel.

1.2 Optimization

Studying rare cells requires attention, optimal methodologies in
all phases, including collection of biological samples, well-defined
controls, and adequate use of software and hardware [185]. The
term “rare” generally refers to events with a frequency of 0.01% or
less, although the record claimed in the literature has long stood
at one cell in 10 million for tumor cells spiked in the peripheral
blood [186, 187]. For this, the acquisition of a large number of
events (see Section V.1.2.3: Number of acquired events) and a
high SNR (see Section V.1.2.5: Thresholds, gating, and DUMP
channel) are the most relevant aspects.
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1.2.1 The quantity of the biological material. On the basis of the
estimated frequency of the rare cells under investigation, it is cru-
cial to calculate how much biological material is required. For
example, if the endpoint of the experiment is to enumerate rare
cell populations present in the cerebrospinal fluid (CSF), consid-
ering that only a few milliliter can be obtained from a patient, it
is logical that all the CSF has to be used. If blood is the biologi-
cal matrix of interest, the rare cell population of interest and the
pathology of the patient should be considered in depth. Should
the endpoint of the study be the evaluation of cytokine production
after in vitro stimulation by cells such as iNKT cells in patients
with HIV infection, some pre-analytical considerations should be
taken into account. For example, iNKT cells are extremely rare
among peripheral PBMCs (0.01-1%), and in order to define this
population several markers must be used, including those for rec-
ognizing CD3, CD4, CD8, invariant TCR, as well as those for cell
viability and several cytokines such as TNF-q, IFN-y, IL-4, and IL-
17 could be of interest, meaning that nine markers are required.
HIV* patients who do not take antiretroviral therapy are obviously
severely immunocompromised, and have a low number of CD3* T
lymphocytes. Thus, the amount of blood required to detect a rea-
sonable number of rare cells (according to Poisson statistics) can
be as much as 50 mL of blood, since either resting or stimulated
cells have to be analyzed [188].

On the basis of the
experimental endpoint(s) (e.g., phenotyping, functional assays),

1.2.2 Enrichment and choice of markers.

the rare population may be enriched or not, and the number of
markers that are needed to unambiguously identify a rare cell pop-
ulation needs to be defined. For example, the accurate quantifica-
tion of circulating endothelial cells and their progenitors, shown in
Fig. 30, is a matter of debate. Several studies have been published,
but no consensus has thus far been reached on either the markers
that should be used to identify these cells, or on the necessity of a
pre-analytical enrichment (by density gradient, buffy coat, and/or
magnetic enrichment). The enrichment, however, can have nega-
tive effects if rare cells are lost, or these effects may be positive,
if unwanted cells are removed [189-193]. Unfortunately, quite
often, the lack of well standardized methods influences the deci-
sion regarding the number of markers, which are necessary for
the identification of the population of interest. Depending on the
technical characteristics of the flow cytometers, which have a vary-
ing number of fluorescence channels and the speed of acquisition,
the most important marker allowing the identification and char-
acterization of such populations should be decided. For example,
in the case of iNKT cells, the Va24Ja18 invariant TCR allows the
unique identification of these cells. Having done that, the marker
panel has to be built following a general rule that the brightest
fluorochrome has to be used for the weakest expressed marker.
Finally, attention should be paid to compensation, and acquisition
of FMO controls, which is covered in more detail in Section II.1:
Compensation and Section III.1: Controls: Determining positivity
by eliminating false positives.
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1.2.3 Number of acquired events. Concerning the number of
events that need to be acquired, it is recommended to use Poisson
statistics, which defines the probability that a given number of
events will occur in a fixed interval of time/space, assuming these
events would occur with a known average rate and independently
of the time elapsed from the previous event [194]. Therefore, Pois-
son statistics are applied to count randomly distributed cells in a
certain volume. Let us consider a general case of enumerating a
total of N events, of which R meet a certain criterion (i.e., they are
positive, P). In this case, a proportion of P events is defined as P =
R/N. The probability of any single event to be positive is obviously
0 < P <1, and this is related to the random manner in which
cells are selected for analysis. As with all statistical distributions,
the variance, Var, is a fundamental parameter, and is defined as:
Var(R)= NP(1 - P). The SD is the square root of the variance,
and the CV is the SD equal to 1/square root of Var [195]. These
equations can be used to examine some practical situations. Let
us consider a phenotype analysis of human PBMCs stained with a
mADb for detection of B cells (e.g., CD19 mAb). In healthy individ-
uals, 10% of the cells can be positive, so that: P = 0.1 and P(1 —
P) = 0.09. Good experimental practice suggests to keep CV below
5%; thus, acquiring even 5000 events could be sufficient, because
the CV is 0.047 (i.e., in percentage, 4.71%). Using a number of
cells such as 10 000, the CV becomes 3.33%. However, should pos-
itive events be less frequent, a higher number of events must be
acquired. Table 7 reports an example for events whose frequency
is 0.01%, as often occurs studying antigen-specific T cells.

This is clearly the ideal methodology. However, real life is
different from theory, and very often the final number of events
cannot be high enough to satisfy this golden rule. For example, we
can consider the case in which one million peripheral T cells are
stimulated with an antigen that activates less than 0.1% of them,
namely 100 cells in one million. Nowadays, by polychromatic flow
cytometry, T-cell activation can be analyzed by evaluating the
polyfunctionality of these cells, and protocols have been devel-
oped that can identify in a relatively easy manner four or even
five functions per cell. Thus, among responding cells, up to 32
populations can exist, likely with a different frequency, and each
subpopulation contains a few cells that are completely absent in
the control, unstimulated sample. Can we consider such cells pos-
itive, even if their number is much lower than that indicated by a
strict statistical approach? A pivotal paper by Mario Roederer, an
opinion leader in this field, gives us very useful and clear sugges-
tions [196]. Indeed, if alternative explanations for the presence of
such positive events can be excluded (i.e., if there is no noise due
to dead cells or fragments, and if cell activation is really due to the
antigen used in vitro and not to a pre-activation in vivo of T cells),
the events can be considered positive, irrespective of their number.
Thus, there is no reason to fix a threshold for the number of events
below which any frequency must be considered “negative” [196].
In this case, “positivity” can be determined after comparison of
the measurement against a set of control samples, among which
the adequate negative controls, using standard statistical tools to
compare the frequencies. For example, assuming that from the
technical point of view the experiment is well performed, if T
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acquired in order to enumerate a pop-
ulation that, according to the literature,
is always represented less than 0.1%.

1.2.4 Sample concentration and flow rate. Because it is crucial
to acquire a high(er) numbers of events for detection of rare
cell population, sample concentration and flow rate are critical
parameters, which can typically shorten acquisition time. How-
ever, care must be taken that increasing the flow rate results in an
increase of coincidence, and thus higher CV, if flow cytometers use

Table 7. Example to calculate the number of acquired events for a rare cell population representing 0.01%

Acquired events(N) 10 000 500 000
Positive (R) 1 50
Proportion (P) 0.0001 0.0001
Variance (Var) 0.9 49.99
Standard deviation (SD) 0.9 7.07
Coefficient of Variation (CV) 100.00 14.14

1 000 000 4 010 000 10 000 000 20 000 000
100 401 1000 2000
0.0001 0.0001 0.0001 0.0001
100.0 400.1 999.9 1999.80
10.00 20.02 31.62 44.72
10.00 4.99 3.16 2.24
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hydrodynamic focusing (which is the system used at present in
most commercially available flow cytometers).

1.2.5 Thresholds, gating, and DUMP channel. A threshold should
be fixed in order to distinguish the signal (using fluorescence or
scatter) required to define the population of interest from the
noise/background (see Section V.2: Trigger, thresholds, and live
gating). Hence, maximizing the SNR of the cells of interest is
mandatory. Gates should be drawn to exclude dead cells, identi-
fied by viability marker, doublets/aggregates/debris, and all the
unwanted cell populations from the analysis, and a “DUMP” chan-
nel containing antibodies that identify cells of no interest is highly
recommended. Moreover, using a dot plot with the parameter
“time” versus that of interest allows to remove the event bursts
caused by clogs or other transient problems during the acquisi-
tion. The instrument should be kept clean, and it is essential to
wash the instrument between acquisitions of different samples in
order to minimize sample contamination, which could cause the
detection of false positive events.

1.3 Data analysis

Finally, data analysis requires adequate software and powerful
hardware (more than 8 GB RAM or higher), because acquired
data file tend to be huge, depending on how many events and
parameters have been acquired (e.g., ten colors and two scatters
in 10 million events are indeed a good test for your computer). To
minimize the file size, parameters that are not really needed can
be unselected, and a fluorescence/scatter threshold trigger can be
used. Data analysis will be covered in greater detail in Sections
VII.1-2: Data analysis: An overview, Data analysis—Automated
analysis: Automated flow cytometry cell population identification
and visualization, and Statistics for flow cytometry. In conclusion,
flow cytometry is at present the most potent technology to address
rare cell analysis, and the so called “next generation” instruments
with very high speed and sensitivity are already allowing an easy
detection and analysis of such cells.

2 Organisms, cells, organelles, chromosomes, and
extracellular vesicles

2.1 Overview

Flow cytometry allows information about the structural and chem-
ical characteristics of particles to be measured. Although the
most common applications of flow cytometry use single mam-
malian cells, it is also applicable to studies of bacteria, yeast,
and viruses as well as whole organisms such as nematodes and
Drosophila. Conversely, parts of cells such as isolated nuclei,
chromosomes, organelles, or extracellular vesicles may also be
examined.
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2.2 Organisms

Model systems are used to study molecular biology, developmen-
tal biology, and neurology and an example of this is the use of
Caenorhabditis elegans (C. elegans). These organisms are around
1 mm in length, can be cultivated in large numbers, and have a
short life cycle that makes them ideal for studying many areas of
developmental biology. Particles of this size are not able to pass
through the injection port and flow cell of most cytometers so
specifically designed analyzers and sorters are available to identify
and separate these organisms [197]. These large particle sorters
can also be used for analyzing and sorting groups of cells such as
imaginal discs, pancreatic islets, or embryoid bodies [198, 199].

2.3 Cells

Flow cytometry is perfectly suited for cells that are naturally in
suspension, e.g., blood but any multicellular system (cell lines,
tissue samples, whole organisms) may be made into single cell
suspensions using a variety of mechanical and enzymatic tech-
niques. In all cases, there is a balance between creating a good
single cell suspension and keeping cell viability high. It is always
important to make sure that measurement exclude dead cells as
these will show increased autofluorescence and may bind anti-
bodies and probes non-specifically. Exclusion of dead cells may
be achieved by adding a viability dye—either a DNA binding dye
such as DAPI or Propidium Iodide or an amine-reactive dye, which
will bind to proteins [200, 201]. Any part of a cell may be labeled
with a fluorescent probe but it is important to remember that flow
cytometry gives whole cell information, there is no localization of
the fluorescence nor any idea about its distribution within the cell.
To determine the location of fluorescence, an imaging technique
is needed, e.g., fluorescence or confocal microscopy or imaging
flow cytometry [202].

2.4 Nuclei

Sometimes only the DNA or a nuclear protein is of interest and
in these cases, cell nuclei can be produced that often will have
less nonspecific binding and therefore a cleaner background. Pro-
duction of nuclei from cells can be achieved in unfixed samples
by treating cells with a detergent, e.g., 0.1% Triton-X100, which
will lyse cells and release nuclei [203]. Or in fixed samples, cells
may be treated with an enzyme such as pepsin that will digest
the cytoplasm and again release nuclei [204]. Isolated nuclei will
often give a better CV (coefficient of variation, a measure of data
spread) than whole cells, making it easier to discern cell cycle
phases.

2.5 Cell organelles

Cell organelles within whole cells can be specifically iden-
tified by staining them with fluorescent dyes. These dyes
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may be fluorochrome-labeled antibodies or fluorescent probes.
Autophagosomes may be identified by staining with LC3 anti-
body [205], whereas mitochondria can be stained with Mito-
Tracker dyes [206]; lysosomes, endoplasmic reticulum, and Golgi
can also be identified [207]. Care must be taken with many dyes
that are organelle-specific as the staining time and concentration
will be very cell-type dependent and these factors may need to be
determined empirically. Also important when analyzing organelles
are controls; not just a negative control to assess background flu-
orescence but also a positive control to ensure that staining is
successful as the majority of these assays involve unfixed samples.
Also important is building in a kinetic element to experiments, i.e.,
looking at time points following treatment or stimulation.

Cell signaling events are often studied in immunological cells
and a common way to do this is to monitor changes in calcium
levels that result from the binding of antibodies to surface recep-
tors. There are several fluorescent dyes available that can monitor
calcium levels such as Indo-1, Fluo-4, and Fura Red [208]. Indo-1
is a UV-excited dye that precludes its use in many common flow
cytometers but it does have the advantage that it uses a ratio of the
bound to unbound calcium signal and is therefore independent of
cell size and variability in dye loading.

If cell organelles are to be analyzed, in some cases it is better
to digest the organelle from the cell. It is possible to isolate mito-
chondria, endocytic vesicles, and endoplasmic reticulum by sev-
eral methods generally using tissue homogenization [209]. Such
treatment will inevitably lead to some cell loss and a sample that
will have a considerable amount of debris. However, the selec-
tion of dyes combined with light scatter characteristics can allow
specific organelles to be identified. Although isolated organelles
can often result in cleaner staining, the smaller the particle the
more problems there will be with co-incident events, i.e., when
more than one event is being measured in the flow cell of the
cytometer. Both in analysis and sorting, the use of light scatter
and fluorescence is needed to delineate true particles from back-
ground.

2.6 Chromosomes

Although interphase chromosomes cannot be delineated by stan-
dard flow cytometry, chromosomes at metaphase may be identi-
fied and isolated and this is important in genomic analysis in many
animal and plant species [210]. Cell division is blocked during
metaphase using a drug such as colcemid, chromosomes are iso-
lated following rupture of the cells in a detergent solution and are
stained with two DNA binding dyes that have different base-pair
specificities [211]. In this way, chromosomes may be separated
on size and base-pair ratio, Chromomycin A3 (G-C binding) and
Hoechst 33258 (A-T binding) is the preferred pair of DNA dyes.
This is an extremely powerful technique but is not widespread as
the dyes used require nonstandard excitation wavelengths (355
and 457 nm) and high-powered lasers that are not widely avail-
able. However, chromosome analysis and sorting is also possi-
ble using standard benchtop analyzers or sorters [212]. Sample
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preparation, staining buffer, and cytometer setup are all critical in
chromosome analysis.

2.7 Extracellular vesicles

A growth area in cytometric analysis in recent years has been the
detection of small particles that encompass exosomes, micropar-
ticles, microvesicles, and cell-derived microparticles (including
platelets, endothelial, and leukocyte microparticles). Microvesi-
cles are defined as being 100-1000 nm in size [213] compared
with exosomes, which are <100 nm [214], which can lead to
challenges with detecting them using a flow cytometer. Most mod-
ern cytometers will have a detection limit in terms of the size of
the particle that will be governed by the optical configuration of
the cytometer. Light scatter is traditionally generated by using a
488 nm laser but it can be detected from any laser wavelength
given the correct optical filters [215]. In general, microvesicles
will be identified and detected by a combination of light scatter
(side scatter, or right angle light scatter is preferred to forward
scatter) and fluorescence. Vesicles mostly consist of a lipid mem-
brane plus cytosolic contents that may include cellular organelles,
therefore, labeling the lipids, specific membrane proteins, or spe-
cific organelles is the best approach. This can be an amine reactive
dye such as carboxyfluorescein succinimidyl ester [216], a spe-
cific lipid binding protein such as fluorescently-labeled annexin
V [217] or mitochondria-binding dyes such as MitoTracker [218].
As the size of the particles is smaller than the diameter of the lasers
used in the flow cytometer, there are the same considerations of
co-incidence as with isolated organelles. As well as in conventional
flow cytometry, exosomes and microvesicles can also be studied
using other cytometric technologies such as imaging flow cytom-
etry [219]. See Chapter V Section 2.7 Extracellular vesicles for
more detailed information.

3 Mitochondria

Mitochondria are essential mediators of cell metabolism, being
producers and targets of reactive oxygen species (ROS), regu-
lators of ATP levels and calcium homeostasis, and hubs of the
biosynthetic pathways involved in the synthesis of amino acids,
lipids, and nucleotides [220]. Mitochondria are present in all cells,
including those that rely mostly on glycolysis rather than on oxida-
tive phosphorylation for ATP synthesis. They are very heteroge-
neous in size, shape, and number, depending on the metabolic
requirement of the cells, the underlying tissue, and several other
factors. Given their crucial role in cellular and organismal func-
tions, it is not surprising that mitochondrial (mt) dysfunctions
have been observed in a number of genetic and nongenetic dis-
eases, as well as in cancer and aging [221]. In the vast majority
of cases, distinctive features of mt dysfunction include changes in
mtmP, mt mass, and redox potential.

Flow cytometry allows the rapid monitoring of all these param-
eters in intact cells, avoiding artifacts associated with mt isolation
and/or permeabilization, and offering the benefits to work in a
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Table 8. Main fluorescent probes used to stain mitochondria in intact, living cells

Full name Short name Abs (nm) Em (nm) Fixable
Mitochondrial membrane potential
3,3’-Dihexyloxacarbocyanine iodide DiOCe 484 501 No
Rhodamine 123 Rh123 507 529 No
5,5,6,6’-Tetrachloro-1,1’,3,3-tetraethyl-benzimidazolcarbocyanine JC-1 514 529/590 No
3,3’-Dimethyl-alpha-naphthox-acarbocyanine iodide JC-9 522 535/635 No
Tetramethylrhodamine ethyl ester TMRE 549 574 No
Tetramethylrhodamine methyl ester TMRM 548 573 No
MitoTracker Red CMXRos 578 599 Yes
Mitochondrial mass
Nonyl Acridine Orange NAO 495 519 No
Mito ID Red 558 690 Yes
Mitotraker Green FM 489 517 No
Mitotraker Deep Red 633 644 665 Yes
MitoTracker Red 580 581 644 No
Mitochondrial reactive oxygen species
MitoSOX Red mitochondrial superoxide indicator MitoSOX 510 580
Mitochondria Peroxy Yellow-1 MitoPY-1 510 528/540

Abs, absorbance; nm, nanometers.

preserved cellular environment [222]. A number of mt-specific
fluorescent probes have been developed, which can be used to
measure mtmP, mt mass, and intra-mt ROS (Table 8) [223].
mtmP is the main component of the proton-motive force, which
is established by protons pumped from the mt matrix to the inter-
membrane space, and combines the mtmP to the mt pH gradient.
This potential varies according to the status of mitochondria, it is
related to their capacity to synthetize ATP, and is a common indi-
cator of cell health. According to the Nernst equation [224], the
mt matrix is negative, thus indicating that hyperpolarized or depo-
larized mitochondria present a more or less negative mt matrix,
respectively. Dyes for measuring mtmP are typically lipophilic
cationic compounds, i.e., positively charged molecules that can
cross membranes without binding them, and accumulate in the mt
matrix in direct proportion to mtmP. Hyperpolarized mitochondria
accumulate more dye, whereas depolarized mitochondria accumu-
late less dye. When mtmP is assessed by flow cytometry, two major
recommendations have to be taken into account. First, dye concen-
tration should be carefully titrated. High dye concentrations lead
to fluorescence quenching, which generates artifacts and mislead-
ing results. Even if quenching threshold varies depending on the
dye, concentrations in the range 1-30 nM should be low enough to
avoid unwanted quenching phenomena [225]. Second, functional
controls must be used to ensure that changes in the dye signal are
interpreted properly and are not caused by other parallel changes,
including those in mt mass. Appropriate controls are represented

by:

1. carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone
(FCCP), carbonyl cyanide m chlorophenyl hydrazine (CCCP),
and valinomycin, which are uncouplers;

2. oligomycin, an ATP synthase inhibitor;

3. and nigericin, a K*/H™" ionophore.
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While FCCP, CCCP, valinomycin, and oligomycin induce depo-
larization, nigericin induces hyperpolarization.

A list of the main fluorochromes used to assay mtmP
in living cells is shown in Table 8. Among them, 3,3'-
dihexyloxacarbocyanine iodide (DiOCs) has been extensively used
in flow cytometric studies [226]. However, DiOCq activity as
NADH inhibitor, together with its toxicity toward mt respira-
tion, strongly limits the use of this probe [227, 2258]. Similarly
to DiOCg, rhodamine 123 (Rh123) was initially used in several
studies [228]. However, Rh123 enters easily into the cells and
rapidly equilibrates, but is not well retained. In addition, in cer-
tain conditions, Rh123 binding to mitochondria can be indepen-
dent of mitochondrial energy status, and this further restricts its
use [229, 2258]. Conversely, tetramethylrhodamine ethyl ester
(TMRE) and tetramethylrhodamine methyl ester (TMRM) are
widely used to probe mtmP by flow cytometry [230, 231]. These
dyes are nontoxic, specifically stain polarized mitochondria, and
do not display quenching effects [231]. They should be used at
relatively low concentrations, and the analysis can be performed
immediately after staining, even in the absence of wash steps.
Upon excitation at 488 nm, TMRE and TMRM emits at 574 nm.
As monochromatic dyes, the MdFI relative to the proper channel
should be measured for TMRE and TMRM. Typically, an unstained
sample (also known as “blank”) should be prepared, in order to
set the levels of background fluorescence, and subtract this back-
ground fluorescence to fluorescence of the stained sample. When
assayed by TMRE or TMRM, changes in mtmP are thus evaluated
as changes in MdFI of a given sample (Fig. 31).

Carbocyanine dyes, especially 5,5',6,6'-tetrachloro-1,1',3,3'-
tetraethyl-benzimidazol-carbocyanine (JC-1), are considered the
most reliable probes for the detection of mtmP. JC-1 has poly-
chromatic fluorescence emission spectra, and allows a ratiometric
semi-quantitative assessment of mt polarization [232, 233]. In the
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Figure 31. TMRM and JC-1 staining of CD4" T cells.
The K* ionophore valinomycin depolarizes mito-
chondria of CD4" T cells, as revealed by the decrease
in TMRM fluorescence, and by the decreased fluo-
rescence of JC-1 aggregates and increased fluores-
cence of JC-1 monomers. Untreated cells (CTRL) are
shown in left panels. For TMRM, unstained sam-
ple is also shown in right panel. Dot plot combining
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monomeric state, it emits a green fluorescence (529 nm), whereas
in the aggregate state, which is highly dependent upon mtmP,
it emits an orange-red fluorescence (>590 nm), well detectable
in healthy cells. In the presence of compounds that cause a col-
lapse in mtmP, JC-1 becomes monomer. This means that while in
healthy cells both green and orange-red fluorescence are expected,
cells with depolarized mitochondria display only green fluores-
cence [234]. Considering the shift in fluorescence due to mtmP
changes, the best way to display results is that of indicating the
percentage of cells with high or low mtmP, rather than the ratio
between green and orange-red fluorescence. Since 1993, JC-1
has been reported as a reliable membrane potential indicator for
several cell types and assay conditions [232, 235, 236], and its
compatibility with other fluorescent probes has also been demon-
strated in the design of multicolor panels [237, 238]. However,
the sensitivity of JC-1 toward hydrogen peroxide, its photosensi-
tivity, and the slow rate of equilibration between monomers and
aggregates, could partially limit its use. Other dyes, similar to JC-
1, are also available but are scarcely used. JC-9 is characterized by
polychromatic fluorescence emission, with excitation at 522 nm,
and emission at 535 or 635 nm, in the monomeric or aggregate
forms, respectively. The green fluorescence of JC-9, characterized
by a different chemical structure respect to JC-1, is essentially
invariant with membrane potential, whereas the red fluorescence
is significantly increased at hyperpolarized membrane potentials.
JC-10 is excited at 490 nm, and emits at 520 nm (monomeric
form) or 590 nm (aggregated form). Compared to JC-1, JC-10 is
characterized by higher water solubility and diffuses out of mito-
chondria in apoptotic and necrotic cells.

Mitochondrial mass can be monitored by using dyes able to
bind specific mt components regardless of mt polarization status.
For this reason, the amount of fluorescence is directly proportional
to mt content. Mito ID and nonyl acridine orange (NAO) bind to
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untreated sample and valinomycin-treated sample
is also reported (lower right panel).

cardiolipin in the inner mt membrane, whereas MitoTracker dyes
react with the thiol groups of cysteine residues present in mt pro-
teins [239, 240]. Some of these dyes, including MitoTracker deep
red 633, also form covalent bonds with mt proteins, thus allow-
ing fixation after cell staining. As described for TMRE and TMRM,
the MdFI relative to the proper channel should be measured for
MitoTracker dyes, and the MdFI of the unstained sample should
be subtracted to the MdFI of the stained one (Fig. 32).

Regarding mt ROS, two fluorescent probes, i.e., MitoSOX red
mitochondrial superoxide indicator (MitoSOX) and mitochondria
peroxy yellow-1 (mitoPY1), have been recently developed to stain
specifically anion superoxide and hydrogen peroxide in mito-
chondria, respectively [241-243]. MitoSOX is the mitochondria-
targeted form of hydroethidine. It accumulates into mitochondria
depending on mtmP, and it emits fluorescence upon oxidation
and binding to mitochondrial DNA [244]. As already reported for
other probes, when using MitoSOX and mitoPY1, preparing ade-
quate positive and negative controls is crucial to fully validate
the presence of mt H,O, in biological systems. Antimycin A or
doxorubicin are best-suited positive controls for MitoSOX stain-
ing, whereas exogenous H,O, or other molecules that increase
the fluorescence signal of the probe represent proper positive
controls for mitoPY1. Negative controls for MitoSOX staining are
cell-permeable superoxide dismutase mimetics or mt uncouplers,
depending on the cell type. Additional controls can be represented
by antioxidants, such as N-acetylcysteine, or other specific scav-
engers that highly reduce free radical production [245]. MitoSOX
and mitoPY1 have been tested by flow cytometry for selective
quantification of mt anion superoxide and mt hydrogen peroxide
in keratinocytes, endothelial cells, fibroblasts, several cancer cell
lines, among others [246-249]. The possible simultaneous use of
MitoSOX and mitoPY1 in the same panel for the analysis of mt
ROS in living cells has also been reported (Fig. 33; [246]).

Wwww.eji-journal.eu

1529 &



W 1530

Andrea Cossarizza et al.

CD197-APC

Eur. J. Immunol. 2019. 49: 1457-1973

Figure 32. MitoTracker Green staining of
CM different subsets of CD8" T cells. Differ-
ent CD8* T-cell subsets, i.e., central mem-
N ory (CM), naive (N), effector memory (EM),
and terminally differentiated effector mem-

o
E / EM ory (EMRA) were identified according to the
= / it expression of CD45RA and CD197. Among
T T ey = o . . v nstamed  them, the use of MitoTracker Green (MT
Green) allows to determine mt mass, which
CD45RA-PB MT green fluorescence is clearly different among cell subsets.

Flow cytometry is undoubtedly a useful tool to assay mt func-
tions in biological samples. Protocols to assay mt parameters can
be applied to several cell models, and are relatively fast, as the
time required to complete staining and data analysis (even in the
case of multicolor panels) rarely exceeds 3 h. In addition, the anal-
ysis of several thousands of cells in a few minutes allows accurate
measurements. Nevertheless, as a general rule, the use of more
than one probe, as well as the use of complementary methods to
assess changes in mt membrane potential or mt mass, is strongly
recommended.

4 Extracellular vesicles

4.1 Overview

Body fluids contain cell-derived extracellular vesicles (EVs), which
can suppress and enhance the immune system and contribute
to the development of systemic autoimmune disease. To inves-
tigate the role of EVs in immunology, flow cytometry (FCM) is
the technology of choice for determining the concentration of EVs
expressing certain antigens. However, because EVs are substan-
tially smaller and dimmer than cells, EV detection and data inter-
pretation are challenging, leading to misconceptions. For exam-
ple, on the one hand, it is often overlooked that FCM does not
detect the entire size range of EVs. On the other hand, it is
often incorrectly thought that FCM is incapable of detecting EVs
smaller than the wavelength of light. The aim of this section is
to briefly address some common misconceptions of EV FCM and
to provide recommendations to prevent potential artifacts aris-
ing from sample preparation, staining, assay protocol, and data
analysis.

4.2 Introduction

Blood and other body fluids contain cell-derived extracellular vesi-
cles (EVs), which is the umbrella term for all types of cell-derived
vesicles including microvesicles and exosomes. Figure 34A shows a
transmission electron microscopy (TEM) image of EVs, which can
be seen as subcellular cargo containers transporting biomolecules,
such as transmembrane receptors and genetic information, to tar-
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get cells. From an immunological perspective, EVs are interesting
because EVs transport ligands that can suppress the immune sys-
tem, enhance the immune response by antigen presentation, and
contribute to the development of systemic autoimmune disease
[250]. See also Chapter V Section 2 Organisms, cells, organelles,
chromosomes, and extracellular vesicles.

4.3 EV analyses by flow cytometry

EV FCM is particularly useful to determine the number concen-
tration of certain EV types in (body) fluids. However, the small
size of EVs complicates FCM analyses. Figure 34B shows a size
distribution of EVs from human urine based on TEM and resistive
pulse sensing. General properties of an EV size distribution are a
smallest diameter of 50 nm, a peak below 400 nm, and a decreas-
ing concentration with increasing diameter for EVs larger than the
peak diameter [251, 255-257]. Thus, most EVs are smaller than
the illumination wavelength () typically used in FCM. A general
misconception is that EVs smaller than the illumination wave-
length cannot be detected by FCM. According to the Rayleigh cri-
terion, EVs smaller than roughly half the illumination wavelength
cannot be distinguished by classical light microscopy [258]. How-
ever, even the smallest EVs do scatter light of longer wavelengths
and can be detected by FCM, provided that single EVs are illu-
minated and the flow cytometer has nanoparticle sensitivity. In
practice, most flow cytometers do not have nanoparticle sensi-
tivity: a recent standardization study showed that only six of 46
tested flow cytometers in the field were able to detect EVs as small
as 300 nm [259].

To explain how the size of EVs affect their light scattering
intensity, Fig. 34C shows the FSC measured by FCM (A60-Micro,
Apogee Flow Systems, UK) versus the diameter of platelet-derived
EVs and platelets exposing integrin f3 (CD61) from human plasma
and, for comparison, of polystyrene particles. The diameters of
EVs, platelets, and polystyrene particles were obtained from the
FCM scatter ratio [253], literature values [254], and specifications
of the manufacturer, respectively. Please notice that the scattering
intensity of EVs rapidly decreases for small diameters [251, 258,
260, 261] and is substantially lower compared to platelets and
similar-sized polystyrene particles [260, 261]. The low scattering
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cells. Doublets were excluded from the analysis
of PBMCs by using FCS-A and FSC-H (upper left

(N

Events

W

panel); viable cells were selected according to
negativity for annexin-V (ANX-V) Pacific Blue
conjugate and TO-PRO-3 iodide (upper right
panel). Then, CD4" or CD8" T lymphocytes
were selected on the basis of positivity for a
CD4~APC-H7 mAb or a CD8-PO mAb respec-
tively. Among these, fluorescence intensity of
MitoSOX Mitochondrial Red Superoxide Indica-

MitoSOX

efficiency of EVs implies that a flow cytometer cannot detect EVs
as small as the smallest detectable polystyrene beads.

The small size of EVs also results in low fluorescence intensities.
Figure 34D shows the fluorescence intensity versus diameter of
EVs and platelets labeled with APC CD61 mAb. The parabolic
curve indicates that EVs and platelets have a similar surface density
of CD61. However, because the surface area scales quadratically
with the particle diameter, EVs have much less antigens available
to bind APC CD61 mAb than platelets and therefore emit less
fluorescence. The complex size distribution combined with low
scatter and fluorescence intensities imply that signals from EVs are
close to and/or below the detection limit of FCM. Hence, a flow
cytometer with the dynamic range to detect all EVs in biological
samples does currently not exist.

The difficulty of EV FCM is recognized by the EV Flow Cytom-
etry Working Group (evflowcytometry.org), which consists of

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tor (MitoSOX) and Mitochondria Peroxy Yellow-
1 (mitoPY) was analyzed.

experts from the International Society for Extracellular Vesi-
cles (ISEV), International Society for Advancement of Cytometry
(ISAC), and International Society on Thrombosis and Haemosta-
sis (ISTH). At present, the working group is compiling a series
of consensus manuscripts, which will become a framework that
is consistent with the MIFlowCyt guidelines [39]. A preliminary
outcome is that a general step-by-step protocol for EV FCM does
not exist yet, because the optimal procedures depend on the
research question, the sample studied, and the flow cytometer
used. The steps below are therefore recommendations for EV
FCM experiments with references to articles with detailed pro-
tocols and examples. This section does not cover imaging FCM,
flow sorters, or mass cytometry. Based on new insights and
reaching consensus in the rapidly evolving EV research field,
however, current recommendations will likely become subject to
change.
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Figure 34. Flow cytometry (FCM) detection of extracellular vesicles (EVs). (A) Transmission electron microscopy (TEM) image of EVs from human
urine after one freeze-thaw cycle [251]. (B) Size distribution of EVs from human urine by TEM [251]. Please note that all graphs have logarithmically
scaled vertical axes. The size distribution has a maximum and follows a power-law distribution for larger EVs. For comparison, »; and x, (dashed
lines) indicate illumination wavelengths typically used in FCM. (C) Forward scatter (FSC) versus diameter for EVs and platelets exposing integrin
B3 (CD61") from human blood plasma and polystyrene particles measured (symbols) by FCM (A60-Micro, Apogee Flow Systems, UK) and calculated
(lines) with Mie theory (Rosetta Calibration, Exometry, the Netherlands) [252]. The diameters of EVs, platelets, and polystyrene particles were
obtained from the FCM scatter ratio [253], literature values [254], and specifications of the manufacturer, respectively. Polystyrene particles were
modeled as solid spheres with a refractive index (RI) of 1.633, whereas EVs and platelets were modeled as concentric spheres having a shell with
a thickness of 4 nm and an RI of 1.48 and a core with an RI of 1.38. FSC increases with increasing diameter and refractive index and scatter of
polystyrene particles cannot be directly related to the scatter and diameter of EVs. (D) CD61-APC versus diameter for EVs and platelets exposing
CD61*. The parabolic fit describes CD61-APC expression of EVs and platelets (R? = 0.59), meaning that EVs and platelets have a similar density
of CD61. In (C) and (D), the EV diameter was determined by the FCM scatter ratio [253], whereas the platelet diameter was obtained from the
literature [254].

4.4.2 Collection.
with a 21-gauge needle and avoid prolonged use of a tourni-
quet [268-271]. Collect blood in plastic tubes at room temperature

4.4 Step-by-step sample preparation Collect blood from overnight fasting subjects

4.4.1 Collection, isolation, and storage. Because cells may still

release EVs after collection of a (body) fluid, unprocessed fluids
are unstable EV samples [262, 263]. To obtain stable EV samples, it
is common practice to collect the fluid, remove cells, and freeze EV-
containing aliquots. However, each pre-analytical step will impact
the concentration and composition of EVs. The optimal proto-
col depends on the research question, the type of (body) fluid,
the type of the EVs of interest, and the used flow cytometer. To
limit the scope and emphasize differences between pre-analytical
variables involved in cell and EV FCM, we will summarize consid-
erations involved in collection and isolation of EVs from human
blood for characterization by FCM. The considerations are based
on ISEV guidelines [264], ISTH guidelines [265], and method-
ological guidelines to study EVs [262]. Considerations for other
fluids, such as urine [266] and saliva [267] can be found in the
literature [263].

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and discard the first 2-3 mL of collected blood [272, 273]. Omit
hemolyzed blood samples or interpret results with care [264]. The
recommended anticoagulant for FCM analyses is citrate (0.109
mol/L final concentration) [265]. During transport, minimize
vibrations and keep the tubes in a vertical position. Minimize and
standardize the time interval between collection and removal of
cells.

4.4.3 Isolation.
the clot formation [262]. Therefore, plasma is usually preferred

When preparing serum, EVs are released during

over serum and serum that is used as culture medium should be
EV-free. To prepare plasma from blood, current guidelines recom-
mend to apply two subsequent centrifugation steps of 2500 x g for
15 min at room temperature [265]. Use the lowest or no deceler-
ation, and do not collect the 5 mm of plasma above the buffy coat.
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Quantify the number of residual platelets in the platelet-depleted
plasma. To improve reproducibility, report centrifugation condi-
tions, including deceleration, rotor type, speed, temperature, time,
tube type, and volumes in the tubes [274].

A misconception about EV FCM is the use of additional high-
speed and ultracentrifugation steps to isolate and concentrate EVs
of different size (e.g., microvesicles and exosomes). Separating
EVs of different sizes is unnecessary because the size of EVs can be
determined by FCM based on scatter or fluorescence signals [252,
253, 275]. Concentrating EVs is unnecessary for all EV samples
that require dilution upon FCM analysis. A centrifugation washing
step or size exclusion chromatography, however, may be useful to
decrease the concentration of lipoprotein particles, which overlap
in size with EVs, soluble proteins, and unbound reagents [276].
The presence of these non-EV particles may cause artifacts, which
will be discussed in the next sections about staining and swarm
detection.

4.4.4 Storage. Although the stability of EVs during a freeze—
thaw cycle and storage warrants further investigation [263], freez-
ing is the most common method to store EVs. Use vials with
a rubber ring and screw lid to minimize cryo-precipitation and
to prevent formation of ice crystals. Snap-freeze aliquots in lig-
uid nitrogen [277], store aliquots at or below —80°C, and thaw
aliquots at 37°C [278-280].

4.5 Staining

EVs can be stained with labels available for cells, such as antibod-
ies (Abs; Chapter III, Section 1.1 Controls: Determining positivity
by eliminating false positives), membrane dyes, and fluorescent
dyes that are used to stain nucleic acids (see V.6 DNA synthe-
sis, cell cycle, and proliferation). EV staining, however, involves
different problems and choices and requires more controls than
cell staining. For example, if a flow cytometer detects smaller and
thus more EVs with fluorescence triggering compared to scatter
triggering, EVs are preferably stained with a generic EV marker,
such as lactadherin. However, generic EV markers that specifically
detect all and exclusively EVs do not exist [281].

When designing experiments for polychromatic FCM, Ab-
conjugated fluorochromes should be carefully selected. Preferably,
use fluorochromes that (i) are readily conjugated to Abs, (ii) have
high associated fluorescence intensities (“bright™), and (iii) exhibit
little spectral overlap with other fluorochromes [282, 283]. The
use of bright fluorophores increases the SNR of EVs with low
antigen exposure (Fig. 34D), whereas spectral overlap should be
reduced because compensation of spectral spill-over is compli-
cated by low signal levels and unstable autofluorescence levels.
The aforementioned restrictions on fluorochromes limit the num-
ber of Abs that can be simultaneously measured in typical EV FCM
experiments. To increase specificity, phallotoxin can be used to
differentiate between intact EVs and nonspecific binding of mAb
conjugates to damaged membrane fragments [284].
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Similar to cell analysis, it is good practice to titrate reagents to
find the optimal Ab concentration (see III.2 Titration: Determining
optimal reagent concentration). To prevent that Ab-aggregates are
artifactually counted as EVs, remove Ab-aggregates by centrifuga-
tion at 19 000 x g for 5 minutes before staining. After staining,
reduce the concentration of unbound reagents by washing, size
exclusion chromatography, or dilution to reduce sample related
noise and thus increase the SNR.

4.6 Assay protocol
4.6.1 Swarm detection. Before optimizing the acquisition set-
tings, it is important to realize that in most FCM measurements,
only a part of the EVs exceed the detection limit [251, 260].
Due to the complex size distribution of EVs (Fig. 34B), how-
ever, the fraction of EVs below the detection limit may outnumber
EVs exceeding the detection limit. Consequently, EVs below the
detection limit may contribute to the measured signal or even
exceed the trigger threshold (see Chapter IV, Section Cell sort-
ing). This special form of coincidence detection is named swarm
detection [260, 285]. Serial dilutions can be used to find the opti-
mal dilution and minimize the effect of swarm detection. The
measured number concentration versus dilution should give a lin-
ear decrease and a consistent median fluorescence and scatter
intensity.

4.6.2 Acquisition settings. The optimal acquisition settings differ
between flow cytometers. Select settings that lead to the highest
sensitivity, and thus detection of the dimmest EVs, while avoiding
background noise and swarm detection. In general, use the high-
est illumination power, use the shortest illumination wavelength
for scatter detection, select the lowest flow rate, and optimize
detector voltages and thresholds (See Chapter IV, Section Cell
sorting) [57]. The choice whether to trigger on scatter or fluores-
cence depends on the flow cytometer [281, 286-288]. Regarding
scatter, SSC is generally more sensitive than FSC, particularly for
instruments equipped with a photodiode at FSC [260, 289].

4.6.3 Controls.
needed, such as buffer only control, reagents in buffer control,

To verify what events are truly EVs, controls are

unstained sample control, blocking and isotype control alone or
in addition to the related FMO control, serial dilutions, detergent
treatment, and sample analyses by techniques complementary to
FCM [57].

The buffer only control involves periodic measurements of
buffer to address sources of noise and monitor the stability of
background counts. The reagents in buffer control involves the
addition of reagents to the buffer at the same concentration as
used in the experiment, and to confirm the absence of events
caused by the reagents [216, 281, 290]. The unstained sample
control (see also Chapter V, Section 3 Mitochondria) involves a
measurement of unstained EVs and may assist in determining aut-
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ofluorescence levels and setting gates. Blocking and isotype con-
trols can be used to differentiate between specific and nonspecific
binding of Abs (Chapter III, Section 1.4 Specificity of reagent for
staining target: Blocking and isotype controls), but not to set gates
or to correct counts for nonspecificity. Isotype controls should be
used from the same manufacturer and at the same concentration
as the respective Ab [291]. In an FMO control, which is used for
experiments with multiple Abs, one reagent is left out or added
to the isotype control to determine the fluorescent gate for that
reagent (Chapter III, Section 1.2 Fluorescence spreading into the
channel of interest: FMO controls).

Serial dilutions can minimize the effect of swarm detection,
as discussed before. Detergent treatment involves the lysis of EVs
by addition of detergent to check whether events that are sup-
posed to be EVs disappear. Results of detergent treatment should
be interpreted with care, because other particles than EVs may
lyse as well [292] and change in scattering properties due to a
refractive index change of the medium [293]. For FCM, data from
complementary techniques are useful for experimental design.
For example, the size distribution and concentration measured
by resistive pulse sensing may be used to determine the optimal
dilution and prevent swarm detection, whereas surface plasmon
resonance imaging or a western blot may be used to confirm the
presence of certain antigens.

4.6.4 Calibrations.
improve data interpretation and enable data comparison, fluores-
cence signals can be calibrated in units of molecules of equivalent
soluble fluorophore (MESF) or equivalent reference fluorophore
(ERF) [294-296] and scatter signals can be calibrated in units
of nm? [252, 259, 260, 297]. Do not use the scatter intensity
of two sizes of polystyrene particles to set gates for two reasons.
First, polystyrene particles scatter light much more efficiently than
similar-sized EVs (Fig. 34C), which may lead to data misinterpre-
tation. For example, an earlier proposed gating strategy based on
the scatter intensities of 500 nm and 900 nm polystyrene par-

FCM provides data in arbitrary units. To

ticles [298, 299] leads to the inclusion of platelets, membrane
fragments, and perhaps erythrocyte ghosts [255] instead of the
envisioned EVs [260]. Second, a gate based on two polystyrene
particles selects different EV sizes at different flow cytometers and
therefore is not suitable for the purpose of data comparison [259].

Statements about the number concentration of EVs also require
calibration of the flow rate, especially because the actual flow rate
may be 50% lower or 100% higher than the set flow rate [259].
The flow rate can be estimated using commercial reference par-
ticles with a specified concentration, by mass discharge measure-
ments [259], or by a calibrated flow rate sensor.

4.7 Materials
Materials required for collection, isolation, storage, and staining
depend on the experiment. Generally, use a clean, filtered buffer

and measure the buffer to confirm cleanness. Preferably, the flow
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cytometer is able to detect the scatter intensity of at least 200 nm
polystyrene particles and a fluorescence intensity of at least 1000
MESF (see also Fig. 34C and D). For comparison, one of the most
sensitive flow instruments for EV detection today can detect single
~20 nm polystyrene particles and a single PE molecule [300].

4.8 Data analysis

Most data analyses steps can be done with software capable of
reading FCM data, creating histograms and scatter plots and apply-
ing gates. Preferably, start with the aforementioned calibrations
of the scatter and fluorescence detectors to obtain data with units
that are understandable and comparable. Use the aforementioned
controls to exclude swarm detection and define gates. Count the
number of EVs within the gate during a measurement and use
the calibrated flow rate to relate counts to number concentration.
Because only a part of the EVs can be detected [251, 260], the
reported number concentration should be accompanied with the
range wherein the EVs are detected. For example, in Fig. 34D we
measured a concentration of 4.4 x 10% CD61% EVs/mL with an
APC intensity between 5.0 x 10% and 11.7 x 10° MESF.

Because the size, scatter intensity, and fluorescence intensity
distributions of EVs are often asymmetrical, the use of statisti-
cal parameters such as mean, median, and SD should be used
with care. To describe the shape of an EV distribution, it is gener-
ally more appropriate to use a mathematical function. For exam-
ple, EV size distributions can often be described with a power-
law function (Fig. 34B), log-normal function, or exponential
decay.

New, sophisticated procedures exist to derive the diameter of
EVs from scatter or fluorescence signals. For example, Exometry
offers a commercial kit and the National Institute of Health offers
free software [301] to determine the EV diameter from a single
scatter detector. The information from two scatter detectors can
be combined to determine the refractive index, which can be used
for label-free differentiation between EVs and lipoprotein particles
[253].

To ensure reproducibility, all details involved in sample col-
lection, isolation, storage, staining, data acquisition, controls, cal-
ibrations, and data analyses such as gating (Chapter VII, Section
3 Analysis presentation and publication (MIFlowCyt)) should be
reported. Graphs should have clear axes labels and calibrated
scales and reported values of the fluorescence intensity and scat-
tering intensity preferably have comparable units. Data sharing
via public repositories is highly recommended (See Chapter VII,
Section 4 Data repositories: Sharing your data).

4.9 Pitfalls

® Detecting artifacts, such as swarm detection and background
noise, instead of single EVs.

® Using the scatter intensity of two sizes of polystyrene particles
to gate EVs.
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® Providing the concentration of EVs without reporting the
dynamic range of the detector(s) in standardized, comparable
units.

® Using high-speed and ultracentrifugation steps to isolate and
concentrate EVs of different size (e.g., microvesicles and exo-
somes) upon FCM analyses.

4.10 Top tricks

® Realize that FCM measures only a part of all EVs in the sample.

® Quantify which EVs the flow cytometer can measure and map
out related artifacts.

® Use controls to verify detection of the envisioned, single EVs.

® Report (1) the research question and hypotheses, (2) all details
of the protocol required to reproduce the data, and (3) data
values in standardized, comparable units.

5 Surface parameters

5.1 Qverview

This section focuses on the handling of suspension cells and cells
obtained enzymatically from tissue samples for the detection of
cell surface molecules. Although this is the most commonly used
application in flow and mass cytometry, some pitfalls during sam-
ple handling, staining, and data analysis can occur, which will be
discussed here.

5.2 Introduction

Surface molecules comprise membrane proteins, such as recep-
tors, enzymes, ion channels, adhesion, and transporter molecules,
lipids, or polysaccharides but also external ligands, either specif-
ically loaded onto their specific receptors, e.g., cytokines or Abs
or nonspecifically attached to the cell surface (reviewed in ref.
[302]). These molecules are easily accessible by FCM and do
not typically require special preparation of cells, such as fixa-
tion or permeabilization. Most surface markers, in particular those
known as lineage markers, are also expressed at reasonable den-
sity allowing clear-cut discrimination between positively and neg-
atively stained cells.

In principle, surface molecules can be detected with different
types of labels in a range of affinities, such as Abs, receptor ligands,
lectins for the detection of glycan structures, annexin V for the
detection of phosphatidylserine at the outer membrane of apop-
totic cells (see Chapter V Section 7: Measuring cell death mecha-
nisms) and complex multivalent reagents, e.g., for increased bind-
ing avidity, e.g., MHC/peptide-tetramers (see Chapter V Sections
17.3-17.5: Antigen-specific T-cell cytometry), which in general are
chemically conjugated to fluorescent reporter molecules.
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5.3 Minimize artifacts by minimal cell manipulation

If possible, surface molecules should be stained on live cells to
avoid any kind of antigen denaturation possibly introduced by
pre-treatment steps, such as cell fixation or cell permeabilization,
to clearly differentiate between intra- and extracellular localiza-
tion. For combined intracellular (see also Chapter V Section 14
Intracellular parameters) and surface staining, surface markers
should be stained first, followed by fixation and permeabilization
before staining for intracellular antigens. Defined reagents such
as recombinant Abs [303] with reduced “nonspecific” interactions
should be used whenever possible (see also Chapter III Section
1, Controls: Determining positivity by eliminating false positives)
especially when cells do express high or low affinity Ig Fc receptors,
such as CD64 or CD32. Unspecific, Fc receptor-mediated binding
of immunoglobulins can be suppressed by incubating cells in the
presence of blocking reagents, such as purified Igs.

In contrast to blood cells or cells from liquid exudates, primary
cells located in tissues often require an enzymatic pretreatment for
tissue dissociation to finally obtain cells in suspension (see Chap-
ter III Section 3). But during this procedure antigenicity of surface
proteins can be also affected. Therefore, depending from the tis-
sue type and cells of interest, conditions for enzymatic digestions
have to be carefully established. In general, there are a variety
of enzymes available, such as elastase, hyaluronidase, dispase,
and different types of collagenases. They differ in their digestive
characteristics and, therefore, incubation time, temperature, and
concentration of enzymes have to be optimized with respect to cell
viability, cell yield, and preservation of antigens that will be inves-
tigated by FCM. In the case of very sensitive antigens, which are
destroyed during tissue digestion, isolated cells may be cultured
over night to allow re-expression of affected cell surface proteins.
Principally, cells obtained after enzymatically tissue digestion are
much more stressed than suspension cells and therefore, require
the identification of dead cells and their exclusion from the analy-
sis as described in Chapter III, Section 4: Dead cell exclusion, cell
viability, and sample freezing. As described there, dead cells will
increase background signals due to a general increase in autoflu-
orescence or due to the increased unspecific binding of staining
reagents.

A very detailed protocol to isolate thymic epithelial cells is
given by Jain and Gray [304] and for human skin mast cells by
Griitzkau et al. [305]. Moreover, The tissue dissociation guide from
Worthington summarizes all aspects of tissue dissociation in a
very comprehensive way (Worthington Biochemical Corporation
Tissue Dissociation Guide [306]).

Although flow cytometric analyses should ideally be performed
with fresh samples, there are several possibilities to stabilize cells
or blood samples before preparation for FCM (see also Chapter
III, Section 3: Preparation of single-cell suspensions; Section 4:
Dead cell exclusion, cell viability, and sample freezing; and Sec-
tion 5: Cell fixation and permeabilization for flow cytometry).
Short-term preservation of blood for up to 24 h by Ficoll 70 kDa
is mainly aiming at inhibiting blood settling-induced stress that
is caused by RBC aggregation [307]. For long-term storage, the
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cryopreservation of PBMCs is another option. But it should to
be kept in mind that some surface molecules, like CD62L or
chemokine receptors in general, can be negatively affected by this
procedure. In addition, some cell types may be more sensitive to
this type of treatment, which has to be determined individually
for each cell population of interest.

In addition, there are several commercial reagents available,
that can be used for long-term storage of blood samples, such
as TransFix (CYTOMARK, Caltag Medsystems, Buckingham, UK),
Cyto-Chex BCT (Streck, Omaha, US) and Smart Tube (Smart Tube,
San Carlos, CA) [308]. The latter one even allows analyzing frozen
blood samples after appropriate treatment without losing granu-
locytes.

But for all these stabilizing protocols, it is strongly recom-
mended that they have thoroughly been validated for the surface
markers of interest.

Live cells may be sensitive to prolonged in vitro handling proce-
dures or may actively internalize surface molecules or shed them
from the surface, e.g., after labeling with Abs. This can be avoided
by gentle treatment, e.g., careful pipetting, short handling time,
low temperature (on ice), or addition of sodium azide to the stain-
ing buffers, which blocks active shedding/internalization. After
staining, cells should be immediately analyzed or strictly be kept
on ice and in the dark to avoid photobleaching.

For the detection and analysis of cell subsets that are detectable
only in very low frequencies (<0.1%), appropriate pre-enrichment
strategies may help to improve gating resolution for the cell popu-
lation of interest (see Chapter IV Section 1: Pre-enrichment of low
abundant cell populations prior to acquisition/cell sorting).

5.4 Transient surface markers

Some markers are only transiently expressed on the cell sur-
face and thus may escape detection. This can be caused by
different mechanisms, such as ectodomain shedding [309] or
rapid internalization and subsequent endocytic recycling [310].
Cytokine receptors especially behave in a very sensitive manner
during sample preparation and thus different results may be
obtained by analyzing whole blood after hypoosmotic lysis of
erythrocytes or enrichment of PBMCs after Ficoll density gradient
centrifugation [311]. Moreover, incubation temperature and time
for Ab staining have to be carefully adjusted for each particular
Ab. For instance, chemokine receptors are often stained rather
at room temperature than at 4°C to ensure highest sensitivity of
receptor detection [310]. Another example is the identification of
antigen-specific T cells by the detection of CD154 (CD40-ligand),
which is transported to the cell surface only upon T-cell activation
and is then rapidly internalized after binding to its receptor (see
Chapter V Section 17.3: Antigen-specific T-cell cytometry). A final
example is the rapid downregulation of the CD3/TCR complex
upon TCR/CD3-ligation [312]. In principle, depending on the
marker investigated internalization can be prevented by pharma-
cological or Ab blockade as shown for the chemokine receptor
CCR5 by Miiller et al. [313] or alternatively the antigen has to
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be continuously stained during culture or by intra-cytoplasmic
staining.

5.5 Genuine membrane molecules versus membrane
adsorption

Not all molecules detected on the cell surface are genuine sur-
face molecules but may have been passively adsorbed to the
cell surface or exchanged by an intercellular transfer of mem-
brane patches. This might lead to significant artifacts and is par-
ticularly relevant for cells from cell cultures and for cells get-
ting in close contact with each other, e.g., within cell pellets
following centrifugation. On the other hand, it can be caused
by alternative peptide/protein transfer mechanisms, such as tro-
gocytosis, extracellular vesicle-mediated transfer between cells
(i.e., through exosomes or microvesicles, see also Chapter V
Section 2 Organisms, cells, organelles, chromosomes and extra-
cellular vesicles) or tunneling nanotubes, which may allow an
intercellular transfer of preformed MHC class I and class II
molecules in the immunological synapse [314]. Principally, unspe-
cific adsorption may be reduced by short processing times and
low temperature, addition of Ca?* chelators (EDTA) or neutral
“blocking” proteins such as BSA to all staining buffers and by
repetitive washing steps, or even short treatment with high salt or
low pH. Passive adsorption can also be tested for by incubation
with the relevant molecule, block of transport to the cell surface
(e.g., brefeldin A for activation-induced molecules) or by the use
of purified cell populations to prevent cross-feeding. However, if
the results remain insensitive to these treatments, they have to
be confirmed by alternative analysis methods, e.g., fluorescence
microscopy (to determine spatial distribution on the cell surface),
RNA-analysis, transgenic expression of the molecule of interest in
cell lines, and so on.

Adsorption of molecules to the cell surface can also actively be
exploited for staining of surface receptors with the specific ligands,
such as chemokines [315], cytokines, soluble ligands/Fc-fusion
proteins, if suitable Abs are not available.

5.6 Quantitative considerations

Quantification of surface marker expression on particular cell
types can be principally done in two ways: (i) calculation of rel-
ative frequencies as percent positive cells expressing a particular
surface protein or a combination of several ones according to a
threshold determined by an isotope or FMO control; (ii) quan-
tification of absolute cell numbers per sample volume; and (iii)
calculation of the strength of protein expression on a particular
cell type considering fluorescence intensity as given by the mean,
geometric mean, or median value of fluorescence intensity (see
Chapter III Section 1: Controls determining positivity by eliminat-
ing false positives; and Chapter VII Section 2: Statistics for flow
cytometry). The decision whether to calculate relative frequencies,
absolute cell numbers for a given sample volume or both depends
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on the scientific question, e.g., to discriminate between an appar-
ent decrease of a particular cell population probably caused by
an increase of other cell populations or by a real decline probably
caused by an increased rate of cell death. Principally, frequen-
cies are useful when asking for a percentage of activated cells
within a given population (e.g., percentage of CD69-positive CD4
cells) while reporting data in absolute cell counts (i.e., 1x10° CD4
cells/uL blood) will be essential in many settings, e.g., to address
questions of emigration or immigration of immune cells from or
in the peripheral blood circulation.

To analyze the activation of cells not only the percentage of
activated cells is of interest but also the magnitude of activation
marker expression, e.g., CD69, CD25, or HLA-DR, is important
and can be given by the fluorescence intensity. In quantitative
FCM, fluorescence-labeled beads are used, which are commer-
cially available from several vendors, such as Calibrites from BD
or calibration beads from BioCytex or Quantum™ MESF kits from
Bangs laboratories. These beads not only allow a standardized
detection of fluorescence intensity units as needed for diagnostic
applications but may be also used to assess the detection threshold,
resolution, and linearity of the relevant detector. For quantitative
comparison of surface marker expression, it should be kept in
mind that the surface increases with the square of the cell diame-
ter, i.e., the same marker density results in much brighter signals.
Thus, changes in cell size, e.g., upon cellular activation, have to
be considered for selection of the proper controls.

6 DNA synthesis, cell cycle, and proliferation

Cell cycle analysis was one of the very first applications for which
FCM was used, and has since been used in a large range of different
settings such as interrogating the biology of cancer, drug devel-
opment, and toxicology studies [316]. In mammals, non-dividing
cells in the Gy phase enter the G; phase when they are preparing
for division. The G; phase does not result in an increase in DNA,
but does involve the synthesis of proteins that are required for
subsequent progression. DNA synthesis occurs when cells enter
the synthetic (S) phase of the cell cycle, in which they will remain
until the DNA content has doubled, at which time they will enter
the G, phase and undergo mitosis. Cells in Gy and G; therefore
contain the same amount of DNA and will exhibit the same fluores-
cent properties when stained with a DNA-binding dye. In contrast,
the fluorescent intensity of cells moving through S Phase will pro-
gressively increase as their DNA content increases until they have
twice the amount of DNA than cells in Gy when they reach the G,
and M Phases.

6.1 DNA synthesis and cell cycle analysis

The determination of DNA synthesis and cell cycle analysis
involves the use of fluorescent dyes that bind to DNA, of which
there are many (e.g., PI, Hoechst stains, TO-PRO-3, SYTOX, acri-
dine orange, pyronin Y, 7-AAD, DAPI, DRAQ5™, and DRAQ7™).
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The selection of the dye to be used will be dependent on the
instrument that is available and the spectral parameters that it can
detect. One should also be aware of the binding characteristics of
the dyes and their preference for base pairs. The compatibility of
an instrument for a dye will be dictated by the wavelength of the
lasers that are available, and the optical characteristics of the fil-
ters with which each laser is associated. This highlights the issue
of understanding your instrument and its capabilities, as without
this understanding it will not be possible to design and deliver
valid experimental data. The investigator should consult the man-
ufacturer’s instruction manual for specific information regarding
the operation and capabilities of their FCM platform. Online FCM
resources (see Useful resources below) provide a repository of key
information and tools for informing and facilitating good experi-
mental design, and for improving FCM practice.

Another consideration relates to whether there is a need to
analyze viable or fixed cells, and whether to only fix or fix and
permeabilize samples. Given that permeabilization can remove
intracellular components, this approach can give more definite
peaks on the fluorescent histograms. Crosslinking agents such as
formaldehyde lower dye binding because of chromatin crosslink-
ing. Although dehydrating fixatives such as methanol and ethanol
can also be used, at high concentrations, these can cause cell
clumping due to protein coagulation. Dehydrating fixatives can
also negatively impact on fluorescent dyes if DNA is being stained
in association with surface marker staining for the expression
of antigenic determinants, as many protein-based fluorescent
molecules are sensitive to the dehydrating effects of the alco-
hols. One should also be aware that signals from Green Fluores-
cent Protein, mCherry, and Cerulean can be destroyed by alcohol
treatment. The addition of permeabilizing detergents to disrupt
the plasma membrane such as Triton, NP-40, and saponin can
improve access of the DNA dye. Another issue to consider is that
the concentration of the DNA dye must be sufficient so that it
binds in proportion to the amount of the DNA in the cell. It is
therefore essential to determine the DNA profiles that are gener-
ated at different concentrations and incubation times for a defined
cell number and identify the approach, which generates the lowest
CV, but in the absence of any cytotoxic effect (i.e., check the via-
bility of cell populations and the influence of the dye thereupon).
One should also remember that some dyes (PI, for example) will
bind to both DNA and RNA. In such instances, it is necessary to
include a ribonuclease (RNAse) in the staining buffer, otherwise
the fluorescence histograms that are generated will be sub-optimal
as they will include a signal from the RNA. A typical experimental
protocol using PI for staining and generating a typical staining
profile (Fig. 35) will involve the following:

1. Fix cells that have been harvested and washed in PBS in 70%
v/v ethanol. Adding the ethanol dropwise to the cell pellet
while vortexing will ensure that all cells are fixed and will
minimize clumping.

2. Fix cells for 30 min at 4°C, after which wash cells twice in PBS
(850 x g). Be careful to avoid cell loss when discarding the
supernatants.
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Figure 35. Representative DNA fluorescence histogram of PI-stained
cells. Isolated cells are fixed and stained as described above, and their
fluorescence determined on a linear fluorescence scale. The presence of
a sub-G; peak can be used to indicate the presence of cells undergoing
apoptosis (See Apoptosis: Measurement of apoptosis).

3. Treat cells with RNAse (50 pL, 100 ug/mL) in order to ensure
that only DNA is stained.

4. Add PI (200 pL PI, 50 pg/mL stock solution) immediately
before analyzing.

The “quality” of the DNA histogram that is generated is typ-
ically indicated by the appearance and CV (data spread) of the
Go/Gy peak, which must be as low as possible (Fig. 35). Factors
that can influence this element of the data acquisition include the
flow rate (which must be low) and laser alignment and hydrody-
namic focusing (both of which should always be optimized as part
of the routine maintenance and quality control procedures that
are stipulated by the instrument and calibration bead manufac-
turers). It is essential to maximize the electronic signal intensity
and minimize variability of the measurement of the beads in order
to achieve accurate DNA measurements. The precise definition of
“low,” “medium,” and “high” flow rate will depend on the instru-
ment and its configuration. It is better to run a more concentrated
sample at a slower flow rate, than a diluted sample at a higher

” .

flow rate.

Although it would appear obvious, it is crucial that the pres-
ence of cell aggregates or doublets is minimized, and that these
are excluded from the analysis. Doublets or cells going through
the cytometer together can mimic cells in the Go/M phase. Such
problems can be avoided by employing good experimental tech-
niques for the preparation of samples and filtering samples before
the analysis [316] (see Chapter III, Section 3: Preparation of single
cell suspensions). The analysis gate can be set to acquire data on
singlet cells by acquiring data using a “Pulse/Cell Width” versus
“Pulse/Cell Area” plot or “Pulse/Cell Height” versus “Pulse/Cell
Area,” which can be set using the instrument software (Fig. 36).
This approach allows doublets and aggregates to be easily iden-
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tified and excluded from the analysis. As with all experiments,
controls should be included. Chicken and trout erythrocytes have
been proposed as internal standards for analysis of DNA content by
cytometry in order to control and maintain consistency in the stain-
ing and measurement approaches. However, it should be noted
that the ploidy of DNA in fish can also vary, and so it is important
to be aware of ploidy when using cells as a standard [317].

It is also crucial to exclude nonviable cells from any analy-
sis, as the presence of these can introduce heterogeneity into the
datasets that are generated. Although DNA analysis, by its nature,
requires that cells are fixed and therefore nonviable, it is possible
to stain cells using nonfixable dyes (protein-binding dyes) prior
to their fixation for DNA staining. Details on these approaches
are provided in the relevant section (see Chapter III Section 4.2:
DNA-binding dyes).

A typical instrument setup and sample acquisition could use the
following sequential series of plots, and 10 000-20 000 relevant
(NOT total) events should be collected:

® FSC versus SSC plot to identify relevant cell population(s)

® “Pulse Width” versus “Pulse Area” plot or “Pulse Height” versus
“Pulse Area” plots (to exclude doublets)

® Live/Dead versus FSC (to exclude dead cells)

® DNA stain (e.g., PI) versus FSC (to monitor instrument perfor-
mance)

® DNA histogram (using a linear scale)

A typical analysis could use the following sequential series of
plots:

® “Pulse Width” versus “Pulse Area” plot, or “Pulse Height” versus
“Pulse Area” plots (to exclude doublets)

® Live/dead versus PI (to exclude dead cells)

® FSC versus SSC plot (to exclude unusual-looking populations)

® DNA histogram (using a linear scale)

The placement of markers on the Gy, S, and G, peaks for
the analysis of cell cycle profiles can be subjective, as a con-
sequence of which the analysis and interpretation of cell cycle
analysis data now involve a number of mathematical models, all
of which attempt to deconvolute the peaks and provide a more
objective approach. Specialized programs such as ModFit LT™
from Verity Software House (http://www.vsh.com/products/
mflt/mfFeatures.asp) and Multicycle AV™™ from Phoenix Flow Sys-
tems (http://www.phnxflow.com/MultiCycle.stand.alone.html)
have been designed for this purpose.

Although cell cycle analysis is a powerful tool, it requires a great
deal of optimization for the data to be robust, interpretable, and
meaningful. Furthermore, although cell cycle analysis provides
information on the proliferation of cells, other approaches must
be used if you are wanting to quantify how many times cells have
replicated (see part 7.2 Proliferation).
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6.2 Proliferation

The analysis of cell proliferation is at the core of many biolog-
ical studies and is typically used for cell growth and differenti-
ation studies, and for the evaluation of toxicity and therapeutic
responses to stimulators and inhibitors in a variety of settings.
Cell proliferation can be determined on the basis of direct cell
counting, on the basis of DNA synthesis (using an approach that
typically involves measuring the uptake of *H-thymidine), or by
measuring metabolic activity such as mt dehydrogenase activity
using colorimetric assays such as the MTT (3-(4,5-dimethythiazol-
2-yl)-2,5-diphenyl tetrazolium bromide) assay. For the latter, cells
are incubated with MTT, and the yellow MTT is converted into
an insoluble purple formazan product by mt succinate dehy-
drogenase. The product is solubilized and level of proliferation
determined by measuring the absorbance of the medium with
a spectrophotometer. An alternative colorimetric approach uses
the [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-

Unstained anti-BrdU

BrdU expression

- - -

Subset marker expression
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Figure 36. Identification of single cell popula-
tions for analysis using FCM. Cultured tumor
cells were harvested, washed, and stained
[316]. (A) Tumor cells are identified on an FSC
versus SSC plot and gated to exclude debris,
which is found in the lower left corner. (B)
Single cells can be separated from cell aggre-
gates by analyzing cell height and area (upper
right)—single cells will show as a correlated
line, with any clumped cells below. (C) Viable
cell populations can be identified using via-
bility stains such as the LIVE/DEAD® fixable
range of products from Life Technologies, the
eFluor® fixable dyes from eBioscience, BioLe-
gend’s Zombie range of fixable dyes, Tonbo
biosciences’ Ghost Dyes™, and the Fixation
and Dead Cell Discrimination Kit from Mil-
tenyi Biotec, as described in Chapter III Section
4 Dead cell exclusion, cell viability, and sam-
ple freezing. Reproduced with permission from
ref. [316].
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(4-sulfophenyl)-2H-tetrazolium] tetrazolium salt that results in a
soluble, rather than an insoluble, formazan product. Although
these approaches are effective, their common disadvantage is that
they provide a measure of proliferation in the bulk population,
and do not provide insight into the proliferative responses of cell
subpopulations. The multiparameter capabilities of FCM offers a
number of options for studying cellular proliferation in complex
settings, and the majority of the approaches involve the measure-
ment of nucleotide incorporation or dye dilution. The approach
that needs to be used will very much depend on the experimental
setting (Table 9)

6.3 DNA synthesis—Nucleotide incorporation

Analogous to the measurement of proliferation based on 3H-
thymidine incorporation, cell division can be monitored by FCM
using 5-bromo-2’-deoxyuridine (BrdU), a synthetic nucleoside

proliferating cells

Figure 37. Schematic representation of fluorescent
dot plot for the flow cytometric analysis of cell prolif-
eration based on BrDU incorporation. Human PBMCs
havebeen labeled with BrDU and a phenotypic marker,
with unlabeled cells acting as the control. The total
viable cell population was used for the analysis.
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Table 9. Approaches for determining cell proliferation

Determination
of cell divisions

Nucleotide incorporation/
dye dilution

BrdU 1-2

BrdU/Hoechst/PI 3-4
(quenching) technique

Dye dilution >4

BrdU, 5-Bromo-2’-deoxyuridine

analogue of thymidine. For this, BrdU is incorporated into the
newly synthesized DNA of replicating cells (during the S phase
of the cell cycle), and its incorporation detected using conjugated
Abs specific for BrdU, which are widely available from a number
of commercial sources. Binding of the Ab requires denaturation
of the DNA, usually by exposing the cells to acid or heat. The
measurement of BrdU is typically undertaken in conjunction with
viability dyes and/or DNA stains for cell cycle analysis.

Although appearing to be a straightforward assay, sample
preparation and DNA denaturation for BrdU-based measurements
of cell division must be performed carefully, as too little treatment
will result in a low signal and too much treatment will influence
the DNA and the signal that is generated. Samples need to be
washed well (at least three times), as any residual acid will dena-
ture the detecting Ab. Furthermore, BrdU is labile even at 4°C and
so must be used fresh. A typical experimental protocol producing
a typical staining profile (Fig. 37) involves the following:

1. Incubate cells with BrdU (~10 pM) for 30-60 min

2. Fix harvested and pelleted cells by suspending in ice-cold 70%
v/v ethanol at 4°C for at least 30 min (samples can be left for
up to 7 days).

3. Pellet cells, wash in PBS and incubate for 30 min at room
temperature (RT) (with occasional mixing) in freshly prepared
2 M HCL.

4. Wash cells twice in PBS, and then in PBS-Tween (PBS contain-
ing 0.1% w/v BSA and 0.2% v/v Tween 20, pH 7.4).

5. Add an appropriate amount of anti-BrdU mAb (conju-
gated/unconjugated), as determined by titration experiments,
to the cell pellet and incubate samples at RT for 20 min in the
dark (BrdU is photo-unstable).

6. Wash samples twice in PBS-Tween and, if an unconjugated
mAb has been used, incubate samples with an appropriate
secondary Ab at RT for 20-30 minutes.

7. After washing in PBS, incubate cell pellets with RNAse (50 pL,
100 mg/ml) for 15 min at RT or 37°C.

8. Add an appropriate volume of the required viability stain (e.g.,
PL, 200 puL, 50 mg/mL).

9. Analyze the viable cell populations(s) by FCM, collecting a
minimum of 10 000 relevant events per sample.

An alternative to BrdU is the modified nucleoside, EAU (5-
ethynyl-2'-deoxyuridine). Assays such as the Molecular Probes™
Click-iT™ EQU cell proliferation assay are based on the labeling of
proliferating cells with a bright, photostable Alexa Fluor® dye in a
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Figure 38. Schematic fluorescence histogram depicting a progressive
decline in the fluorescent intensity of proliferating cells stained with
CFSE. For the assays, 10° isolated cells (e.g., human PBMCs) are incu-
bated with CFSE (~5 mM final concentration) at room temperature for
8 min, at which time the reaction is blocked by the addition of FBS (2%
v/v final concentration). Cells are washed in PBS containing 2% v/v FBS,
after which they are stimulated. The fluorescence of the stimulated
cells is then measured at appropriate time-points using FCM. (A) The
bright/strong, undiluted fluorescent signal of nonproliferating/arrested
cells. (B) The (serially) diluted fluorescence intensity of cell populations
from successive generations of proliferated cells.

fast, highly specific click reaction. Unlike BrdU assays, EdU assays
are not Ab -based and therefore do not require DNA denaturation
for the detection of the incorporated nucleoside. Click-iT™ EdU
can also easily be multiplexed with fluorescent proteins like R-
PE, R-PE tandems, and green fluorescent protein. Only a mild
fixation and detergent permeabilization is sufficient for the small
molecule-based Click-iT™ EdU detection reagent to gain access
to the DNA. A typical experimental protocol producing a typical
staining profile and improved DNA histograms has previously been
reported [318, 319].

6.4 Dye dilution

The essence of dye dilution approaches is that cells are labeled with
fluorescent dyes that intercalate into the cells such that the dye is
approximately equally distributed between the two daughter cells
following division. As the cell divides, the dye is diluted out and
by counting the peaks (or modeling the pattern) the number of
original dividing cells can be calculated (Fig. 38).

As originally described in 1994 by Lyons and Parish [320],
cells were stained with the protein-binding, amino-reactive dye
carboxyfluorescein succinimidyl ester (CFSE). One limitation of
CFSE is that there is a proliferation-independent loss of fluores-
cence in the first 24-36 h, and therefore, this must be consid-
ered during the analysis and interpretation of the data. Although
alternatives for which there is no loss of signaling after labeling
include membrane-labeling lipophilic dyes that include the PKH2
(green), PKH67 (green), PKH26 (orange), and CellVue™ claret
(far red) dyes from Sigma-Aldrich, these are more suitable for
cell tracking experiments. More suitable for dye dilution stud-
ies are protein-binding dyes such as the CellTrace™ range from
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Molecular Probes®, the eFluor® Cell Proliferation dyes from eBio-
science, the BD Horizon™ dyes from BD Biosciences and the Tag-it
Violet™ Proliferation and Cell Tracking Dye from BioLegend. If
cells require fixing, then it is important to avoid organic solvents
when using membrane dyes. It is also important to use the correct
dilution of dyes, as they can have adverse effects on cell viability
and function. Use the highest concentration that does not induce
such negative effects for a given cell number. Protocols for the
staining and analysis approaches can be accessed from the many
suppliers of the reagents that are being used.

As with all experiments, it is essential to include the relevant
negative and positive controls. Moreover, once the instrument set-
tings have been optimized, it is important to place unstimulated
cells at the highest decade on the fluorescence plot. Nonviable
cells should be excluded, as they lose the dye as they enter apop-
tosis. Doublets should be excluded as a doublet of two cells in
the Go/G; phase would exhibit the same fluorescence intensity on
a DNA stain as a single cell in the Go/M phase. Go/G; doublets
would therefore create false positive results for Go/M cells [321].
Furthermore, a doublet formed between a positive and negative
cell would be seen as being positive during a cell sort, as a con-
sequence of which the sort would be contaminated with negative
cells. The presence of doublets would also cause problems for
DNA content/ploidy analyses and could lead to misinterpretation
of double positives during immunophenotyping studies, in that
a double positive cell could in fact be a mixed doublet of two
individually positive cells.

Useful Resources

® BitesizeBio Flow Cytometry Channel (http://bitesizebio.com/
category/technical-channels/flow-cytometry)

® Chromocyte Limited: Resource for FCM and cell-based assays
(www.chromocyte.com)

® European Society for Clinical Cell Analysis (ESCCA,
WWwWw.escca.eu)

® Expert Cytometry: Flow cytometry training (www.expert
cytometry.com)

® International Society for Advancement of Cytometry (ISAC,
http://isac-net.org)

® Purdue University Cytometry Laboratories

purdue.edu)

(www.cyto.

7 Measuring cell death mechanisms

7.1 Apoptosis: Measurement of apoptosis

The above approaches for identifying the induction and presence
of cell death are based on the loss or maintenance of membrane
integrity, and thereby reflect cellular necrosis. They provide little
insight into the nature of that cell death. In instances where the
induction of cell death is a primary endpoint of the experiment,
interrogating changes in the plasma membrane provides an oppor-
tunity to generate insight into the mechanisms that are involved.
By far the most common approach is to determine the induction
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of apoptosis (programmed cell death). Apoptosis is a tightly con-
trolled and programmed pattern of cell death that is required for
the maintenance of normal cell growth and development. Defec-
tive apoptosis can result in abnormal development and patho-
genesis. Understanding cell death mechanism(s) is important, as
the mode of cell death (necrosis vs. apoptosis) can influence the
pro- and anti-inflammatory responses that cell death can induce.
The importance of this area was recognized by the award of the
2002 Nobel Prize in Physiology or Medicine to Sydney Brenner, H.
Robert Horvitz, and John E. Sulston “for their discoveries concern-
ing genetic regulation of organ development and programmed cell
death.”

During early apoptosis, phosphatidylserine (PS) is translocated
from the cytosolic side of the intact plasma membrane to the extra-
cellular surface. Early apoptotic cells cannot therefore be reliably
identified using approaches that are based on membrane perme-
ability. Annexin V belongs to a family of proteins consisting of
over 160 members, and has high affinity, specificity, and sensi-
tivity for PS. Thus, the binding of annexin V to cells can be used
as a marker of early apoptosis [322]. In order to rule out “leaky”
necrotic cells, annexin V staining must always be used in con-
junction with reagents that determine the integrity of the cell
membrane, such as PI or 7-AAD. Of course, such assays cannot be
performed using fixed cells.

Although the protocols for such assays are relatively straight-
forward, they should be undertaken according to the instructions
provided by the supplier of the reagents. This is especially impor-
tant in the case of Annexin V binding, as all Annexin family mem-
bers share the same characteristics of Ca®*-dependent binding to
negatively charged phospholipid surfaces. It is essential that the
correct staining buffers are used, as changing or variations in Ca®*
ion concentrations can have dramatic effects on the staining pro-
files. Furthermore, the binding of Annexin V to PS is reversible,
and so samples must be analyzed as soon as possible (typically 1-3
h after labeling), using a consistent and reproducible protocol. A
typical experimental protocol producing a typical staining profile
(Fig. 39; [323, 324]) involves the following:

1. Wash cells (1 x 10°) in Annexin V Binding Buffer (PBS con-
taining 10% v/v FCS, 1.0 mM MgCl,, and 2.5 mM CaCl,);

2. Pellet cells (5 min, 400 x g), remove the supernatant, either by
decanting or vacuum aspiration and resuspend cells in 100 pL
of Annexin V Binding Buffer;

3. Incubate cells with an appropriate volume (e.g., 5 pL) of
fluorescently-conjugated Annexin V (e.g., Alexa Fluor™647-
Annexin V, Biolegend), vortex mix in order to ensure even dis-
tribution of the stain) for 15 min at room temperature while
protected from light;

4. Wash cells in Annexin V Binding Buffer and resuspend cells in
250 pL fresh buffer;

5. Transfer cells to 12 x 75mm polypropylene tubes, stored on ice
protected from light before being analyzed by flow cytometry;

6. Immediately prior to analysis, add DNA-binding dye (PI: 5 uL,
200 pg/mL, 7-AAD: 4 pL, 250 pg/mL] to allow identification,
and exclusion, of any nonviable cells.
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Figure 39. Identifying healthy and apoptotic cells based on Annexin V
staining. The human prostate cancer cell line LNCap was seeded into
six-well plates and allowed to adhere overnight. The following day,
cells were left untreated (A) or incubated for 6 h with 4 pg/mL human
recombinant granzyme B [323, 324] (B). After the incubation period, cells
were harvested and processed as described above, with 10° cells being
stained with Alexa-Fluor® 647 Annexin V (following the manufacturer’s
instructions) and PI (final concentration 1 pg/mL). Cells were analyzed
on a Beckman Coulter Gallios™ flow cytometer. Plotting Annexin V
binding on the x-axis of a 2D dot/density plot and PI/7-AAD on the y-axis
enables the identification of healthy (Annexin V"eg2tivep]/7-AADRegative,
bottom left quadrant), apoptotic (Annexin VPositivep/7-AADRegative hot-
tom right quadrant) and late apoptotic/dead (Annexin VPosiivepy/7-
AADPsItVe top right quadrant) cells. The cells incubated in the pres-
ence of granzyme B showed induction of apoptosis and increased cell
death.

Although Annexin V staining is probably the most commonly
used approach used for determining apoptosis, others can be used.
For instance, the terminal deoxynucleotidyltransferase (TdT)-
mediated dUTP nick end labeling (TUNEL) method involves label-
ing the ends of DNA breaks with dUTP using TdT. These labeled
breaks can then be detected using an anti-BrdU antibody. In
this case, fixation is required. However, given that this approach
depends on DNA damage rather than staining actual components
of the apoptotic pathway, it can be insensitive. Another alternative
to the Annexin V assay is the Violet Ratiometric Membrane Asym-
metry Probe, F2N12S from ThermoFisher. This probe is excitable
at 405 nm and detects variations in surface charge associated with
PS flipping. Viable cells produce an orange emission that shifts to
green with apoptosis, resulting in a decreased orange/green emis-
sion ratio.

The later stages of apoptosis involve chromatin condensation
and DNA fragmentation, a consequence of which is that the nuclei
of apoptotic cells become smaller than those of viable cells and
display higher fluorescence when labeled with dyes such as UV
excited Hoechst 33342 (which is available from a number of sup-
pliers and is also excited at 405 nm) or 405 nm-excited Vybrant™ _
DyeCycle™ Violet stains (ThermoFisher). When paired with an
impermeable dead cell stain, it is possible to distinguish live, apop-
totic, and necrotic cell populations using such chromatin conden-
sation assays.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The loss of mitochondrial membrane potential is another hall-
mark of early apoptosis [325]. In cells undergoing apoptosis, the
mitochondria will release cytochrome C and the apoptosis induc-
ing factor—both of which are necessary for caspase activation (yet
another critical step in apoptosis). It is also possible to assess apop-
tosis based on mitochondrial membrane polarization using fluores-
cent dyes such as JC-1 (5,5_,6,6_-tetrachloro- 1,1_,3,3_-tetraethyl-
benzimidazol-carbocyanine) or JC-10 that can be obtained from
a number of different suppliers. As the mitochondrial potential
is lost during apoptosis, the emission shifts from red to green,
thereby resulting in a decreased red/green fluorescence ratio. The
principle of this approach is that the dye accumulates in healthy
mitochondria, in which it is present as a multimer. Upon disruption
of the mitochondrial membrane, the dye is released, and changes
color due to it transforming into a monomer in the cytoplasm.

DiIC1(5) (1,1.3,3,3_3_-hexamethylindocarbocynanine iodide)
is another positively charged dye that accumulates in active mito-
chondria. It is excited at 635 nm and is read in the APC channel
(peak emission 658 nm). The fluorescence intensity of DilC1(5)
decreases as membrane potential is lost. MitoTracker Red CMXRos
is another useful mitochondrial probe that is optimally excited at
561 nm, and to a lesser extent 488 nm, and read in the phycoery-
thrin (PE) channel (peak emission 599 nm). CMXRos also shows
a decrease of fluorescence as membrane potential is lost.

A key issue to be aware of is that the sample preparation
process can all lead to preferential loss of apoptotic cells during
sample preparation (i.e., prolonged trypsinization, mechanical or
enzymatic disaggregation from tissues, centrifugation steps). It is
therefore important to collect cells that have been released into the
media when experimenting with adherent cell cultures. Density
gradient separation of cells can also selectively deplete apoptotic
cells due to differing relative densities.

7.2 Apoptosis: Caspase activation

A distinctive feature of the early stages of apoptosis is the acti-
vation of caspase enzymes. The caspases constitute a family of
aspartate-specific cysteine proteases that cleave protein substrates
at specific amino acid residues. This triggers a sequence of cleav-
age events, including the cleavage of other caspases, and generates
a caspase signaling cascade that leads to apoptosis. In mammals,
the “initiator” caspases-2, -8, -9, -10, and -12 are closely coupled
to upstream, pro-apoptotic signals, and cleave and activate down-
stream effector or “executioner” caspases-3, -6, and -7 that modify
the proteins that ultimately drive apoptosis [326, 327]. In most
cases, caspase activation is one of the earliest measurable mark-
ers of the apoptotic cascade, and precedes the induction of cell
permeability, DNA fragmentation, cytoskeletal collapse, and the
“flipping” of PS. The pivotal and early involvement of mitochon-
dria and caspases in cell death events has prompted the develop-
ment of several assays that can be applied alone, or in conjunc-
tion with assays for detecting other aspects of the cell death pro-
cess [325, 328]. Several commercial suppliers provide validated
assays for the detection of apoptosis based on caspase activation.
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Figure 40. Identifying healthy and apoptotic cells based on the expres-
sion of activated caspase-3. The human breast cancer cell line MDA-MB-
231 was seeded into six-well plates and allowed to adhere overnight.
The next day, cells were left untreated or incubated for 24 h with the
topoisomerase I inhibitor camptothecin (4 ug/mL, induces apoptosis).
After the incubation period, cells were harvested and stained using
the FITC active caspase-3 apoptosis kit (BD Biosciences) following the
manufacturer’s instructions and analyzed on a BD Biosciences LSRII
flow cytometer. Cells were identified using FSc and SSc measurements
(A) and the expression of active caspase-3 determined on the basis of
FITC fluorescence (B; control sample shown on open histogram and
camptothecin treated shown on grey histogram).The cells incubated in
the presence of camptothecin showed activation of caspase-3

Caspase activation assays can involve the intracellular stain-
ing of cell populations using mAbs that are specific for the acti-
vated forms of the relevant caspase (Fig. 40), or can employ small
inhibitor peptides conjugated to a fluorophore that specifically
target the active site of the chosen caspase.

As an example, the CellEvent™ Caspase-3/7 Green Detection
Reagent from ThermoFisher is a cell-permeable reagent consist-
ing of a four-amino acid peptide (DEVD) conjugated to a nucleic
acid-binding dye. The activation of caspase-3 and caspase-7 pro-
teins enables them to cleave the caspase 3/7 recognition sequence,
which is encoded in the DEVD peptide. Cleavage of the recognition
sequence and binding of DNA by the reagent labels the apoptotic
cells with a bright, fluorogenic signal that has absorption/emission
maxima of 511/533 nm. When used together with the SYTOX™
AADvanced™ Dead Cell Stain, apoptotic cells can be easily dis-
criminated from live and necrotic cells.

Caspase activity can also be determined using the PhiPhiLux™
system, which employs a nonfluorescent substrate for the enzyme
that yields a fluorescent product if the enzyme is active. The
PhiPhiLux™ caspase substrates are cell permeable, demonstrate
relatively good caspase specificity, possess high SNRs between
their uncleaved and cleaved forms, and have fluorescence spectral
properties that are compatible with other fluorescent probes. Apo-
Stat (R&D Systems) identifies and quantifies caspase activity in
apoptotic cells by irreversibly labeling cells with a cell permeable,
FITC-conjugated pan-caspase inhibitor (ApoStat). Any unbound
reagent diffuses out of the cell and is washed away, with an
increased fluorescence being indicative of caspase activity. The
CaspGLOW™ staining system detects active caspase-9 in mam-
malian cells using FITC-conjugated LEHD-fluoromethyl ketone, a
specific inhibitor of caspase-9, which is cell permeable and irre-
versibly binds to the active enzyme.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Another approach involves the use of a fluorescently labeled
inhibitor peptide that binds to the active site of the caspase or
FLICA™—Fluorescent-Labeled Inhibitor Caspase. FLICA™ probe
based assays, which are available from a number of suppliers,
are composed of an affinity peptide inhibitor sequence, a fluo-
romethyl ketone moiety that facilitates an irreversible binding
event with the activated caspase enzyme, and a fluorescent tag
reporter. The FLICA™ are therefore retained in apoptotic cells,
but not in non-apoptotic cells following washing. Necrotic and late
apoptotic cells can be concurrently identified in green FLICA™.-
labeled cells using red fluorescent dyes such as PI or 7-AAD, or the
far red dye DRAQ7™. The ability to measure three apoptotic phe-
notypes in a single assay provides a powerful and comprehensive
view of the apoptotic process, applicable to both suspension cells
by traditional flow cytometry.

The approach selected for measuring cell viability, cell death,
and apoptosis will very much depend on the experimental ques-
tion, the supplier of the reagents, and the analysis of the strengths
and weaknesses for each assay. Conventional internet searches
will readily identify the plethora of kits and approaches that can
be used for measuring caspase activation.

Useful resources.

See the “Useful resources” in DNA synthesis, cell cycle, and
proliferation

7.3 Necroptosis

7.3.1 Overview. Necroptosis is a form of cell death defined by
phosphorylation of the proteins mixed-lineage kinase domain-like
(MLKL) and receptor-interacting serine/threonine protein kinase
3 (RIPK3), induction of the RIPK3/MLKL complex, oligomeriza-
tion of MLKL, and membrane translocation of MLKL. Currently,
none of these biomarkers can be directly and unequivocally deter-
mined by FCM, which may make a section on necroptosis in these
guidelines seem foolhardy; however, once necroptosis has been
validated by, e.g., Western blot identification of the necroptosis-
specific biomarkers, FCM can be used for analysis of cells treated
under the same necroptosis-inducing conditions. Here, we discuss
current and future options to detect necroptosis by FCM. We also
present an easy and straightforward example protocol using dif-
ferences in DNA fragmentation to discriminate necroptosis from
apoptosis as a potential application of FCM to cell death assess-
ment, although it should be noted that this method still requires
that necroptosis be validated by alternative methods.

7.3.2 Introduction.
tee on Cell Death, necroptosis is “a type of regulated cell death

By definition of the Nomenclature Commit-

triggered by perturbations of extracellular or intracellular home-
ostasis that critically depends on MLKL, RIPK3, and (at least in
some settings) on the kinase activity of RIPK1” [329]. In con-
trast to apoptosis, necroptosis culminates in the rupture of the
cell membrane and is associated with the release of intracellu-
lar danger-associated molecular patterns (DAMPs) and a strong
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inflammatory phenotype. As a consequence, necroptotic cell death
has been linked to diseases such as kidney and cardiac injury,
Alzheimer’s disease, atherosclerosis, rheumatoid arthritis, sepsis,
stroke, and cancer [330, 331]. Physiologically, necroptosis con-
tributes to immunosurveillance through the stimulation of innate
and adaptive immune responses that target malignant and infec-
tious threats [330, 332]. Furthermore, necroptosis ensures the
elimination of potentially defective organisms before parturition,
thereby contributing to developmental safeguard programs, and
is involved in the maintenance of adult T-cell homeostasis [333].

At the molecular level, all triggers of necroptosis (such as death
receptors, pathogen recognition receptors, or the receptor for type
I IFNs) invariably induce the activation of RIPK3. This is accom-
plished via proteins that contain an RIP homotypic interaction
motif (RHIM), i.e., RIPK1, TRIF, or DAI. The RHIM-mediated inter-
action of RIPK1, TRIF, or DAI with RIPK3 causes oligomerization,
activation, and phosphorylation of RIPK3 at S227 (in humans) or
S$232 (in mice). Phosphorylated RIPK3 subsequently binds to the
second essential core protein of necroptosis, MLKL, and phospho-
rylates MLKL at T357/S358 (in humans) or S345 (in mice). This
results in oligomerization, translocation, and probably insertion
of MLKL into the plasma membrane where it elicits rupture of the
plasma membrane [332]. Inhibitors of necroptosis can prevent this
process, e.g., necrostatin-1s (RIPK1 inhibitor), GSK'840, GSK'843,
GSK’872 (RIPK3 inhibitors), or necrosulfonamide (targets human,
but not mouse MLKL) [334], and sometimes can even switch
necroptotic cell death back to apoptosis, although this switch
mainly applies to the RIPK3 inhibitors [335]. Of note, caspase-8
has been identified as a physiologic negative regulator of necrop-
tosis, supposedly by cleaving and inactivating RIPK1 [336], RIPK3
[3371], and the deubiquitinase CYLD [338]. As a consequence,
interference with the enzymatic activity of caspase-8, e.g., by
the broad-spectrum caspase inhibitors benzyloxycarbonyl-Val-Ala-
Asp(OMe)-fluoromethylketone (zVAD-fmk), Q-VD-OPh, or Emric-
asan, will not only inhibit apoptosis, but concurrently also enhance
necroptosis [331]. As a side note, although mitochondria and ROS
have been implicated in necroptosis [339], they are not essential
components [340] and a failure to detect ROS by FCM does not
necessarily rule out necroptosis. Therefore, we do not further dis-
cuss the flow cytometric measurement of mitochondrially derived
ROS and mitochondrial dysfunction here.

At present, the only factors common and specific for all triggers
of necroptosis are phosphorylation of MLKL and RIPK3, forma-
tion of the RIPK3/MLKL complex, oligomerization of MLKL, and
membrane translocation of MLKL [341]. Therefore, any FCM pro-
tocol aiming to deliver definite proof of necroptosis would have
to unequivocally demonstrate the appearance of one or more of
these biomarkers. Unfortunately, none of currently available pro-
tocols fulfills this requirement. To detect phosphorylation of MLKL
and RIPK3, the current method of choice is Western blot with Abs
that recognize phospho-T357/S358 or phospho-S345 in humans
or mouse MLKL and phospho-S227 or phospho-S232 in humans
or mouse RIPK3 [342]. The direct analysis of RIPK3 and MLKL
phosphorylation status by FCM may become an option in the
future, e.g., by adaptation of the BD Phosflow™ protocol. This
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will, however, require appropriate Abs for detection of pMLKL and
PRIPK3 under near-native conditions (i.e., intracellular staining,
see Chapter III: “Before you start: Reagent and sample prepara-
tion, experimental design”, Section 5: “Cell fixation and permeabi-
lization for flow cytometric analyses”), which, to the best of our
knowledge, are currently not available. Likewise, formation of the
RIPK3/MLKL complex is generally determined by immunoprecip-
itation analyses, proof of MLKL oligomerization requires separa-
tion of the oligomers on nonreducing gels followed by Western
blot analyses, and evidence for membrane translocation of MLKL
is best obtained by immunostaining analyses or cell fractionation
followed by Western blots [341] rather than by flow cytometric
assays.

Nevertheless, once it has been established by one or more of the
above assays that a particular treatment indeed induces necrop-
tosis in a specific cell system, FCM can serve as an easy and fast
method to detect and quantify the death of cells subjected to
the same treatment. Today, FCM is routinely used by hundreds
of laboratories worldwide to assess loss of membrane integrity
after treatment with necroptotic stimuli. The protocol is usually
identical to that used to detect apoptotic cells (see Chapter V:
“Biological Applications,” Section 7.1 “Apoptosis: Measurement of
apoptosis”), except that the cells are treated under conditions that
prevent apoptosis, e.g., in the presence of ZzZVAD-fmk. Notably, by
inhibiting caspase-8, zZVAD-fmk will not only block apoptosis but
concurrently enhance necroptosis. Furthermore, parallel staining
for PS externalization can be omitted since studies have recently
demonstrated that PS externalization can no longer be regarded as
a reliable marker to differentiate between apoptosis and necropto-
sis because PS is also externalized in necroptotic cells prior to loss
of membrane integrity [343, 344]. Instead, parallel measurements
of samples additionally treated with inhibitors of necroptosis (e.g.,
necrostatin-1s, GSK’840, GSK’843, GSK’872, or necrosulfonamide)
or flow cytometric exclusion of apoptotic caspase-3 activity (e.g.,
via the BD FITC Active Caspase-3 Apoptosis Kit) can ensure that
cells positive for stains such as PI, 7-AAD, or DRAQ? (i.e., showing
loss of membrane integrity) are indeed necroptotic.

In addition to this straightforward approach, further proto-
cols have been developed to assess necroptosis by FCM but they,
like those noted above, have caveats. Lee and co-workers have
recently described the simultaneous flow cytometric immunophe-
notyping of necroptosis, apoptosis, and RIPK1-dependent apop-
tosis, employing fluorescently tagged Abs that target RIPK3 and
active caspase-3 in combination with a fixable live dead fluorescent
dye [345]. This assay scores cells that show upregulation of RIPK3
as necroptotic; however, Moriwaki et al. have recently shown that
RIPK3 has necroptosis- and kinase-independent functions in pro-
moting reparative cytokine expression in tissue repair [346] and,
therefore, detecting upregulation of RIPK3 by itself is not unequiv-
ocal evidence for necroptosis. Pietkiewicz et al. [347] have devel-
oped an approach that uses a combination of imaging flow cytome-
try with classical Annexin V/PI staining. Their protocol uses image-
based analysis of nuclear morphology to differentiate between sec-
ondary necrotic/late apoptotic and necroptotic cells, a distinction
that cannot be achieved by mere flow cytometric measurement
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Figure 41. (A) BxPC-3 pancreatic adenocarcinoma cells were left untreated (top) or stimulated to elicit apoptosis (middle) or necroptosis (bottom).
The left panels show dot plots of cell size (FSC-H) versus granularity (SSC-H) (relevant cell populations gated as gate A). The middle panels show
dot plots of Pulse Width versus Pulse Area of the PI fluorescence channel to gate for singlets (gate B). The right panels depict the respective cell
cycle profiles, with percentages of hypodiploid (sub-G1) cells indicated. (B) BxPC-3 cells were treated as in A and analyzed for loss of membrane
integrity by PI staining. The percentages of PI-negative and PI-positive cells are indicated in the lower and upper right corners of the dot plots.

of PS exposure and loss of membrane integrity [343, 347]. The
comparison of the morphology of ANX-V/PI double positive cells
using imaging flow cytometry [347] or the difference in kinetics
of ANX-V exposure using live microscopy [343] could be used in
the future to differentiate apoptosis and necroptosis. However, not
every laboratory has access to an imaging flow cytometer limiting
the applicability of this approach.

We detail below an easy and straightforward protocol to detect
necroptosis by conventional FCM, although this still needs the val-
idation step of an alternative method for necroptosis confirmation.
This protocol takes advantage of the fact that the DNA fragmenta-
tion caused by caspase activation in apoptotic cells does not occur
in necroptotic cells [348]. Therefore, necroptosis and apoptosis
can be discriminated via simple cell cycle analysis (i.e., detection
of the fraction of hypodiploid (sub-G1) cells, see also Chapter
V: “Biological Applications,” Section 6.1: “DNA synthesis and cell
cycle analysis”). Necroptotic, in contrast to apoptotic, cells do not
show DNA fragmentation as detected in the cell cycle profile as
sub-G1 cells (Fig. 41A). In parallel, PI staining can be used to ver-
ify loss of membrane integrity (Fig. 41B). We want to stress that
although the protocol below is given for a specific setting ((TNF-
related apoptosis-inducing ligand (TRAIL)-induced necroptosis in
human BxPC-3 pancreatic adenocarcinoma cells), it can easily be
adapted to any cell line/type and treatment that elicits necropto-
sis.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The protocol for cell cycle staining described here is an alter-
native protocol that we have applied successfully for other cell
types revealing a satisfactory resolution of the cell cycle pro-
file [349-351]. However, we point out that an incubation of at
least 24 h at —20°C after the addition of 100% v/v ethanol or
using a final concentration of 70% v/v instead of 50% v/v ethanol
may improve the resolution of the cell cycle profiles if required.

7.3.3 Step-by-step sample preparation and assay protocol.

1. Seed1 x 10° BxPC-3 cells in 12-well plates in 1 mL. RPMI 1640
medium supplemented with 10% v/v FBS, 2 mM L-glutamine,
1 mM sodium pyruvate, and 50 pg/mL each of streptomycin
and penicillin. Prepare two wells for each condition that you
want to analyze. Prepare an additional well per condition for
conventional analysis of loss of membrane integrity (step 20).

2. Let the cells grow for 24 h at 37°C in a humidified incubator
containing 5% v/v CO,.

3. Remove the old medium.

4. For induction of necroptosis, pre-incubate the cells for 30 min
at 37°C in 1 mL of fresh medium that contains 20 uM zZVAD-
fmk and 0.5 uM homoharringtonine (a patient-approved drug
that sensitizes cancer cells for necroptosis [352]). Cyclohex-
imide can be used instead. Optimal concentrations must be
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determined for each cell system. For induction of apoptosis,
omit ZVAD-fmk.

5. Add 100 ng/mL KillerTRAIL™ and incubate the cells for 16
h at 37°C.

6. Transfer the medium together with any detached cells into
Falcon® 5 mL polystyrene round bottom test tubes that are
placed on ice. Pool the two wells that you have set up for the
same condition in step 1.

7. Wash the wells with 300 pL PBS, pool into the same 5 mL
tube.

8. Add 300 pL StemPro™ Accutase™ Cell Dissociation Reagent
to each well, incubate for 10-15 min at 37°C to detach all
remaining cells and pool everything into the same 5 mL tube.

9. Repeat step 7.

10. Collect the cells by centrifugation at 4°C (5 min, 400 x g),
wash twice with cold PBS.

11. Resuspend the cells in 500 pL cold PBS/5 mM EDTA.

12. Fix the cells by dropwise addition of 500 uL 100% v/v ethanol
while vortexing.

13. Incubate at room temperature for 30 min (or >24 h at —-20°C
to get the best resolution if required).

14. Collect the cells by centrifugation at 4°C (5 min, 560 x g). Be
careful to avoid cell loss.

15. Resuspend the cells in 200 pl cold PBS/5 mM EDTA.

16. Add RNase A to a final concentration of 40 pg/mL.

17. Incubate for 30 min at room temperature.

18. Add 200 pL PI (50 pg/mL in PBS/5 mM EDTA stock solution)
and stain for 30 min at 4°C.

19. Measure your cells in a suitable flow cytometer, such as the
BD FACSCalibur™.

20. To additionally verify that loss of membrane integrity, i.e.,
necroptotic or apoptotic cell death has occurred, process the
third well from step 1 as outlined above for steps 2-10. After
step 10, resuspend the cells in 100 pL cold PBS/5 mM EDTA,
add 100 pL PI (4 pg/mL in PBS/5 mM EDTA stock solu-
tion) and immediately measure your cells in a suitable flow
cytometer, such as the BD FACSCalibur™.

7.3.4 Materials.

® BxPC-3 pancreatic adenocarcinoma cell line: ATCC® CRL-
1687™, American Type Culture Collection, Manassas, VA, USA.

e Twelve-well plates: CELLSTAR® Cell Culture Multiwell Plates,
catalog no. 665180, Greiner Bio-One, Frickenhausen, Germany.

® RPMI 1640 medium: catalog no. 52400, ThermoFisher Scien-
tific, Dreieich, Germany.

® Fetal bovine serum: catalog no. 10270, ThermoFisher Scientific,
Dreieich, Germany

® [-Glutamine: catalog no. K 0202, Merck, Berlin, Germany

® Sodium pyruvate: catalog no. 11360, ThermoFisher Scientific,
Dreieich, Germany

® Penicillin/streptomycin: catalog no. A 2212, Merck, Berlin, Ger-
many

® 7zVAD-fmk: catalog no. 4026865, Bachem, Weil am Rhein, Ger-
many
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® Homoharringtonine: catalog no. sc-202652, Santa Cruz, Hei-
delberg, Germany

® KillerTRAIL™: catalog no. ALX-201-123, Enzo, Lérrach, Ger-
many

® Falcon® 12 x 75 mm, 5mlL polystyrene round bottom test tubes:
catalog no. 352054, Corning, Wiesbaden, Germany

e StemPro™ Accutase™ Cell Dissociation Reagent: catalog no.
A1110501, ThermoFisher Scientific, Dreieich, Germany

® RNase A: catalog no. 19101, Qiagen, Hilden, Germany

® PI: catalog no. P4170, Merck, Darmstadt, Germany

® BD FACSCalibur™ Flow Cytometer: BD Biosciences, Heidel-
berg, Germany

® BD CellQuest™ Pro software: BD Biosciences, Heidelberg, Ger-
many

7.3.5 Data analysis.
sition software provided with the flow cytometer, e.g., the BD
CellQuest™ Pro software. Analysis can be done with either the
software used for data acquisition or with any suitable FCM data
analysis software.

The data can be acquired using the acqui-

Data acquisition for cell cycle analysis is described in detail in
Chapter V: “Biological Applications,” Section 6.1: “DNA synthesis
and cell cycle analysis.” Briefly, PI as DNA-binding dye is excited
at 488 nm (blue laser) and emits at a maximum wavelength of
617 nm. Thus, PI fluorescence can either be detected using a BP
filter 585/42 (FL2 channel of the FACSCalibur flow cytometer)
or using a 670 nm LP filter (FL3 channel of the FACSCalibur flow
cytometer) or a 695/40 BP filter. Instrument settings have to be set
for the PI fluorescence channel on linear fluorescence scale and the
threshold should be set on the same channel with a low value such
as 20. For sample acquisition and analysis, three sequential plots
are needed: dot plot 1: FSC-H versus SSC-H to gate for relevant cell
population(s) (gate A); dot plot 2: Pulse Width versus Pulse Area
of the PI fluorescence channel set on gate A to exclude doublets
and to gate singlets as gate B; histogram 1: Pulse Area of the PI
fluorescence channel gated on gate B. In total, 10 000-20 000
events in gate B should be collected. A typical result is shown in
Fig. 41A. Dot plots 1 are depicted at the left, dot plots 2 in the
middle, the respective histograms are shown at the right. In the
histograms, a marker is placed on sub-G1 cells displaying lower
staining intensity than the cell cycle profile, indicating apoptotic
cells with fragmented and therefore lost DNA. In the dot plots, you
can see a shift of the cell population to smaller and less granular
cells as typical sign for cell death in both apoptotic as well as
necroptotic cells.

Using DNA-binding dyes for quantification of dead cells is
described in Chapter III: “Before you start: reagent and sam-
ple preparation, experimental design,” Section 4.2: “DNA-binding
dyes.” For data acquisition using PI as the DNA-binding dye, instru-
ment settings have to be set for the used PI fluorescence channel
on logarithmic scale and the threshold should be set on FSC to
exclude debris and small cell fragments. For sample acquisition
and analysis, two sequential plots are needed; dot plot 1: FSC-
H versus SSC-H to gate for relevant cell population(s) (gate A),

wWww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1457-1973

thereby excluding debris and small cellular fragments; dot plot
2: FSC-H versus the respective PI channel set on gate A. In total,
10 000-20 000 events in gate A should be collected. A typical result
is shown in Fig. 41B using the same cells and stimulations as used
for Fig. 41A. The percentages of PI-negative and PI-positive cells
are indicated in the respective dot plot 2. A similar increase in
the amount of PI-positive cells is detected in apoptotic as well as
necroptotic samples. In summary, the two cell death modes, apop-
tosis and necroptosis, can be distinguished by cell cycle analysis,
while quantification of cell death can be achieved by the simple
method of PI staining.

7.3.6 Pitfalls/Top tricks. Please see Chapter V: “Biological Appli-
cations,” Section 7.4: “Pyroptosis.”

7.4 Pyroptosis

7.4.1 Overview. Cell death by pyroptosis critically depends on
cleavage of gasdermin proteins by inflammatory caspases, fol-
lowed by oligomerization and membrane translocation of the gas-
dermin N-terminal fragment. At present, FCM cannot directly track
these events and the only definitive proof of pyroptosis is, e.g.,
by Western blot to detect cleavage of the protein gasdermin D
(GSDMD). Yet, pyroptotic cells can be detected indirectly by FCM
once pyroptosis has been confirmed. In this section, we present
the currently available options to assess pyroptosis by FCM. In
addition, we provide an example protocol to detect activation of
inflammatory caspases as an indirect indicator for pyroptosis, not-
ing that this method still requires that pyroptosis be validated by
alternative methods but its inclusion in these guidelines is to indi-
cate the potential application of FCM to a variety of cell death
mechanisms.

7.4.2 Introduction. The Nomenclature Committee on Cell Death
defines pyroptosis “as a form of regulated cell death that critically
depends on the formation of plasma membrane pores by mem-
bers of the gasdermin protein family, often (but not always) as
a consequence of inflammatory caspase activation” [329]. Pyrop-
tosis is a variant of regulated cell death that combines features
of both apoptosis and necroptosis. Similar to apoptosis, pyrop-
totic cell death depends on caspase activation. On the other
hand, rupture of the cell membrane and the release of DAMPs
are features shared with necroptosis, classifying pyroptosis as an
intensely inflammatory from of regulated cell death [353]. Pyrop-
tosis occurs in response to microbial infection and has a critical
role in immunity against intracellular pathogens [354]. Pyroptosis
disrupts infected cells and thereby causes the release of intracel-
lular pathogens, making them accessible to killing and phago-
cytosis by neutrophils. The concurrent release of DAMPs and of
the inflammatory cytokines IL-1B8 and IL-18 recruits additional
immune cells, ensuring a robust inflammatory response of both
the innate and the adaptive immune system [353, 355]. However,
pyroptosis can also drive pathogenic inflammation, i.e., in lethal
septic shock [353, 356]. Pyroptosis is mostly observed in profes-
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sional phagocytes, but can also occur in other cell types [357].
Triggers of pyroptosis encompass bacteria and viruses as well as
their products, i.e., LPS and viral DNA [358].

The key molecular event in pyroptosis is caspase-mediated
cleavage of GSDMD. Different from apoptosis, the relevant cas-
pases belong to the inflammatory, not the apoptotic subtype
(i.e., caspases-1, -4, and -5 in humans, and caspases-1 and -
11 in mice) [354, 357]. As an exception, the apoptotic cas-
pase caspase-3 can also induce pyroptosis by cleavage of the
GSDMD-related protein gasdermin E [332]. GSDMD-dependent
pyroptosis can be triggered by two pathways, the canonical
or the noncanonical pathway. In the canonical pathway, cel-
lular stressors such as bacterial or viral pathogen signatures
are recognized by pattern-recognition receptors. Together with
the adapter protein ASC, these pattern-recognition receptors
form complexes (“inflammasomes”), which recruit and activate
caspase-1. In the noncanonical pathway, human caspases-4 and
-5 or mouse caspase-11 are directly activated by cytosolic LPS
from Gram-negative bacteria [332, 354]. In both pathways, cas-
pase activation results in cleavage of GSDMD and release of its
N-terminal domain (GSDMD-N). GSDMD-N then inserts into the
plasma membrane of the cell (or into the bacterial plasma mem-
brane) and causes membrane rupture and pyroptotic cell death
[332, 354].

Given that cleavage of GSDMD as well as membrane translo-
cation and oligomerization of GSDMD-N are the only definitive
biomarkers for pyroptosis, the options for direct flow cytometric
detection of pyroptosis are as equally limited as for necroptosis
(see Chapter V: “Biological Applications,” Section 7.3 “Necropto-
sis”). At present, the best method to detect cleavage of GSDMD into
the 31-kDa GSDMD-N fragment is Western blot using GSDMD-
N-specific Abs. Membrane translocation of GSDMD-N can be
shown via cell fractionation with subsequent Western blot or via
immunostaining, and oligomerization of GSDMD-N can be con-
firmed by nonreducing gel electrophoresis and Western blot.

Although direct flow cytometric detection of these biomark-
ers is not possible at present, the above assays can be performed
to initially ensure that pyroptosis is induced by a specific treat-
ment condition. Subsequently, FCM can be utilized to routinely
detect pyroptotic loss of membrane integrity in identically stim-
ulated cells (PI staining, see also Chapter III: “Before you start:
reagent and sample preparation, experimental design,” Section
4.2: “DNA-binding dyes.” and Chapter V: “Biological Applications,”
Section 7.3 “Necroptosis”). As a further limitation, parallel con-
trol measurements of samples additionally treated with pyrop-
tosis inhibitors are not possible because inhibitors that directly
and specifically target GSDMD-N are currently not commercially
available. As a workaround, cells can be treated with VX-765, an
inhibitor of caspase-1, or with MCC950, an inhibitor of NLRP3
inflammasome activation, although inhibition of caspase-1 or the
inflammasome may elicit cellular responses beyond inhibition of
pyroptosis.

Alternatively, it is possible to employ FCM to detect inflamma-
some formation as an indirect indicator for canonical pyroptosis
induction. Normally, the inflammasome component ASC is dif-
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fusely distributed within the cell, but relocates to a dense speck in
the cytosol within minutes of inflammasome activation. Sester and
colleagues have employed FCM to monitor ASC redistribution in
primary macrophages and monocytes, detecting changes in fluo-
rescence peak height and width of immunostained or fluorescently
tagged ASC as detailed in ref. [359].

A separate approach to assess pyroptosis by FCM exploits
the fact that pyroptosis depends on the activation of inflamma-
tory caspases. Upon addition of a green, cell permeant FLICA™
reagent such as fluorescein-6-carbonyl-Tyr-Val-Ala-DL-Asp(OMe)-
fluoromethylketone (FAM-YVAD-fmk), activated caspases-1, -4,
and -5 covalently and irreversible bind to FAM-YVAD-fmk and
become accessible to quantification by FCM as an indirect mea-
sure for the initiation of pyroptosis. Below, we outline a protocol
to quantify the activation of caspases-1, -4, and -5 in nigericin-
treated pyroptotic human BxPC3 pancreatic adenocarcinoma cells
(a cell line for which pyroptosis has been demonstrated [360]) by
conventional FCM (Fig. 42A), or to simultaneously confirm loss of
membrane integrity by PI staining (Fig. 42B). Although represent-
ing a specific example, the protocol can easily be modified for any
treatment that triggers pyroptosis in a particular cell line. It should
be re-stated that this method needs to be used in conjunction with
alternative validation of pyroptosis.

7.4.3 Step-by-step sample preparation and assay protocol.

1. Seed 1 x 10° BxPC3 pancreatic adenocarcinoma cells in 12-
well plates in 1 mL RPMI 1640 medium supplemented with
10% v/v FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, and
50 ug/mL each of streptomycin and penicillin. Prepare three
wells for each condition that you want to analyze.

2. Let the cells grow for 24 h at 37°C in a humidified incubator
containing 5% v/v COa.

3. Reconstitute the lyophilized nigericin contained in the
Pyroptosis/Caspase-1 Assay Kit with 100 pL. DMSO, yield-
ing a 5 mM stock solution. The stock solution can be stored
at —20°C for 1 year, provided that it is protected from light
and thawed maximally two times.

4. Dilute the nigericin stock solution with sterile ultrapure water
to a working concentration of 500 uM immediately before
use.

5. Remove the old medium from the cells.

6. To initiate pyroptosis, preincubate the cells for 1 h at 37°C in
300 pL of fresh medium that contains 20 pM nigericin (opti-
mal concentrations must be determined for each cell system).

7. Reconstitute a vial with lyophilized FLICA™ contained in the
Pyroptosis/Caspase-1 Assay Kit with 50 uL. DMSO, yielding a
150-300x stock solution. The stock solution can be stored at
—20°C for 6 months, provided that it is protected from light
and thawed maximally two times.

8. Dilute the FLICA™ stock solution 1:5 with sterile PBS to a
30-60x working solution and immediately add the working
solution to the cells in two wells of each condition at a final
concentration of 1-2x.

9. Incubate the cells for 48 h at 37°C, protected from light.
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10. Dilute 10x Cellular Wash Buffer contained in the
Pyroptosis/Caspase-1 Assay Kit to 1x with ultrapure water.

11. Transfer the medium together with any detached cells into
Falcon® 5 mL polystyrene round bottom test tubes that are
placed on ice.

12. Add 300 pL 1x Cellular Wash Buffer to each well, incubate for
10 min at 37°C (this allows any unbound FLICA™ to diffuse
out of the cells). Remove the Wash Buffer and transfer into
the 5 mL tube from step 11.

13. Repeat step 12 twice.

14. Add 300 pL StemPro™ Accutase™ Cell Dissociation Reagent
to each well, incubate for 10-15 min at 37°C to detach all
remaining cells and transfer everything into new Falcon® 5
mL polystyrene round bottom test tubes.

15. Wash the wells with 300 uL 1x Cellular Wash Buffer, transfer
everything into the 5 mL tubes from step 14.

16. Centrifuge the 5 mL tubes from step 13 and from step 15 at
4°C (5 min, 400 x g) to collect all cells.

17. Discard the supernatants and wash the cells twice with cold
1x Cellular Wash Buffer. Be careful to avoid cell loss.

18. Resuspend and combine the cells from the two corresponding
tubes from steps 13 and 15 in a total of 300 pL cold 1x
Cellular Wash Buffer and place on ice.

19. For single-color analysis or for a single-color compensation
control (caspase-1 activity), measure the cells (from the first
well treated with FLICA™) by FCM within 4 h or fix for
analysis within 16 h by adding Fixative contained in the
Pyroptosis/Caspase-1 Assay Kit at a v/v ratio of 1:5. Store
your samples protected from light and at 4°C. For dual-color
analyses (caspase-1 activity and loss of membrane integrity),
add 2 pg/mL PI to the cells from the second well treated with
FLICA™ and analyze immediately as such assays cannot be
performed using fixed cells. For a single-color compensation
control (loss of membrane integrity), use the cells from the
third well (not treated with FLICA™), add 2 ug/mL PI and
analyze immediately.

20. Measure your cells in a suitable flow cytometer, such as the
BD FACSCalibur™.

7.4.4 Materials.

® BxPC-3 pancreatic adenocarcinoma cell line: ATCC® CRL-
1687"", American Type Culture Collection, Manassas, VA, USA.

e Twelve-well plates: CELLSTAR® Cell Culture Multiwell Plates,
catalog no. 665180, Greiner Bio-One, Frickenhausen, Germany.

® RPMI 1640 medium: catalog no. 52400, ThermoFisher Scien-
tific, Dreieich, Germany.

® FBS: catalog no. 10270, ThermoFisher Scientific, Dreieich, Ger-
many.

® [-Glutamine: catalog no. K 0202, Merck, Berlin, Germany.

® Sodium pyruvate: catalog no. 11360, ThermoFisher Scientific,
Dreieich, Germany.

® Penicillin/streptomycin: catalog no. A 2212, Merck, Berlin, Ger-
many.
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Figure 42. (A) Single-parameter analysis of BxPC-3 cells left untreated or treated with nigericin for 48 h and analyzed for caspase-1 activity by
FAM-FLICA staining (48 h were determined in previous experiments as optimal to achieve the best separation between the FAM-FLICA-positive
and the FAM-FLICA-negative population). FSC-H versus SSC-H dot plot is depicted on top, the respective histogram is presented at the bottom.
The percentages of FAM-FLICA-positive cells in untreated and nigericin-stimulated cells are indicated in the upper right corner of the histogram.
(B) Dual parameter analysis of BxPC-3 pancreatic adenocarcinoma cells either untreated for 48 h or stimulated with nigericin for 48 h to induce
pyroptosis (cells are from the same experiment as shown in (A) but from a parallel stimulation). For each sample (untreated and treated cells)
FSC-H versus SSC-H dot plots are shown on the left and PI versus FAM-FLICA on the right. The compensation gating is not shown. This flow
cytometric analysis also needs pyroptosis to be validated by methods such as Western blot.

® Pyroptosis/Caspase-1 Assay Kit containing nigericin, FAM-
YVAD-fmk, Cellular Wash Buffer and Fixative, catalog no. 9146,
ImmunoChemistry Technologies, Bloomington, MN, USA.

® Falcon® 12 x 75mm, 5 mL polystyrene round bottom test
tubes: catalog no. 352054, Corning, Wiesbaden, Germany.

e StemPro™ Accutase™ Cell Dissociation Reagent: catalog no.
A1110501, ThermoFisher Scientific, Dreieich, Germany.

® PI: catalog no. P4170, Merck, Darmstadt, Germany.

® BD FACSCalibur™ Flow Cytometer: BD Biosciences, Heidel-
berg, Germany.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

® BD CellQuest™ Pro software: BD Biosciences, Heidelberg, Ger-
many.

7.4.5 Data analysis. Data can be acquired using the acquisition
software provided with the flow cytometer, for example, the BD
CellQuestTM Pro software. Analysis can be done with either the
software used for data acquisition or with any suitable FCM data
analysis software. For data analysis, follow the manual provided
with the Pyroptosis/Caspase-1 Assay Kit. The FAM-FLICA reagent
is excited at 488 nm (blue laser) and has a peak emission at
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515-535 nm. Thus, FAM-FLICA fluorescence can be detected using
a BP filter 530/30 (FL1 channel of the FACSCalibur flow cytome-
ter). For single-staining, instrument settings have to be set for
the FAM-FLICA fluorescence channel on logarithmic fluorescence
scale and the threshold should be set on FSC to exclude small cel-
lular fragments and debris. For sample acquisition and analysis,
two sequential plots are needed: an FSC-H versus SSC-H dot plot
to gate on the population of interest (gate A) and a histogram
plot with the log FAM-FLICA fluorescence on the x-axis versus the
number of cells on the y-axis set on gate A. Adjust the voltage
of the FAM-FLICA fluorescence channel, if necessary, to ensure
that fluorescence is on scale and caspase-negative (FAM-FLICA’)
cells appear within the lower log fluorescence output decades of
the x-axis. Caspase-positive (FAM-FLICA™) cells will appear as a
shoulder or as a separate peak shifted to the right side of the neg-
ative peak. A typical result demonstrating a histogram overlay of
negative and positive cells is shown in Fig. 42A. The gate is set on
FAM-FLICA-positive cells and their percentages in untreated and
nigericin-stimulated cells are indicated in the upper right corner
of the histogram.

For dual-color analyses using additionally PI as DNA-binding
dye, first run each single-color untreated control. PI is excited at
488 nm (blue laser) and emits at a maximum wavelength of 617
nm. Thus, PI fluorescence can either be detected using a BP fil-
ter 585/42 (FL2 channel of the FACSCalibur flow cytometer) or
using a 670 nm LP filter (FL3 channel of the FACSCalibur flow
cytometer) or a 695/40 BP filter. To determine the correct instru-
ment settings, use the single-color untreated cells and analyze two
dot plots, FAM-FLICA-fluorescence versus FSC-H and PI fluores-
cence versus FSC-H (use a logarithmic fluorescence scale for both
channels) set on gate A. Adjust the voltages for both fluorescence
channels so that PI- or FAM-FLICA-negative cells appear in the
lower log fluorescence output decades. For compensation, use the
single-color nigericin-treated cells as compensation controls (see
Chapter II: “Setup: Instrument setup and quality control,” Section
1: “Compensation”).

For sample acquisition and analysis, the following gating steps
are required. First, FSC-H versus SSC-H to gate for the relevant cell
population(s) (gate A). Second, FAM-FLICA-fluorescence versus
PI fluorescence set on gate A is used to quantify double-negative
cells (healthy), single-FAM-FLICA-positive cells (containing acti-
vated caspase-1 without signs of pyroptosis), single-PI-positive
cells (undergoing cell death independently of caspase-1) and
double-positive cells (undergoing pyroptosis). In total, 10 000—
20 000 events in gate A should be collected. A typical result is
shown in Fig. 42B.

7.4.6 Pitfalls/Top tricks. When studying necroptosis, to obtain
credible results, it is imperative that your cells are mycoplasma-
negative because mycoplasma express large amounts of nucle-
ases [361], and you will detect false-positive DNA fragmentation
in necroptotic cells if cells are contaminated. Also, using NIH3T3
cells may be problematic as various sublines exist that differ in
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their disposition to undergo necroptosis with or without caspase
inhibition [362], thus possibly leading to mixed cell death mech-
anisms. However, in our proposed protocol, cell cycle staining
showing fragmented DNA as sub-G1 cells would clearly reveal such
a mixed cell death mechanism by demonstrating more PI-positive
cells (general cell death) than sub-G1 cells (purely apoptosis).

When studying pyroptosis, protect samples containing FAM-
YVAD-FMK from light. Also, the optimal time-point to achieve the
best separation between the FAM-FLICA-positive and the FAM-
FLICA negative population has to be determined individually for
each cell line. In dual-color analyses for pyroptosis, more PI-
positive cells may be detected than in single-color PI analyses due
to the more extensive washing and handling of the cells. As an
additional point to take note of, binding of FLICA reagents to their
target sequence is generally not as caspase-specific as originally
thought because of the FMK group reactivity with thiol groups of
intracellular proteins that become available upon caspase cleav-
age [363]. Nevertheless, and despite this apparent lack of absolute
specificity, FLICA probes have consistently shown themselves to
be highly reliable reporters of caspase activation [364] and the
assay presented here has been successfully used to detect caspase-
1 activation in recent studies [365, 366].

It is recommended to consult Chapter III: “Before you start:
Reagent and sample preparation, experimental design,” Section
4.2: “DNA-binding dyes,” Chapter V: “Biological Applications,”
Sections 6.1: “DNA synthesis and cell cycle analysis,” Section
7.1: “Apoptosis: Measurement of apoptosis,” and Section 7.2:
“Apoptosis: Caspase activation” as well as the manual of the
Pyroptosis/Caspase-1 Assay Kit for additional information regard-
ing cell death measurement.

As a general pitfall, it has to be pointed out that the protocols
described to analyze either necroptosis or pyroptosis by FCM are
not specific for the mode of cell death. The lack of DNA fragmen-
tation as detected by cell cycle analysis merely excludes apop-
tosis but does not discriminate between different modes of cell
death leading to membrane rupture without caspase activation.
Therefore, the occurrence of necroptosis or pyroptosis has to be
validated by alternative methods, i.e., when analyzing a new cell
system, you will have to make sure that your treatment indeed
induces the cell death mode under investigation, either necrop-
tosis, e.g., by Western blot for phosphorylation of RIPK3 and/or
MLKL [352, 367], or pyroptosis by Western blot to detect cleav-
age of GSDMD. Western blot analysis, however, is at best semi-
quantitative, because all cells are analyzed as a single population.
In contrast, FCM yields a quantitative result as it analyses each cell
within the sample separately and therefore provides additional
information.

A reasonable way to enhance the specificity of the flow cyto-
metric assays described here would be the use of inhibitors
while stimulating the cells that are specific for necroptosis
(necrostatin-1s, GSK’840, GSK'843, GSK’872, or necrosulfon-
amide) or pyroptosis (VX-765 and MCC950), although the pyrop-
tosis inhibitors may affect other cell processes and complicate the
interpretation.
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8 Phagocytosis

8.1 Overview

Phagocytes are essential components of the first defensive line of
the innate immune system. Professional phagocytes include neu-
trophilic and eosinopilic granulocytes, monocytes, dendritic cells,
tissue-resident macrophages (e.g, alveolar macrophages, marginal
zone and metallophilic splenic macrophages, Kupffer cells of the
liver, intestinal macrophages, osteoclasts, and microglia of the
brain) and macrophages derived from monocytes during inflam-
matory processes [368]. Phagocytosis is, indeed, one of the most
ancient and evolutionarily conserved functions of immunity [369].

Ingesting and killing of microorganisms involves intrinsic func-
tions of phagocytes as well as complex interactions between
phagocytes, pathogens, and plasma factors such as opsonins. Defi-
ciencies in these functions or interactions are associated with
increased susceptibility to infection. Phagocytosis as part of the
antimicrobial immune defense involves sequentially chemotac-
tic migration of the phagocytes, recognition of pathogen deter-
minants, ingestion of microorganisms, and finally, destruction
by oxygen-dependent (e.g., “oxidative burst” of the phagocyte
NADPH oxidase [Phox], NO production by the type 2 or inducible
nitric oxide synthase [NOS2, iNOS]) and oxygen-independent
mechanisms (e.g., acidification and protease activities, antimicro-
bial peptides) [368].

It is important to note that the interaction with extracellu-
lar or intracellular pathogens may lead to the apoptotic death of
phagocytes [370]. On the other hand, phagocyte recognition of
apoptotic cells helps clearance of senescent, stressed, damaged,
or altered cells of the body from tissues. Phagocytosis of apoptotic
cells prevents the release of cell components that might otherwise
trigger inflammatory response [371]. Phagoptosis is a form of cell
death caused by primary phagocytosis and destruction of viable
cells. Phagoptosis mediates turnover of erythrocytes, neutrophils
and other cells, and thus is one of the main forms of cell death
in the body. Phagoptosis is triggered by exposure of “eat-me” sig-
nals (such as phosphatidylserine or calreticulin) and/or loss of
“don’t-eat-me” signals (such as CD47) on the plasma membrane
of viable cells, causing their phagocytosis by phagocytes. Live cells
may modify the expression of such signals as a result of cell stress,
damage, activation, or senescence [372].

Also of interest is the study of phagocytic ingestion of syn-
thetic nanoparticles in the range of 1-100 nm. These particles are
increasingly used in industrial and commercial products [373].

8.2 Flow cytometric assays of phagocytosis: Fundamentals
and general applications

FCM has been used for many years to study phagocytosis
[374-380]. Although frequent applications include the clinical
study of human immunodeficiencies and septic conditions [381],
phagocytosis assays also serve veterinary [382] and environmental
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settings [383] as well as a growing multiplicity of other experi-
mental settings.

In classical FCM phagocytosis assays, phagocytes are incubated
at 37°C with fluorescent target particles pre-opsonized with an
appropriate dilution of serum. Phagocytosis is measured as the
mean fluorescence of effector cells and/or the percentages of
fluorochrome-positive phagocytes, or serum dilutions at which a
defined endpoint value is calculated. These techniques have intrin-
sic drawbacks, such as quenching of fluorescence upon internaliza-
tion, the difficulty to distinguish between adherent and internal-
ized bacteria in most cases, or a failure to determine Ab-mediated
phagocytosis [374-380].

Phagocytosis studies benefit from the unique integration of
functional and phenotypic information provided by FCM and the
large availability of phagocytic cell types and targets (both natu-
ral and synthetic) that are suitable for the technical capabilities
of FCM [374-380]. In many cases, FCM assays of phagocytosis
are available as commercial kits, and may include simultaneous
assessment of other functional aspects or consequences of phago-
cytosis, typically the oxidative burst [381] or apoptosis [381, 384].

8.3 Critical points in the pre-analytical and analytical
phases of assays

8.3.1 Phagocytic cell types and sample preparation.
of phagocytosis and other phagocytic-related functions can be per-

FCM assays

formed on a large variety of primary phagocytic cells, including
but not restricted to peripheral blood monocytes and neutrophils
from humans (Fig. 43) [381], rats [385], dogs [386], cats [387],
cows [388], or cetaceans (Fig. 44) [383], human dendritic cells
[389], human peritoneal [390] or monocyte-derived macrophages
[391], peritoneal- or bone-marrow murine macrophages [392],
and coelomocytes from earthworms [393]. In addition, several
established cell lines with phagocytic capacity can be used for
experimental studies, typically the human monocytic cell lines
U937 and THP-1, or the murine macrophage cell lines J774A.1
and RAW 264.7 [394].

When using whole blood samples, heparin is often the anticoag-
ulant of choice, as both EDTA and citrate bind divalent cations and
thereby can interfere with phagocytosis processes and oxidative
burst (e.g., see ref. [395-397]). All classical anticoagulants nega-
tively affect complement activity and opsonophagocytosis [398].
Anticoagulated blood samples should be processed within 4 h
of collection. Prolonged storage may lead to abnormal results.
Specimens should typically be maintained at 18-22°C, and tem-
peratures below 10°C and above 30°C must be avoided if possible
when using whole blood. If cryo-preserved blood cells are used for
assay, it is essential to thaw and use the cells rapidly. Neutrophils
are particularly fragile. Myeloid cells can be activated by endo-
toxins, excessive agitation, or repeated centrifugations, resulting
in cell death. Endotoxin-free polypropylene tubes should be used.
Cell clumping after standing at room temperature can be avoided
by using the cells promptly or by adding DNase to the cell suspen-
sion [377].
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Figure 43. Representative examples of strategies to differentiate between attached and internalized fluorescent bacteria in whole-blood phago-
cytosis assays by conventional flow cytometry (A-C) and imaging flow cytometry (D-F). In both assays, whole-blood samples anticoagulated with
heparin were stained with CD45-APC (A) or CD45-PE (D) Ab and incubated for 30 min at 37°C (B) or at 4°C (C) with a suspension of Escherichia coli
(ATCC 11775) transformed by electroporation with a plasmid containing the GFP gene (pMEK91 GFP). The ratio of bacteria to leukocytes was 1:4.
Then, samples were lysed with BD FACS Lysing Solution, put on ice and analyzed immediately in a BD Accuri C6 conventional flow cytometer (A-C)
or in an Amnis ImageStream 100 multispectral imaging flow cytometer (D-F), both using a 488 nm blue laser. Graphs B and C show the intensity of
GFP fluorescence emission in granulocytes distinguished by higher granularity (SSC) and lower CD45 expression (purple-colored events in graph
A) after incubation of whole blood with GFP-expressing E. coli at 37°C (graph B) or at 4°C (graph C). Comparison of B and C shows the difference
between granulocytes with adherent and/or internalized bacteria (74.5% of the population after incubation at 37°C) and granulocytes with only
adherent bacteria (3.8% of the population after incubation at 4°C). Graph (D) shows the features of the main leukocyte populations identified on an
imaging flow cytometer by their light scatter under darkfield illumination (intensity- SSC) and the expression CD45 (intensity_-CD45-PE). Composite
graphs (E) and (F) show the intracellular localization of GFP bacteria in single cells of the granulocyte subpopulation (gated on NEUTRO, graph
D) after incubation of whole blood with GFP-expressing E. coli at 37°C. Merged images (BF/GFP) from the brightfield illumination channel (BF) and
the green fluorescence channel (GFP) allow distinguishing cells with external bacteria (graph E) from cells with internalized bacteria (graph F).

Numbers on the BF image in (E) and (F) composites indicate the sequential number of the event in the sample run.

Human PBMCs and neutrophils can be isolated by using dif-
ferent classical procedures, with dextran sedimentation prefer-
able for neutrophil purification and gradient centrifugation by
Histopaque 1077 for monocyte enrichment [399]. In addition,
magnetic separation can be used successfully to isolate functional
primary phagocytic cells based upon immunophenotypic myeloid
cell determinants [91]. Human monocytes are often cultured in
serum-free or serum-supplemented media to create macrophages
or dendritic cells [91].
8.3.2 Phagocytosis targets. A multiplicity of fluorescent biologi-
cal and synthetic micro- or nanoparticles can be used as suitable
targets for phagocytosis with FCM assays, reflecting, on the one
hand, the different roles and clinical failures of phagocytosis, and
on the other hand, the diversity of plasma membrane receptors
that mediate phagocytic recognition of microbes, apoptotic cells,
or synthetic particles [368].

The best biological targets are live microorganisms, includ-
ing pathogenic and nonpathogenic bacteria and yeast. Because of
their hazardous nature, pathogens can be inactivated by different

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

means. However, inactivation by heat killing (e.g., boiling) may
result in loss of cell wall components, which are extremely impor-
tant for phagocyte recognition, thus potentially reducing phago-
cytosis [400]. Inactivation by fixation with 4% paraformalde-
hyde may preserve some pathogen-associated determinants and
improves recognition [401]. Another typical target for phagocy-
tosis assays are zymosan particles, prepared from the cell wall of
Saccharomyces cerevisiae and consisting of protein-carbohydrate
complexes [376-378, 402]. FCM assays of phagocytosis can use
fluorescent microbeads of different optical properties, chemical
composition, and diameter that may be, in addition, coupled
with components relevant for receptor-mediated particle recog-
nition [377].

Since physiological phagocytosis occurs mainly after binding
of opsonized particles to receptors of the constant fragment of
immunoglobulins (Fc) or complement receptors expressed on
phagocytes, it may be essential to ensure opsonization of phagocy-
tosis targets. Engagement of phagocyte Fc receptors is achieved by
pre-incubation of targets with appropriate sera or IgG solutions,
as well as by coating of fluorescent beads with IgG Abs. In this
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aspect, whole-blood assays of phagocytosis have the advantage of
not requiring additional steps of target opsonization.

As rates of phagocytosis are highly dependent on the target-to-
cell ratio, accurate counting of targets and effector phagocytes and
the use of a suitable ratio is important [402]. Target: effector ratios
ranging from 1:1 [402] to 260:1 [403] have been applied in dif-
ferent assay settings. Similarly, the determination of the duration
of the assay must take into account the difference of phagocytosis
kinetics between synthetic and natural targets, as well as among
different types of biological targets. One-hour incubation is usu-
ally sufficient and typically, phagocytosis assays require incubation
times of 15-30 min [404].

8.3.3 Fluorescent labeling of targets. There are several conve-
nient commercial sources of fluorescently conjugated biological
and synthetic particles [379]. In some cases, such particles are
components of assay kits that can be used in conventional FCM
using a suitable laser. For custom labeling of targets, the most com-
mon fluorescent labels are incorporated as N-hydroxysuccinimide
esters, which react covalently with -NH2 groups [379]. Fluo-
rescein derivatives (e.g., fluorescein, dicarboxyfluorescein, Ore-
gon Green, dihydrodichlorofluorescein) have been popular, but
their fluorescence is quenched in the acidic compartments of
phagocytes and, moreover, their emission wavelength overlaps
markedly with green autofluorescence, which is especially present
in macrophages and monocytes [405]. Other fluorophores such
as Alexa Fluor, BODIPY FL, tetramethylrhodamine, and Texas
Red have stable, intense emission over a broad pH range (pH
4-9). Most interestingly, pHrodo, a new series of probes with
green or red fluorescence emission increasing with decreas-
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ing pH has been recently developed [379, 406]. Fluorescent
protein-expressing E. coli strains are also suitable for FCM assays
[407-409].

8.3.4 Identification of live subpopulations of phagocytic cells by light
scatter and surface immunophenotype. The nucleated phagocytes
in whole blood assays may be distinguished from debris and from
smaller targets (microorganisms and fluorescent beads) by gat-
ing on the granulocyte and monocyte populations using FSC and
SSC properties [377, 379]. As phagocytosis may lead to degranu-
lation and even apoptosis of phagocytes, especially neutrophils,
it is recommended to include at least a viability marker and
eventually appropriate immunophenotypic markers (for human
cells, e.g., CD45, CD14, CD13, CD15, CD16, CD11b) [410]. It
is worth mentioning that the lymphocyte population in whole
blood assays may often serve as an internal negative control of
nonphagocytic cells. In FCM assays using homogeneous phago-
cytic populations (e.g., U937, TPH-1, RAW264.7 cell lines) and
small targets, it is recommended to include viability markers,
in order to exclude nonspecific attachment of targets to dead or
dying phagocytic cells. In those specialized assays, in which tar-
get cells (e.g., apoptotic cells, infected erythrocytes) may have
similar size as phagocyte effectors, it is recommended to sepa-
rately label effectors and/or targets with appropriate tracking dyes
[403, 411].

In all cases, phagocytosis assays involving immunophenotyping
with multicolor cytometry should include the appropriate controls
for fluorescence compensation (single-stained tubes) and gating
(FMO controls). This is further discussed in Chapter II, Section 1,
Compensation.
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8.3.5 Distinguishing non-internalized from internalized particles.

In order to accurately assess the phagocytosis process, it is
mandatory to demonstrate that the particles are in fact ingested as
opposed to coincident with the phagocyte in the laser-illuminated
volume or adherent to the cell surface.

While coincidence of phagocytes and targets can be minimized
by running diluted samples at slower flow rates, quantification
of internalized particles as opposed to surface adherent particles
may be approached by different strategies:

1. Comparing the cell-associated fluorescence intensity in condi-
tions avoiding (negative controls) or allowing particle internal-
ization. Negative controls of this type should include cells incu-
bated without fluorescent targets (which allows for the detec-
tion of autofluorescence) and cells and targets co-incubated at
4°C (Fig. 43) or in the presence of inhibitors of cytoskeleton
rearrangement, such as the most commonly used cytochalasins
(Fig. 44), or other inhibitors of phagocyte function, such as N-
ethylmaleimide [404].

2. Using targets labeled with a dye that is sensitive to quench-
ing agents. FITC or Calcofluor White can be quenched by try-
pan blue and crystal violet [377-379], while Sytox Green is
quenched by PI [400]. In this approach, extra washing steps
are necessary to remove the quenching dye, thus increasing
assay time and making the assay prone to artifacts and cell
loss.

3. Using fluorescent targets emitting fluorescence at different
wavelengths at neutral or acidic pH. Probes of this type
include the pHRodo series, and the Eos-FP fluorescent pro-
tein. pHRodo dye can be used for the labeling of targets, as
it reacts with the primary amino groups on the particle to
yield a covalently linked pH probe, which increases fluores-
cence emission as the pH of its environment becomes more
acidic. Due to the low pH of the phagolysosome, phagocytized
targets can be quantified without interference of adherent par-
ticles [379, 406, 412, 413]. The optimal absorption and flu-
orescence emission maxima of the pHrodo Green dye and its
conjugates are approximately 509 nm and 533 nm, respec-
tively, while pHrodo Red excites at 560 nm and emits at 585
nm. Both pHrodo Green and pHrodo Red can also be excited
with the 488 nm argon-ion laser installed on most flow cytome-
ters (Fig. 44).

Eos-FP can be transfected into infectious microorganisms.
After UV-irradiation of bacteria, peptide cleavage in Eos-FP
occurs and the transfected bacteria emit green (=516 nm)
and orange (=581 nm) fluorescent light at 488 nm excitation.
Orange fluorescence is sensitive to acidic pH, and the phagocy-
tosed bacteria stop emitting orange fluorescent light as soon as
the phagosomes fuse with lysosomes. The green fluorescence is
maintained in the phagolysosome until bacterial degradation
is completed [408].

4. Applying imaging FCM. This novel technique of cytometry
combines the statistical power and fluorescence sensitivity of
standard FCM with the spatial resolution and quantitative
morphology of digital microscopy, as it is based on the cap-
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ture of images of particles in flow and subsequent pixel-based
image analysis of objects [413]. Imaging FCM allows defining
the intracellular localization of fluorescent targets in phago-
cytes, thus ruling out the need of quenching or blocking steps
(Fig. 43) [414-416].

8.3.6 Assessing or quantifying phagocytosis kinetics and capacity.
The simplest calculation is the proportion of phagocytosing cells
within the evaluated population, defined as the percentage of
gated cells with target fluorescence, present in the appropriate
gate(s), established by morphological, viability, and immunophe-
notypic criteria [377], as seen in Fig. 44.

Regarding the quantification of ingested fluorescent targets,
calculation may be relatively straightforward if pH-independent
fluorescent particles (biological or synthetic) are used. The mean
number of particles ingested per effector cell can be calculated
by dividing the MFI of the cell population by the fluorescence of
a single, extracellular target [417]. When using targets labeled
with pH-dependent dyes, however, this calculation is inaccurate
and must be modified by subtracting the number of free targets
per phagocyte from the initial number of targets per phagocyte
[377, 378].

An interesting parameter to quantify phagocytosis capacity is
the phagocytosis product (PP) parameter [377]. PP is defined as
the percentage of phagocytosing cells multiplied by the number
of targets per phagocytosing cell. PP reflects that the total elimi-
nation of targets from a given assay preparation depends both of
the percentage of phagocytosing cells and the number of targets
ingested by each effector cell [377].

8.4 A general protocol for assesing phagocytosis in
whole-blood samples using pHrodo Red E.coli
BioParticles

8.4.1 Overview. This assay is suitable to determine phagocytic
activity in whole blood samples based on the use of pHrodo E.
coli Red BioParticles, which undergo a strong increase in fluores-
cence when the surrounding pH becomes more acidic during the
ingestion phase of phagocytosis process. Labeling of whole blood
samples with appropriate pan-leukocytic markers, such as CD45
or CD11a (Fig. 44), easily allows excluding easily erythrocytes
and platelets. Using species-specific phagocyte markers allows to
evaluate phagocytosis of pHrodo BioParticles by granulocytes in
multiple species [418]. By adding a suitable fluorogenic substrate
of ROS such as Dihydrorhodamine 123 (DHR123), this protocol
allows the simultaneous examination of phagocytosis and oxida-
tive burst.

CD11a clone HI111 reacts with human, rhesus, cynomolgus, or
baboon monkey, dog, and rabbit. Moreover, it has been shown in
our laboratory to crossreact with some cetaceans and pinnipedes.
Thus, in addition to human studies, this protocol has been success-
fully applied to evaluate ingestion of E. coli and respiratory burst
in whole-blood samples of dolphins (Fig. 44), Beluga whales, and
walruses.
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8.4.2 Step-by-step sample preparation and assay protocol.

1. Prepare three tubes and label appropriately for:
- autofluorescence control
- cytochalasin A (negative control)

- pHrodo Red E.coli BioParticles

2. Dispense 50 pL heparinized whole blood into each tube.

3. Dispense 10 uL CD11a PE-Cy5 antibody into each tube and
incubate at room temperature for 15 min in the dark.

4. Place all the tubes on ice for 10 min.

5. Dispense 2 uL 400 pM cytochalasin A into the cytochalasin A
negative control tube and incubate 30 min at 37°C in a CO,
incubator.

6. After that, dispense into:

- negative control tube: 10 uL PBS.

- cytochalasin A negative control tube: 10 uL pHrodo Red E.
coli BioParticles stock solution.

- pHrodo Red E.coli BioParticles tube: 10 uL pHrodo Red E.
coli BioParticles stock solution.

7. Incubate the tubes at 37°C for 15 min in a CO, incubator.

8. Place the tubes on ice for 5 min.

9. Add 500 pL of lysing solution into all tubes, vortex 1 s, and
incubate for 10-20 min at room temperature and in the dark.

10. Centrifuge the tubes at 200 x g for 5 min.

11. Remove the supernatant and wash all the tubes with 3 mL
PBS.

12. Centrifuge the tubes at 200 x g for 5 min.

13. Remove the supernatant and resuspend the pellet in 300 pL
RPMI 1640 Medium.

14. Add 1 pL of DAPI stock solution previously to flow cytometry
acquisition.

15. Analyze samples in a flow cytometer having blue (488 nm)
and violet (405 nm) laser lines.

8.4.3 Materials.

® Fresh whole blood (1 mL) collected in heparinized tubes.

® Versalyse lysing solution: Store between 18 and 25°C (Beckman
Coulter, Ref: A09777).

® PBS pH 7.4: store between 15 and 30°C (Gibco, Thermofisher
Scientific, Ref: 10010015).

® RPMI 1640 medium (1x) + GlutaMAX (Gibco, Ref: 61870-
010), supplemented with 10% of FBS (Gibco, Ref: 26140-079)
and 1% penicillin/streptomycin (Gibco, Ref: 15140-122). Store
between 2 and 8°C.

® Cytochalasin A: 10 mM in DMSO. Aliquoted and store at —20°C
(ENZO, Ref: ALX-380-057-M001).

® CD11a-PE-Cy5 mouse anti-human mAb, Clone HI111. Store
between 2 and 8°C (BD Biosciences, Ref: 551131).

® pHrodo Red E. coli BioParticles conjugate for phagocytosis: 1
mg/mL in PBS. Aliquote and store at -20°C (ThermoFisher Sci-
entific, Ref: P 35361).

® DAPI: 1 mg/mL in demineralized water. Aliquote and store at
-20°C (Sigma, Ref: D9542).

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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9 Autophagy

9.1 Overview

Autophagy is a cellular catabolic pathway tightly regulated for
homeostasis maintenance and remodeling. During autophagy, cel-
lular debris and other cargo is delivered by autophagosomes to
lysosomes for degradation and recycling. LC3-II, which localizes
to autophagosomes, is a widely used autophagy marker. In this
section, quantitative measurement of autophagy focusing on FCM
staining of LC3-II will be discussed.

9.2 Introduction

Autophagy is a lysosome-based catabolic pathway for the degra-
dation and turnover of cytoplasmic constituents. Stressors, such
as nutrient starvation and hypoxia, are potent autophagy induc-
ers. To maintain cellular homeostasis, cellular debris is removed
by constitutive (basal) autophagy. Autophagy generates metabo-
lites, which are reused as sources of energy or synthesis of new
macromolecules. It is known to be an important player in the reg-
ulation of proliferation, cell growth, remodeling, and differentia-
tion in a number of systems [419]. There are three main types of
autophagy in mammalian cells: chaperone-mediated autophagy
[420], microautophagy [421], and macroautophagy [419]. The
techniques described in this section detect macroautophagy that
hereafter will be referred to as autophagy.

Autophagy is tightly regulated by complex signaling pathways
including mTORC1, AMPK, class I PI3K complex, AKT, ULK1 com-
plex, and class IIT PI3K complex. Close to 40 core autophagy genes
have been identified that mediate the completion of a double-
membrane autophagosome, which engulfs unwanted cytosolic
material such as aged and damaged organelles, protein aggre-
gates, or pathogens. Subsequent fusion of the autophagosome
to the lysosome enables degradation of the cargo (Fig. 45).
Autophagy related genes (ATGs) were originally identified in
yeast, but most of these are evolutionarily conserved in higher
organisms such as mammals [422]. A key player often used to
quantify autophagy is the ATG8-family member MAP1LC3B (LC3).
During autophagosome elongation, the cytosolic protein LC3-I is
lipidated by conjugation to phosphatidylethanolamine to become
LC3-II, and thereby inserted into the membrane of the growing
autophagosome.

Autophagic flux (i.e., flow through the autophagy pathway)
is used to measure autophagic activity. One such approach is to
measure the rate of protein breakdown by autophagy by arresting
the autophagic degradation at a given point and recording the
time-dependent accumulation of representative autophagic car-
goes. The most common way to induce this block is to inhibit
lysosomal proteolysis, thus, increasing levels of autophagosomes
and the autophagosome marker LC3-II, which can be measured.
Many compounds are known to block the autophagic flux [424]
such as chloroquine, which primarily inhibits autophagosome—
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Figure 45. Autophagy pathway (modified and reproduced with permission from ref. [423]). In the first step of autophagy, a double-membraned
vesicle is formed, which elongates to form an autophagosome (left). During the elongation step, the cytosolic protein LC3-I is lipidated to become
LC3-1I, which is inserted into the membrane of the growing autophagosome. The autophagosome closes, engulfing bulk cytoplasmic material to
be degraded (middle). The autophagosome then fuses with a lysosome to breakdown the autophagy vesicle and its contents (right). Autophagy
inducers are shown in RED, and autophagic flux inhibitors are shown in BLUE.

lysosome fusion [425], and bafilomycin A1 (BafA), which inhibits
both lysosomal acidification (thus inhibits lysosomal hydrolase
activity) and autophagosome-lysosome fusion [426]. Both are
common inhibitors used to measure autophagic flux (Fig. 45).

9.3 Flow cytometry autophagy assays

In recent years, autophagy has been successfully measured with
commonly used techniques such as Western blot and microscopy
[427]. However, these assays have their limitations since a certain
number of cells are needed or cell sorting is required to measure
autophagy in a specific cell type within a mixed cell population.
More recently, novel techniques for FCM and imaging FCM have
opened up new possibilities in the field of autophagy. Not only can
primary cells be analyzed, these techniques also allow a higher
throughput and the possibility to measure multiple parameters
simultaneously. As the available Abs to LC3 do not discriminate
between its lipidated and non-lipidated forms, these techniques
rely on detecting punctate LC3 visible by imaging or removing the
non-lipidated form prior to staining [428].

Detection of fused autophagosomes also relies on the identi-
fication of lysosomes, as required for the Amnis® ImageStream
autophagy assay described later. Lysosomes are acidic organelles
that can be identified by pH sensors. One example of such reagents
are the LysoTracker probes (ThermoFisher Scientific), which are
selective for acidic organelles. They must be used at low concen-
trations (usually 50 nM) and incubation time should be restricted
to 1-5 min before imaging, otherwise they induce an increase in
lysosomal pH. They can, however, be fixed with aldehydes, but
the autofluorescence or non-specific staining as mentioned by the
manufacturer, means their specificity for quantifying lysosomes by
FCM will depend on the cell type. However, Lysotracker has had
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some success in flow assays with cells showing an increase in signal
after treatment with chloroquine [429]. LysoSensor pH indicators
(ThermoFisher Scientific) are similar, but exhibit a pH-dependent
increase in fluorescence intensity upon acidification. They have
the same issue of increasing lysosomal pH with longer incubation
times and nonspecific staining when used for FCM. Lyso-ID (Enzo)
is another acidic organelle-selective dye but does not increase lyso-
somal pH over time lending itself to short- and long-term track-
ing of lysosomes. An alternative are lysosome-specific Abs, such
as against the LAMP family members. Anti-LAMP1 staining was
shown to give the same results when compared to Lyso-ID in
the autophagy imaging FCM assay discussed later in this guide-
line [430].
Autophagy FCM assays include:

1. Amnis® ImageStream autophagy assay. Imaging FCM allows
quantification of endogenous LC3 puncta while detecting sur-
face markers. To detect autolysosomes, the co-localization
between LC3 and lysosomes using a bright detail similarity
analysis feature can be used [430-432] (See Chapter VIII, Sec-
tion Imaging FCM for general introduction to ImageStream).

2. Cyto-ID® Autophagy detection kit (Enzo)

This is a proprietary dye that stains autophagic vesicles. Ver-
sion 2.0 of the kit has been developed in 2015 with better per-
formance in signal intensity and photostability compared to the
old version. Both versions seem to stain autophagic vesicles in
a pH-dependent manner, as blocking lysosomal acidification by
bafilomycin A1 significantly compromises the staining signal.
In contrast, chloroquine that blocks autophagosome-lysosome
fusion is compatible with the kit as shown by the manufacturer.
The staining is simple and direct (see protocol provided by the
manufacturer). However, the data is difficult to interpret as
the manufacturer does not state the mechanism on which the
staining is based.

Wwww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1457-1973

3. FlowCellect Autophagy LC3 kit (Merck Millipore). Selective
cell membrane permeabilization with mild detergents allows
discrimination between cytosolic non-lipidated LC3-I from
membrane bound LC3-II by washing out the soluble cytosolic
form. This is our first choice to measure autophagy in primary
cells. Selective detection of endogenous LC3-1I by FCM pro-
vides many advantages to investigate autophagy in primary
cells including lower cell numbers, detection of surface mark-
ers, and other parameters at the same time and it is signif-
icantly quicker than the ImageStream autophagy assay. This
assay was first reported by Eng et al. [428], and can also be
performed with common laboratory chemicals and anti-LC3
Abs. Optimization might be required for different conditions
and primary cells.

9.4 Step-by-step sample preparation (FlowCellect
Autophagy LC3 kit, adapted from the manufacturer’s
protocol)

1. Collect tissues and homogenize into single cell suspension.

2. Culture cells at 37°C in appropriate medium (RPMI 1640 with
10% FBS for human or murine hematopoietic cells) contain-
ing autophagic flux inhibitors (e.g., 10 nM bafilomycin A1)
or vehicle for 2 h. Treatment time and doses may need to be
titrated for different cell types.

3. Transfer the cells to tubes or plates for staining.

4. Stain cells with fixable Live/Dead staining (e.g., Ther-
moFisher, BioLegend) and Fc block in PBS in dark at 4°C
for 20 min. Wash cells by topping up with PBS-0.1% BSA and
spin down.

5. Stain cells with surface markers in PBS-0.1% BSA in the dark
at 4°C for 20 min. Wash by topping up with 1x Assay Buffer
(provided with kit) and spin down.

Note: Usually (4) and (5) can be combined together for
one-step surface marker staining in PBS without significantly
compromising the staining quality. Wash by topping up with
1x Assay Bulffer.

6. Add 1x Autophagy Reagent B (provided with kit) to the cell
pellet, resuspend by pipetting up and down, and immediately
spin down. This step washes away cytosolic LC3-I.

7. Stain cells with FITC-conjugated anti-LC3 antibody (20x,
dilute in 1x Assay Buffer) in the dark at 4°C for 30 min.
Wash by topping up with 1x Assay Buffer and spin down.

8. Wash once more with 1x Assay Buffer to remove the remain-
ing unbound antibody.

9. Fix cells with 2% paraformaldehyde dissolved in PBS in the
dark at room temperature for 10 min. Wash by topping up
with PBS and spin down.

10. Resuspend cells in PBS and analyze by FCM.

9.5 Materials

FlowCellect Autophagy LC3 Antibody-based Assay Kit (Merck Mil-
lipore), PBS, cell culture medium, autophagic flux inhibitor (e.g.,
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bafilomycin A1 or chloroquine), Live/Dead fixable dead cell stains,
Fc Block, Abs for cell surface staining, BSA, and paraformaldehyde.

9.6 Data analysis

A rough idea of autophagic flux can be directly obtained from
LC3-II histograms (Fig. 46A and B). After compensation and gat-
ing on the cell population of interest, the geometric mean of LC3-II
fluorescence intensity can be determined. Autophagy is a complex
cellular process and more accurate assessment requires quantifica-
tion and calculation. Therefore, different aspects of the autophagic
flux are determined by the following calculations:

1. Basal LC3-II levels alone are a direct measurement of the num-
ber of autophagosomes (Fig. 46C). Their increase indicates
either increased autophagosome formation or blocked lysoso-
mal degradation, or both.

2. BafA minus basal LC3-II calculates the amount of LC3-II being
degraded during the period of BafA treatment, which is the net
autophagic flux (Fig. 46D).

3. (BafA minus basal)/ basal LC3-II is a modified version of
autophagic flux measurement, which normalizes the net
autophagic flux to basal LC3-II levels, eliminating variation in
basal LC3-II (including tissue-specific variation and cell size)
and thereby quantifying the efficiency of autophagy (Fig. 46E).

The combination of these different ways of quantification will
gain a comprehensive analysis of autophagy occurring within the
cell. To confirm autophagy levels found by LC3-II, we recommend
to also measure other autophagy-related processes such as lysoso-
mal function and mass, degradation of autophagy adaptor proteins
(e.g., p62), other proteins expressed on autophagosomes (e.g.,
WIPI2), and signaling molecules (e.g., phosphorylation status of
mTOR and ULK1) by FCM, microscopy, and Western blot.

9.7 Pitfalls

The autophagy levels in different types of primary cells under
different conditions vary a lot. Often, only small changes after
autophagy inducing or inhibiting treatments are being observed in
comparison to cell lines. Many commonly used autophagy induc-
ers such as rapamycin, torin 1, or starvation do not cause large
differences in autophagy levels in naive immune cells according to
our unpublished data. Typically in immune cells, cell-specific stim-
ulations such as through the TCR, BCR, TLR, or cytokine receptors
are the strongest and the most reliable (Table 10) [433]. Gener-
ally, it is wise to test a wide panel of inducers and inhibitors in
a time course to find the best read out. Notably, when using any
compounds to induce autophagy, the vehicle needs to be consid-
ered. For example, DMSO is known to induce autophagy [434] and
therefore should be avoided if possible or used at minimum con-
centrations for a short period. As usual, it is necessary to include
vehicle-treated controls in all experiments as any mild stress might
induce autophagy.
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Figure 46. An example of autophagy induction and flux measurement with the FlowCellect LC3 kit in murine B cells. (A) Unstimulated murine
splenocytes were cultured with 10 nM Bafilomycin Al (BafA) or Vehicle (Basal) for 2 h. LC3-II expression was quantified by FCM. (B) Purified
murine B cells were stimulated with 10 pg/mL LPS for 3 days and treated with BafA as in (A) during the last 2 h before harvest. LC3-II expression
was measured by FCM. (C-E) The quantification of basal LC3-II levels (MFI Basal LC3-II) (C), net autophagic flux (MFI (BafA-Basal) LC3-II) (D), and
normalized autophagic flux (MFI (BafA-Basal)/Basal LC3-II) (E) are shown. Data are represented as mean + SEM. Student’s t-test. ‘P < 0.05, P < 0.01,

""P < 0.0001.

Table 10. Autophagy inducers for human primary immune cells.
Treatments that successfully induce autophagy after 24 h?

Primary cell type Autophagy inducer

T cells aCD3/CD28 (highest after 4 days)
B cells IgM, megaCD40L

Monocytes LPS, IFN-y

Macrophages LPS, IFN-y

a)This is not an exhaustive list and kinetic experiments have not been
performed.

One also needs to be aware of off-target effects of compounds
used to modulate autophagy. Some may require specific concen-
trations or incubation times [424]. For example, 3-MA (inhibiting
class III PI3K Vps34 in autophagy pathway) is of low potency,
requiring it to be used at ~10 mM to block autophagosome forma-
tion. At this concentration, it can also affect other kinases including
class I PI3K, p38MAPK, or c-Jun kinase, therefore affecting many
cellular processes [435]. For this reason, 3-MA is not our primary
choice to inhibit autophagy. Bafilomycin A1 is widely used in many
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laboratories but in primary cells, we recommend to use at a low
concentrations for <4 h, otherwise it is toxic. It also needs to be
noted that bafilomycin A may inhibit the proteasome, endocytic
trafficking, and other cellular processes [436].

There are several drawbacks of the FlowCellect Autophagy LC3
kit. The LC3-II staining is incompatible with other intracellular
staining because it requires the wash-out of cytosolic proteins.
As permeabilization and fixation are required for the assay, live-
cell sorting cannot be performed. Moreover, autophagy induction
involves conversion of LC3-I to LC3-II, and thereby the ratio of
LC3-II to LC3-I is another way to quantify autophagy induction.
Yet the current protocol of LC3 kit cannot be used to measure LC3-
I. Generally speaking, every technique has its own advantages
and limitations. It is important to choose the best one for the
experimental question, and ideally combine several techniques.

9.8 Top tricks

Being a stress response, autophagy can be nonspecifically induced
by many insults. Therefore first keeping live cells at low

Wwww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1457-1973

temperatures during sample preparation at all times (except for
the cell culture step) helps to minimize these unwanted effects on
autophagy. Second, for adherent cells, care must be taken when
preparing single cell suspensions. The detachment requires dis-
ruption and injury of the plasma membrane, which can induce
autophagy. For some cells, we found Accutase® induced less
autophagy when compared to scraping or trypsinization.

Finally, the LC3 kit assay involves multiple washing steps.
Accumulative cell loss during each centrifugation may eventually
lead to a very low yield of cells. To maximize the sample recov-
ery, 96-well V-bottom plates are recommended over U-bottom
plates.

10 Reactive oxygen species production with minimal
sample perturbation

10.1 Overview

FCM enables the detection of ROS in live cells. However, RBC
lysis and sample manipulation can result in incomplete lysis of
erythrocytes or in unwanted damage to leukocytes. This sample
manipulation can cause both cellular depletion and artifactual
activation and may result in inaccurate measurements of ROS,
especially in those cases where target cells are the minority. No-
lyse no-wash protocols reduce sample handling, are simple and
fast, and perhaps most importantly, they can minimize sample
preparation and consequent artifacts relevant to the biology of
increasingly important assays that target fragile cell subsets and
or combine live cell function with cell phenotype. In order to
mimic physiological conditions, this method takes advantage of
classic methods that are widely used in FCM and is applicable
for both murine and to human cord blood, peripheral blood, and
bone marrow specimens. Examples provided in this section are
from human PBMCs.

10.2 Introduction

ROS have been shown to be associated with oxidative stress [437].
Toxic, oxygen free radicals contribute to aging [438], apoptosis
[439, 440], and pathological processes [441] in many clinical dis-
orders, such as cardiac dysfunction and myocyte injury [442, 443].
More recently, ROS have also been shown to be involved in sig-
naling processes [444—450], having a role as signaling molecules
that generate specificity in ROS homeostasis.

ROS are generated during mitochondrial oxidative phospho-
rylation or after interaction of myeloid immune cells with xeno-
biotic compounds [447], and their rate of production increases
under hypoxia or after inhibition of mitochondrial respiration
[451, 452]. The term ROS includes superoxide anion (O37),
hydrogen peroxide (H,0-), hydroxyl anion (OH™), hypohalous
acid anions (e.g. OCl~, OBr—), ozone, singlet oxygen, and so
on [447]. ROS are formed by the incomplete reduction of oxy-
gen. ROS are mainly free radicals that many times are not very
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reactive and have a short half-life [446]. Oxygen-derived free rad-
icals are molecular species with unpaired electrons [453] and are
the product of multiple biological oxidation and reduction path-
ways [447].

Although ROS are generated during normal mitochondrial
oxidative metabolism, they are also generated in cellular response
to exogenous compounds, cytokines, and bacterial invasion [450,
454, 455]. ROS, including all highly reactive molecules that con-
tain oxygen, are members of important mechanisms of protection
against infections [456]. The family of NADPH oxidases (NOX),
notably the phagocyte NADPH oxidase (NOX2), are a key source of
ROS and are critical for the defense against infections with viral,
bacterial, fungal, and parasitic pathogens [456-459]. However,
as well as protecting against infection, ROS generation can result
in cell and tissue damage, as a result of the interaction with cell
membranes, nucleic acids, proteins, and enzymes [446, 460, 461].
Oxidative stress is a consequence of the excessive production of
oxygen reactive species or a decrease in the antioxidant defense
[462]. Oxidative stress causes cytotoxicity through structural and
functional alterations, that result in the disruption of cell home-
ostasis [463].

One of the main sources of anion superoxide (O,~) during
homeostatic conditions is the electron transport system of mito-
chondria. Anion superoxide is the first ROS to be produced after
oxygen enters living cells and this radical may generate many other
ROS of different reactivity. Superoxide is produced by one electron
reduction of molecular oxygen, has a short half-life, low reactiv-
ity, and does not normally result in oxidative attack of polyun-
saturated lipids and DNA. However, defects in superoxide dismu-
tase (SOD), a powerful enzyme that catalyzes the dismutation of
superoxide into O, and H,0,, can cause membrane damage due to
spontaneous dismutation of O, into H,0,, resulting in elevated
levels of superoxide, which can lead to cell membrane damage
because of the accumulation of this oxygen reactive species [464].
Its instability is related to the rapid O, dismutation reaction to
hydrogen peroxide (H,0O,) catalyzed by SOD [465].

Hydrogen peroxide is not a free radical but it can give rise
to other ROS. Most ROS are free radicals that cause little dam-
age due to their short half-life, but they are always reactive.
H,0, is much more stable and less reactive than superoxide
anion. However, it can cause cell damage at lower concentra-
tions when compared with O,~ damage [466]. H,0, is hydrosol-
uble and can diffuse across cells and reach distant targets to
cause damage a long distance from its site of formation [466].
Hydrogen peroxide is formed by O, dismutation, catalyzed by
SOD, and an unstable intermediate, hydroperoxyl radical [467].
However, dismutation can also be spontaneous or can be formed
through direct oxygen reduction with participation of two elec-
trons. Hydrogen peroxide can generate other ROS with enhanced
reactivity, such as the hydroxyl radical (OH") or the hypohalous
acid anions [450, 466, 468]. The direct activity of H,O, can dam-
age cells by crosslinking sulfhydryl groups and oxidizing ketoacids,
causing inactivation of enzymes and mutation of DNA and lipids
[466]. Hydroxyl radical is highly reactive and toxic. With a rel-
atively short half-life, hydroxyl radical can also react with many
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biomolecules, including DNA, proteins, lipids, aminoacids, sugars,
and metals [466].

Production of ROS by human monocytes was originally
described using the NBT salt assay [469] or luminol-dependent
chemiluminescence [470]. FCM is progressively replacing these
assays [471] and has several advantages: it is rapid, sensitive,
and multiparametric, and allows cell subpopulations to be stud-
ied [472]. However, in many of these cytofluorometric assays,
samples are subjected to manipulation in the form of centrifuga-
tion, washing steps, erythrocyte lysis, and in some cases, fixation
of cells or enrichment of the target cells by means of density gradi-
ents [473, 474]. This sample manipulation can cause both cellular
depletion and artifactual activation and may result in inaccurate
measurements, especially in those cases where target cells are the
minority.

10.3 Step-by-step sample preparation and assay protocol

Ideally, cytofluorometric functional studies on oxidative burst
should be performed in whole blood with minimal sample manipu-
lation (stain, no-lyse, and no-wash) in order to mimic physiological
conditions. We have tested different probes to detect ROS (V.9.4.
Materials) in leukocyte cells (lymphocytes, monocytes and granu-
locytes) using no-lyse no-wash approaches (Figs. 47 and 48) and
have developed different protocols and recommendations accord-
ing to the reagent used (See also Chapter V Section 16: Assessing
lymphocyte metabolism through functional dyes).

We have developed two no-lyse no-wash strategies for iden-
tifying leukocytes in whole human blood that can be used to
analyze ROS production using FCM. Approach A (Fig. 47) uses
a nucleic acid stain to label and discriminate nucleated cells from
non-nucleated cells, avoiding anucleate mature RBCs. A fluores-
cence threshold is applied to the nucleic acid stain detector to
eliminate the non-nucleated cells from detection by the cytome-
ter during acquisition. Approach B uses a light scatter threshold
(Fig. 48) and exploits the difference in light-absorbing proper-
ties between RBCs and leukocytes. RBCs contain hemoglobin, a
molecule that readily absorbs violet laser (405 nm) light, whereas
leukocytes and platelets/debris do not. This results in an unusual
scatter pattern when analyzing human whole blood with both blue
(488 nm) and violet (405 nm) SSC, which can be used to discrimi-
nate leukocytes from red blood cells by light scatter. Alternatively,
red and violet SSC can also be used (Fig. 48).

The general step-by-step sample preparation is as follows:

1. Dilute 20-50 uL of EDTA anticoagulated fresh blood in 1 mL
HBSS. Adjust the leukocyte concentration to approximately
5 x 10° cells/mL.

2. Prepare positive and negative controls. For positive controls,
use tert-Butyl hydroperoxide 200 uM or PMA 1.63 uM. For
negative controls, prepare a tube in the absence of any ROS
inducing agent.

3. Add the desired ROS staining reagent:

- Dihydrorhodamine 123 50nM
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- Total ROS Assay kit 1X
- Cell ROX™ Deep Red/ Green/ Orange 500 nM

4. Add a nucleated cell staining reagent (e.g., Vybran
DyeCycle™ Violet (DCV) Stain 1 uM) to each tube if you want
to perform approach A. To perform the approach B, this step
is not required.

5. Incubate samples for 30 min, in a dedicated water bath at 37°C,

tTM

and invert tube samples gently every 5-10 min.

6. Mini-centrifuges are ideal for quick and easy spin down. Cen-
trifuge the tubes shortly (10 s 16.1uf) and conserve the super-
natant. Add 1.5 pg/mL 100 pL final volume of the desired Abs
and incubate 20 min at room temperature.

7. Add the conserved supernatant and the viability dye (e.g.,
DRAQ7™ 3 uM) to discriminate necrotic cells. Incubate 10
min at room temperature.

8. Immediately analyze the samples in the flow cytometer. Run
your isotype controls and adjust compensation properly prior
to analyzing the stained sample (Section II.1: Compensation).

10.4 Materials
10.4.1 Reagents.

1. Hanks’ Balanced Salt Solution (1x) (HBSS), w/o Ca & Mg, w/0
Phenol Red (Capricorn Scientific GmbH, catalog no. HBSS-2A)

2. ROS reagents: Dihydrorhodamine 123 (DHR) (Thermo Fisher
Scientific, catalog no. D23806), Total ROS Assay Kit 520nm
(Thermo Fisher Scientific, catalog no. 88-5930-74), CellROX™
Deep Red Reagent (Thermo Fisher Scientific, catalog no.
C10422), CellROX™ Orange Reagent (Thermo Fisher Scien-
tific, catalog no. C10443), CelROX™ Green Reagent (Thermo
Fisher Scientific, catalog no. C10444).

3. Induction reagents: PMA (Sigma-Aldrich® catalog no. P8139-
1IMG), tert-Butyl hydroperoxide solution, 70% solution in
water (Thermo Fisher Scientific, catalog no. C10491).

4. Viability dye: DRAQ7™ (BioStatus, catalog no. DR70250)

5. Total nucleated cells dye: Vybrant™ DyeCycle™ Violet (DCV)
Stain (Thermo Fisher Scientific, catalog no. V35003)

6. Abs: CyFlow™ CD3 APC-Cy7 (Sysmex, catalog no. AU20
8254), CyFlow™ CD11b PE-Cy7 (Sysmex, catalog no.
CB652124), CyFlow™ CD14 PE (Sysmex, catalog no.
BR806060), CyFlow™ CD33 APC (Sysmex, cat. no.
AW821754)

10.4.2 Equipment.

1. Invitrogen™ Attune™ NxT flow cytometer (Thermo Fisher
Scientific, catalog. no. A24858)

2. Invitrogen™ Attune™ No-Wash No-Lyse Filter Kit (Thermo
Fisher Scientific, catalog no. 100022776)

3. Water bath set at 37°C

4. Eppendorf® Microcentrifuge 5415D, with rotor F 45-25-11
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Figure 47. Identification of leukocytes in human whole blood using violet laser and Vybrant DyeCycle Violet stain on the Attune NxT Flow
Cytometer. Leukocytes are outnumbered by red blood cells 700-fold in whole blood and generally require enrichment by RBC lysis or gradient
centrifugation prior to analysis. This strategy exploits the use of Vybrant DyeCycle Violet stain (DCV), a low cytotoxicity permeable DNA-specific
dye that can be used for DNA content cell cycle analysis and stem cell side population by FCM. DCV threshold levels were set empirically to exclude
the large amounts of red blood cells that are found in unlysed whole blood. A proper threshold is shown in a SSC-H versus DCV-H dotplot (left).
DCV can be excited with violet lasers and can be used for simultaneous staining with Abs. This protocol is ideally suited to study the numbers of
nucleated cells in unlysed whole blood. Using a gate in this figure as the parent gate (R1), the three main leukocyte cell populations (R2) in human

blood are identified using classic forward and side scatter plots (right).
10.5 Data analysis

Install the Attune NxT No-Wash No-Lyse Filter Kit (catalog no.
100022776) in the optical bench of the instrument. To use the
filter kit, remove the 440/50 BP filter in VL1 slot 1 and place the
405/10 BP filter that is placed in the VL1 slot 1 in slot 1. Remove
the 495 Dichroic LP (DLP) filter in a lot A the 415DLP. The Blank
filter in slot 1A is switched with the 417LP filter in slot 0. SSC
was detected using both blue laser (488/10 BP) and violet laser
(405/10 BP filters) (Fig. 49).

Labeled and diluted blood samples were run on the cytometer
with a sample input rate of 100 pL/min. DCV fluorescent threshold
levels were set empirically using a V-SSC versus DCV dual parame-
ter plot to eliminate from detection the large amounts of red blood
cells that are found in unlysed whole blood. A proper threshold is
shown in Fig. 47A. In this example, the DCV threshold values on
the Attune NxT are set at 0.3 x 1000, and this setting also excludes
from analysis non-nucleated cells and debris. This value is adjusted
while acquiring data and observing the position of the DCV+ cells
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on the bivariate dot plots such that all the nucleated blood cells
are on scale with the least amount of debris appearing in these
plots. Other specimens, such as marrow or cord blood may appear
with different scatter properties and minor variations in fluores-
cence intensities. A rectangular gate R1 was drawn to enclose the
DCV-positive cells, and subsequent bivariate plots were generated
based on this gate.

10.6 Pitfalls

At higher sample concentrations/sample input rates, erythrocytes
are frequently coincident with leukocytes, but leukocytes are very
rarely coincident with each other. Height parameters are more
accurate than area due to contributions to the area from these
erythrocytes, when no-lyse no-wash methods are used. Relation-
ships between extinction pulse widths, peak heights, and inte-
grals, tend to be different for symmetric and asymmetric cells,
and for single particles and doublets or multiplets, making the

Figure 48. Identification of leukocytes in human
whole blood using violet side scatter on the flow
cytometer. Resolution of leukocytes from red blood
cells in whole blood is improved by incorporat-
ing violet 405 nm side scatter. Using both violet
and blue side scatter (left) or both violet and red
side scatter (right), allows identification of leuko-
cytes in whole blood. Using a gate in this fig-
ure as the parent gate, the three main leukocyte
cell populations in human blood can be identi-
", fied using classic forward and side scatter plots
(PLTs, platelets; Ly,: lymphocytes; Mo, monocytes;
Gr, granulocytes; RBCs, red blood cells).

5

10
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discrimination of pathological large cells from doublets and/or
aggregates difficult. The more conventional way of dealing with
doublets is based on scatter signals. However, fluorescent trigger-
ing using DNA viable stains may increase single-cell discrimina-
tion. Moreover, fluorescence thresholding is typically required at
higher sample concentrations needed for large numbers of cells
per sample. Specific DNA fluorescent labeling can be used to rise
above RBC background through fluorescence thresholding, even
using lyse no-wash methods. Scatter for fluorescence parameters
chosen for thresholds in a no-lyse no-wash assay should produce
the highest separation possible from the background.

Important note: The influence of different blood anticoagulants
on ROS production should not be ignored. Please take into account
which anticoagulants can be used in combination with your kits
and reagents. Dihydrorhodamine 123 flow cytometric method can
be used either with EDTA or heparin, without the usual necessity
of a preliminary search for artifacts.

10.7 Top tricks

In this approach, non-nucleated cells are detected by the instru-
ment during acquisition, but excluded by gating during analysis.
Care must be taken when using the method to keep event rates
below instrument limitations for Poisson coincidence. RBC con-
centration in whole blood is on the order of 5 million cells/uL so
whole blood must be properly diluted (1/100 or greater) to avoid
instrument saturation.

Dead cells often give false positive results, as they tend to bind
nonspecifically to many reagents. Therefore, removing dead cells
from your FCM data is a critical step to help ensure accurate results
and analysis. Different manufacturers market nonfixable cell via-
bility assays for FCM to distinguish live and dead cell populations
with more accuracy than FSC and SSC data. For more detail on this
control aspect, see Section II1.4: Dead cell exclusion, cell viability,
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Figure 49. Use of the Attune NxT No-Wash No-
Lyse Filter Kit. The standard configuration for
the 405 nm violet laser optical filter block is
shown in (A) and the same optical filter block
using the No-Wash No-Lyse Filter Kit shown in
(B), with changes outlined in red. To use the fil-
ter kit, remove the 440/50 BP filter in VL1 slot 1
and place the 405/10 BP filter that is placed in
the VL1 slot 1in slot 1. Remove the 495 Dichroic
Longpass (DLP) filter in a lot A the 415DLP. The
Blank filter in slot 1A is switched with the 417LP
filter in slot 0.

and sample freezing. For ROS production studies, different dyes
can be used on a flow cytometer based on auto-oxidation, photo-
chemical reactions, mitochondrial respiration, cytochrome P450,
NADPH oxidase, and other enzymes. Most of these reagents are
photostable fluorogenic probes that can also be detected by con-
ventional fluorescence microscopy or high content imaging and
screening. One of the most common cytofluorometric assays uses
dihydrorhodamine 123, an uncharged and nonfluorescent ROS
indicator that can passively diffuse across membranes where it is
oxidized to cationic rhodamine 123, which then localizes in the
mitochondria and exhibits green fluorescence [475].

As shown in Fig. 50, ROS production can be easily distinguished
using these markers with a multi-laser FCM protocol using no
color compensation. This simplicity makes these no-lyse no-wash
strategies even more attractive as a better choice for phenotypic
and functional measurements using freshly drawn blood samples
[476].

10.8 Compensation guidelines

Single color compensation controls should be used with all mul-
ticolor experiments in FCM (See Chapter II Section 1: Compen-
sation). Compensation controls need to be at least as bright as
the sample they apply to. Ab capture beads are ideally suited for
this. Background fluorescence should be the same for the posi-
tive and negative control populations for any given parameter.
The compensation color must be matched to the experimental
color. Match fluorophores by brightness (values from the stain
index) to density of the antigens—try to match brightest fluo-
rophores with lowest-expressed antigens (APC-CD33), and least
bright fluorophores with highest-expressed antigens (PE-CD14).
If multiple lasers (spatially separated) are present, spread fluo-
rophores across the lasers to minimize spillover. Know your instru-
ment configuration-pick fluorophores that work with your instru-
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Figure 50. Reactive oxygen species production. Representative experiment of activated leukocytes in unlysed whole blood. Cells were stained
with Vybrant DyeCycle Violet stain to discriminate nucleated cells from erythrocytes (excitation/emission (nm): 405/437), in combination with
dihydrorhodamine (DHR) 123 or Total ROS 520 nm (excitation/emission (nm): 488/530) PE-CD14 (excitation/emission (nm): 561/578), APC-CD33
(Excitation/Emission (nm): 637/660), and 7-ADD (Excitation/Emission (nm): 488/647). A polygonal gate was drawn to enclose the DCV-positive cells,
and subsequent bivariate plots were generated based on this gate. Cells were stimulated with PMA dissolved with DMSO and incubated in presence
of DHR (upper row) or Total ROS (lower row) for 30 min at 37°C. Subsequently, cells were stained with DCV and PE-CD14, PECy7-CD11b, APC-CD33,
and APCCy7-CD3 Abs for 20 min at room temperature. Following incubation, blood was diluted in HBSS and immediately analyzed on the flow
cytometer. DRAQ7™ was added to discriminate necrotic cells (data not shown).

ment’s optical configuration and design panels to maximize use of
multilaser instruments. In order to have a statistically significant
count of the target cells, a minimum of 50 000 DCV+ should be
counted.

Despite limitations, no-lyse no-wash assays are simple and fast
and perhaps most importantly, they can minimize sample manipu-
lations and consequent artifacts relevant to the biology of increas-
ingly important assays that target fragile cell subsets and or com-
bine live cell function with cell phenotype. For more than 15 years,
we have used these no-lyse no-wash methods for ROS production,
but also for the detection of rare cells, as well as for cell sort-
ing experiments [477]. ROS production should be studied using
this simple and fast methodology, but also for rare cell detec-
tion (Chapter V Section 1: Rare cells—general rules), minimal
residual disease studies or human hematopoetic progenitor cell
counting.

11 Intracellular Ca?* mobilization by means of Indo-1
AM

11.1 Overview

Ca®* ions play an essential role as an intracellular messenger in
nearly all cellular systems and regulate a multiplicity of cellular
functions [478]. In this section, we focus on antigen receptor-
mediated Ca?* mobilization in naive B-cells by means of Indo-
1 AM. However, this method can be adapted to any other cell
population, lymphocyte subpopulation, or cell line that can be
triggered via any surface receptor that induces Ca®* flux.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

11.2 Introduction

In the immune system, Ca®>* mobilization induces many direct pro-
cesses such as activation of platelets, degranulation of mast cells,
or the killing of target cells by cytolytic T cells. It is also an essential
component of the signaling cascades downstream of several recep-
tors, including the B- and T-cell receptors, activating Fc receptors,
and chemokine receptors, and has been shown to regulate the
transcription of target genes and subsequently driving processes
such as proliferation, and differentiation [479-482], suggesting
that Ca®>* mobilization should be a consideration in many aspects
of immunological research. In brief, in the case of antigen recep-
tors, binding of the antigen initiates a signaling cascade leading
to the generation of the second messenger IP; This binds to its
receptor in the ER membrane after which Ca?* is released from
the ER into the cytoplasm. This release is the very transient inter-
nal store release (ISR) [483, 484]. Reduced Ca?* levels in the ER
are sensed by STIM1/2, leading to the opening of the Ca®" release
activated Ca®>* (CRAC) channels such as ORAI1 in the plasma cell
membrane causing a more sustained store operated Ca®* entry
(SOCE) from the extracellular space into the cytoplasm (Feske
et al.; [484]). Based on patch clamp methods, Ca®>* currents can
be measured very precisely at the single cell level [485, 486].

Because this method is not feasible for many laboratories,
determination of Ca?* mobilization by means of the widely avail-
able FCM may represent an easy alternative, providing relative
values of Ca?* mobilization at the single cell level.

Indo-1 acetoxymethyl ester (AM) is a cell-permeant ratiometric
Ca®* indicator, used to determine intracellular Ca%t mobilization
at the single cell level [487]. The dye is excited at 355 nm and
therefore requires a true UV laser. The Indo-1 AM emission peak
at 475 nm in the absence of Ca?* shifts to 400 nm upon binding of
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Ca®* to cytosolic de-esterified Indo-1. Therefore, changes in the
ratio of Ca**-bound Indo-1 signal at 475 nm to Ca?*-unbound
Indo-1 AM signal at 400 nm allow the immediate detection of
alterations in intracellular Ca®* concentration (Fig. 51A).
Alternative methods for detecting Ca?>* by FCM include meth-
ods involving the use of Fluo-3 or Fluo-4 [488, 4891, either alone
or in combination with Fura Red, taking advantage of excita-
tion with a standard 488 nm laser [208, 490]. This avoids the
necessity of the more costly UV laser required for excitation of
Indo-1. Furthermore, Fura Red can also be used on its own tak-
ing advantage of differential excitation from the violet (405 nm)
and green (561 nm) lasers, enabling ratiometric measurements
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Figure 51. Measuring intracellular
Ca?* mobilization in human B cells in
response to anti-IgM stimulation after
labeling with Indo-1 AM. (A) The shift
in Indo-1 bound to Indo-1 unbound at
low intracellular Ca?* concentrations
(grey) and high intracellular Ca?*
concentrations (black). Ca?* increase
was induced in Indo-1-labeled PBMCs
by addition of iono. (B) Setting of
Indo-1 AM bound versus Indo-1
AM unbound on x-axis and y-axis,
respectively. The PMTs should be
adjusted so that unstimulated cells
occur on a line about 45° to the y-axis.
(C) Gating strategy for the analysis of
Ca?t mobilization in naive (na), IgM
memory (M Mem), and switched (sw)
memory B cells after stimulation with
anti-IgM. PBMCs were labeled with
Indo-1 AM and stained with CD27,
CD19, IgG, and IgA After gating on
living Indo-1 bound cells, lymphocytes
were determined. Gating of CD19+
B cells is followed by differentiation
of IgG/IgA”/CD27° naiwve (na) B cells,
IgG/IgA"/CD27+ IgM Memory B cells
? (M Mem), and IgG/IgA+/CD27+ class
g switched memory B cells (sw). Dot
plots of time versus ratio of Indo-1
bound/unbound (middle panels) and
kinetics (lower panels) are shown
for the three subpopulations. After
baseline acquisition anti-IgM (arrow)
was added inducing a shift of Indo-1
AM bound/unbound in IgM-expressing
naive and IgM Memory B cells whereas
this ratio is at baseline levels in IgM-
negative class switched memory B
cells. After addition of iono the ratio of
Indo-1 AM bound/unbound is rapidly
increasing in all subsets. Data were
acquired with a BD LSR Fortessa™ and
analyzed by FlowJo™.
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as for Indo-1 [491]. Ratiometric measurements have the added
advantage of controlling internally for cell size and dye uptake.
An excellent overview of the different dyes that can be used for

Ca®* analysis can be found at https://www.thermofisher.com/us/
en/home/references/molecular-probes-the-handbook.html.

11.3 Step-by-step sample preparation
Isolation of peripheral blood mononuclear cells (PBMCs)

1. See Chapter III. Before you start: Reagent and sample prepa-
ration, experimental design; Section 4. Pre-enrichment of low
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abundant cell populations prior to acquisition/cell sorting; Sec-
tion 4.2 Pre-enrichment by physical properties

All steps of cell isolation should be performed at room temper-
ature with buffers and media also at room temperature. If this is
not possible, the cells should be allowed to equilibrate to room
temperature for 30 min.

Loading:

1. Per measurement of Ca®t mobilization in B cells 2 x 10°
PBMCs are needed. Cells are adjusted to 10 x 10® PBMCs/mL
RPMI/10% FCS. The respective amount of cells is loaded with
4.5 uM Indo-1 AM in the presence of 0.045% of the deter-
gent Pluronic F-127 for 45 min at room temperature in the
dark [492].

2. Mix the cell suspension during the loading procedure by drag-
ging the sample tubes over a tube rack every 15 min.

Washing:

1. Wash twice with 5 mL RPMI/3% FCS (300 x g, 5 min, at room
temperature), remove supernatant.

Cell surface staining:

1. Add fluorescence-conjugated Abs (CD27, IgG, IgA, CD19).
2. Incubate for 15 min at room temperature in the dark.

Washing:

1. Wash with 4 mL RPMI/3% FCS, remove supernatant. Resus-
pend cells in 300 uL. RPMI 10% FCS.

The sample measurement should be performed within the next
1-2 h.

Flow cytometer settings:

1. Display Indo-1 bound (FL12 405/10) and Indo-1 unbound
(FL13 520/35, 445 LP) on a linear scale.

2. View Indo-1 unbound on the y-axis and Indo-1 bound on
the x-axis. Adjust the PMT voltage so that the signals from
unstimulated cells are located on a line about 45° to the y-axis
(Fig. 51B).

3. A dot plot showing time on the x-axis versus the ratio of Indo-
1 bound/unbound on the y-axis displays the kinetics of Ca®*
mobilization. Ensure that the baseline and the maximal peak
upon stimulation (iono) are within the displayed range. If this
is not the case, the PMTs must be adjusted.

Data acquisition:

Do not change the velocity of data acquisition during the mea-
surement

1. Acquire the baseline for 30 s.
2. Remove the tube and add 10 pg/mL anti-IgM (do not stop data
acquisition).
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3. Acquire for an additional 4 min.

4. Add 1 pg/mL iono as a loading control (do not stop data acqui-
sition). In the presence of Ca?* in the medium and proper
labeling of the cells with Indo-1 AM, all cells have to show a
maximal increase in the intracellular Ca** concentration. Stop
acquisition after an additional 90 s.

5. Wash the flow cytometer thoroughly before the next tube is
loaded. Run fresh tubes of PBS twice for 1 min each (residual
iono can directly induce Ca?* mobilization in the subsequent
sample).

To allow for comparison of different data sets the rate of
sample flow, the time of baseline acquisition, time point of BCR
stimulation and addition of iono must be kept constant between
samples.

11.4 Materials

RPMI 1640 PAN Biotech

FCS Biochrome
Indo-1 AM Life Technologies
DMSO Sigma

Pluronic F-127 Life Technologies
Ionomycin Sigma

Fortessa BD equipped with a UV laser BD Biosciences
Antibodies:

CD19 PE-Cy7 Beckman Coulter
CD27 PerCp-Cy5.5 Biolegend

IgG PE BD Biosciences
IgA PE Southern Biotech
anti-IgM UNLB Southern Biotech

11.5 Data analysis

Depending on the required resolution of the information, data
analysis can be performed by using standard acquisition software
such as BD FACSDIVA™ (BD Biosciences, San Jose, CA) or sim-
ilar. In addition, the analysis software programs FCS Express™
from De Novo Software (Glendale, CA), Flowlogic™ from Inivai
Technologies (Victoria, Australia) and FlowJo™ (Treestar Inc.,
Ashland, OR) each offer a “kinetics” tool to analyze the acquired
Ca?* mobilization data. An example for anti-IgM-induced Ca®*
mobilization in human B-cell subpopulations when analyzed by
Flowjo™ is shown in Fig. 51C. Prior to further gating, Indo-1 AM-
negative cells must be excluded. Thereafter, the commonly used
gating strategy including FSC/SSC, exclusion of doublets, and gat-
ing on the specifically stained subpopulations is performed. Look-
ing at the respective B-cell subpopulations in a dot plot showing
the ratio of Indo-1 AM bound/unbound versus time gives a bet-
ter impression than merely looking at the kinetics function, since
Ca?* kinetics provide multiple read-out parameters. For exam-
ple, the mean peak intensity and the time to peak, imply the
early phases of Ca?>* mobilization, which in B cells is essential for
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the induction of NF-kB and JNK [493]. In contrast, the decline
represents the later phase, which is important for the activation
of NFAT [479, 493]. Of note, the response of lymphocyte subpop-
ulations is usually less homogeneous than, for example, those of
cell lines. The percentages of responding cells can differ, and the
non-responding population will strongly influence the read out,
especially with regard to the mean values. We therefore advise
you to perform an additional analysis of the parameters men-
tioned above, referring to the responding cells only, by setting the
baseline as the threshold and excluding non-responding cells from
further analysis.

11.6 Pitfalls

As with all functional assays, control samples that have ideally
undergone the same pre-analytical steps as the test samples are
required for Ca®* mobilization studies. This is especially impor-
tant when samples were shipped or previously frozen. The optimal
temperature for the investigation of Ca?* mobilization, as for all
signaling studies, is 37°C. However, standard instruments are usu-
ally not equipped with a heatable acquisition chamber to maintain
the samples at a constant temperature of 37°C during the measure-
ment. Strong fluctuations in temperature during cell preparation
and between the different experiments should be avoided, since
this may influence the Ca?* flux. Although most cell types are
capable of inducing Ca®* mobilization at room temperature (e.g.,
human lymphocyte subpopulations), some cell types are more sen-
sitive and may require 37°C to run the assay. In most cases, pre-
warming of the samples to 37°C improves Ca?* mobilization, but
subsequent cooling during the measurement may lead to changes
of the Ca®* baseline levels in some subpopulations and may thus
render the analysis inaccurate. Therefore, we perform the entire
process of loading, staining, washing, and measuring the cells at
room temperature. Of note, during cell isolation or preparation
(e.g., isolating PBMCs through Ficoll), labeling, and staining, the
use of cold PBS and other media should also be avoided. Further-
more, mechanical force may induce Ca?* flux. Therefore, carefully
dragging the sample tubes over a tube rack to mix them during
the entire procedure is better than vigorous shaking or vortexing
of the cells.

It is important to make sure that the Abs used for cell surface
staining do not themselves induce Ca?* mobilization. This can be
tested by adding the staining Ab to Indo-1 AM loaded cells and
detecting the resulting Ca®* levels. Since kinetics may vary, the
period of acquisition for these tests should be for at least 10-15
min. If the Ca?* baseline shifts in response to the staining Ab,
that Ab should not be used. To test whether one of the staining
Abs interferes with binding of the Ab used for stimulation, the
measurement should be compared in the presence and absence of
the respective cell surface Ab.

If datasets from different days have to be compared, it is rec-
ommended that you keep the times between loading, staining, and
data acquisition constant for all of the samples.
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The UV laser should be turned on at least 15 min beforehand
to allow it to stabilize prior to use, since it is highly sensitive
and more prone to fluctuation than other lasers. To ensure data
reproducibility, it is also useful to wait a few seconds after loading
the tube before recording the events. This will provide a better
definition of the baseline. The flow rate should be kept constant
throughout the measurement at low or intermediate rates. How-
ever, if the population of interest represents only a very small
percentage of the acquired cells, it will be necessary to measure at
higher speed in order to be able to record enough events/second
for your analysis.

It is important to note that extracellular concentrations of Ca%*
will affect Ca®* entry, with higher concentrations leading to higher
entry, and other ions (e.g., Cl', Na*, K™) may also have an effect.
The presence of serum may influence the availability of ions and
other factors. The phosphate present in PBS may precipitate Ca®*,
also affecting extracellular Ca®* levels. Depending on your exper-
imental question, cell type and other conditions, RPMI with serum
and/or PBS may not be optimal to use as the final buffer. Because
of this, it may be helpful to make your own buffer, in which the
concentrations of all ions are known. For washing your samples
and the final measurement on the cytometer, it may help you to
use HBSS solution without Ca?* (Hanks solution), preferably self-
made, and to supplement a portion of this with 2 mM Ca?* on the
day of the experiment.

11.7 Top tricks

11.7.1 Measuring different cell types and various subpopulations.

The protocol described above is in general applicable for the
determination of Ca?t mobilization in B cells, T cells, NK cells,
granulocytes, monocytes, and also different cell lines. By adding
surface markers to the Ab staining, a high resolution of the dif-
ferent subpopulations from peripheral blood as well as from lym-
phoid organs can be achieved. The stimuli have to be adjusted,
according to the Ca®* flux-inducing receptor. In primary human
T cells CD3 mAb must be crosslinked. To analyze class switched
B-cell populations in parallel, anti-Ig instead of anti-IgM should
be used for antigen receptor stimulation. While Ca?* levels are
relatively similar in T and B cells, different cell types have differ-
ent intracellular Ca®* levels. The appropriate PMT settings for B
cells would not necessarily fit those for granulocytes or cell lines,
therefore PMTs should be reset accordingly.

For cell lines, it might be necessary to serum starve the cells
prior to Ca?* determination, therefore both loading and washing
steps could occur in the absence of FCS, or in the presence of lower
concentrations of FCS. Alternatively, lower concentrations of Indo-
1 AM, shorter incubation times, and the omission of Pluronic F-
127 can be tested, depending on the cell type and the precise
application, leading to changes in the fluorescence intensity of the
Indo-1.
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11.7.2 Distinction between ISR and SOCE. Cell culture medium
usually contains Ca®*. To differentiate between ISR, from the ER
into the cytoplasm, and SOCE, from the extracellular space into
the cell, Ca?*-containing medium has to be removed by washing
and resuspending the cells in Ca®*-free PBS or other Ca®*-free
buffers. Alternatively, EGTA, a chelator that is related to EDTA
but preferentially binds Ca®* ions, can be used. The transient ISR
is detected after the appropriate stimulation, while subsequent
addition of CaCl, during the measurement reveals the sustained
SOCE.

12 mRNA

12.1 Overview

The quantification of transcripts (mRNA) is key to understanding
the immediate response of cells to changes. Furthermore, measur-
ing transcripts is a useful alternative when Abs for protein detec-
tion are not available. Several techniques have been traditionally
developed to quantify mRNA, such as quantitative RT-PCR, North-
ern blot analysis, nuclease protection assays and fluorescence in
situ hybridization but none of these methods allow complex high-
throughput single-cell analysis. This section will introduce a novel
FCM technique that enables simultaneous quantification of tran-
scripts as wells as intracellular and surface proteins on a single-cell
level [494-496].

12.2 Introduction

The immune system comprises many different cell types, each of
them bearing specialized functions. The response of any cell can be
detected first at the transcriptional level (mRNA) and subsequently
at the level of proteins translated from the mRNAs. Until recently,
the simultaneous detection of specific nucleic acid sequences in
combination with proteins on a single-cell basis was restricted
to microscopy, limiting the analysis to a few hundred cells. Flu-
orescence in situ hybridization is an example of such a method,
although high-throughput acquisition is not applicable. Flow cyto-
metric analysis of nucleic acids, especially RNA species, including
mRNA, miRNA, long noncoding RNA (IncRNA), and viral RNA
targets, allows the high-throughput acquisition of several million
cells on a single-cell basis.

The PrimeFlow™ RNA Assay (Invitrogen, ThermoFisher) uses
branched DNA technology (bDNA) to quantify up to four RNA tar-
gets of interest by FCM. bDNA technology amplifies the reporter
signal instead of the target; the latter is the case, for example,
for RT-PCR. By building a tree-like structure for reporter sig-
nal amplification, the specificity and SNR of bDNA technology
increases.

In principle, RNA sequence-specific probe sets consist of
oligonucleotide pairs (20-40 per target) that hybridize to the
target RNA sequence. The preamplifier, which forms the trunk
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of the tree, directly hybridizes to adjacent oligonucleotide
pairs. Subsequently, multiple amplifier molecules hybridize to
a single preamplifier molecule, like the branches of the tree.
Finally, multiple fluorescently-labeled probes bind to an ampli-
fier molecule mimicking the leaves of the tree (Fig. 52). Accord-
ing to the manufacturer’s instructions, an 8000-16 000-fold
amplification of the transcript is achieved after optimal assay
performance.

Currently, four fluorescent dyes that are detectable in differ-
ent channels are available: Type 1/AF647, type 10/AF568, type
4/AF488, and type 6/AF750. Of those types, AF647 and AF568
give the strongest signal, and we recommend using those to detect
RNAs with low or unknown expression. AF488 (medium-intensity
signal) and AF750 (low-intensity signal) should be used for highly
expressed RNA targets.

A main advantage of the PrimeFlow™ RNA Assay is that pro-
teins, such as lineage markers, intracellular proteins of interest,
and mRNAs can be detected simultaneously. This will allow for
the quantification of transcripts and protein in defined cell types
on a single-cell level.

12.3 Step-by-step protocol

The PrimeFlow™ RNA Assay can be performed in a conventional
laboratory equipped with a CO, incubator, capable of stably main-
taining 40°C, a refrigerated swinging bucket centrifuge, and a flow
cytometer supplied with three lasers: blue (488 nm), yellow-green
(561 nm), and red (633 nm or similar).

The assay can be performed in 1.5-mL Eppendorf tubes pro-
vided in the kit, or in 96-well V- or U-bottom plates. The step-by-
step protocol in this version is based on using 96-well V-bottom
plates. When using 1.5-mL Eppendorf tubes, the volumes have to
be adjusted.

It is important that after all centrifugation and discarding steps,
the residual volume in each well does not exceed 10 uL.

12.3.1 Single cell suspension preparation. For reliable results, it
is crucial that the assay is performed with vital cells.

12.3.1.1 Cultured cells. Collect cells by centrifugation (sus-
pension cells) or trypsinization (adherent cells). For cell lines, it
is recommended using cells in the exponential growth phase.

12.3.1.2 Blood. It is recommended that blood is collected
in a solution preventing coagulation and stored at room tem-
perature to ensure best physiological conditions and high qual-
ity sample preparation. RBCs can be removed using a Ficoll- or
Percoll-gradient purification step according to standard operating
procedures (human), or by lysis as described below for tissues

(mouse).
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Step 1: Sample preparation Step 2: Target Hybridization Step 3: Signal amplification
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Figure 52. Schematic workflow for the quantification of transcripts by FCM using the PrimeFlow™ RNA Assay. Step 1: Single-cell suspensions
are stained for surface and intracellular proteins according to standard protocols for FCM followed by a second fixation step. Step 2: Cells are
incubated with mRNA-specific probe sets. Step 3: The signal of the mRNA-specific probes is amplified using different sets of amplifiers and probes.
Step 4: The fluorescence of stained cells is measured using a flow cytometer and analyzed by suitable software after gating on live singlets. The
example shows the expression of intracellular gagpol mRNA and surface p24 Gag protein of J89 cells that were latently infected with HIV-1 and
activated with hTNF-a (10 ng/mL) for 40 h [495]. Steps 1-3 reproduced with permission from ThermoFisher Scientific © 2019.

12.3.1.3 Tissues (procedure is validated for murine tumors, lung,
and liver). Collect resected tissues in RPMI supplemented with
10% FCS and cut into small pieces. Digest with 1 mg/mL collage-
nase IV (Bioconcept) at 37°C on a rotating device. After 45 min,
add 2.6 ng/mL DNAsel (ThermoFisher) and continue digestion for
additional 15 min at 37°C. Wash cells with 0.01 M EDTA in PBS
by centrifugation at 350 x g for 5 min. Lyse RBCs using RBC lysis
buffer (17 mM Tris pH 7.2, 144 mM NH,4Cl) for 2 min. Wash cells
with PBS and filter the cell suspension through a 70-pm filter to
remove debris.

Be aware that collagenase treatment may affect the expres-
sion of certain cell surface antigens [497] and may be replaced
by other methods for single-cell preparation from tissue include
mechanical hashing and serial filtering [498]. Moreover, manip-
ulation of tissues ex vivo may influence both the stability and
composition of mRNA in the sample [499]. Because the influ-
ence of the tissue-processing method on the quality and quan-
tity of individual proteins and transcripts cannot be predicted,
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we recommend including test runs or validation steps wherever
possible.

12.3.1.4 Cell surface, intracellular staining, and target probe
hybridization. The method described below is based on the man-
ufacturer’s protocol. All buffers included in the PrimeFlow™ RNA
Assay kit are marked with an asterix (*). The notes are added by
the authors based on their experience.

The following protocol is adapted for the use of 96-well U- or
V-well plates. Please refer to the manufacturer’s protocol for 1.5
mL tube protocol.

The washing buffer should be brought to room temperature
before usage.

1. Prepare 2-5 x 10° cells in 100 uL of FCM buffer (PBS, 2%
FCS) per well of a 96-well plate. Centrifuge at 500 x g for
4 min at 4°C. Discard the supernatant by inverting the plate
over the sink and blotting it on a paper towel.
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Note 1: Please be aware that due to the high number of washing
steps, approximately double the initial amount of cells in comparison
to regular antibody staining should be used.

Note 2: Please note that target expression levels should be taken
into consideration for defining the amount of starting material. The
authors recommend to start with higher amounts of cells if the target
mRNA, the target antigen, or target cell type are present in low
frequency.

Note 3: The authors recommend a final concentration of 20 mM
EDTA at pH 8.0 in the FCM buffer for tissue samples to ensure proper
single cell disaggregation.

2 Surface stain cells with appropriate fluorophore-labeled Abs
diluted in 100 pL FCM buffer for 30 min at 4°C.

Note: Include a fixable viability dye to exclude dead cells from the
analysis. If a fixable viability dye is used, usually an FCS-free buffer
for washing and staining must be used.

3 Centrifuge at 500 x g for 4 min at 4°C and discard the super-
natant. Wash with 200 puL FCM buffer. Discard supernatant
by careful aspiration or inverting and blotting.

4 Prepare Fixation Buffer 1*: Mix equal parts of Fixation Buffer
1A* and Fixation Buffer 1B* (by gently inverting 4 times). A
total volume of 200 pL/sample is required.

Note: Prepare fresh. Avoid vortexing and shaking.

5 Centrifuge at 1000 x g for 4 min at 4°C, discard the super-
natant, and resuspend cells in residual volume by pipetting
(vortexing when using 1.5 mL tubes).

6 Add 200 pL of Fixation Buffer 1* to each well and mix gently
by pipetting. Incubate for 30 min at 4°C.

7 Centrifuge at 1000 x g for 4 min at 4°C, discard the super-
natant and suspend cells in residual volume by pipetting.

8 Prepare Permeabilization Buffer with RNase inhibitors*:
Dilute Permeabilization Buffer* tenfold with RNAse-free
water. Add RNase-inhibitor* at 1/100 ratio. The needed total
volume throughout the assay per sample is 700 pL.

Note: Prepare fresh. Avoid vortexing and shaking. We recommend
to prepare 10% more of the permeabilization buffer to account for
the buffer foaminess and pipetting errors.

9 Add 200 pL of permeabilization buffer with RNase inhibitors*
to each well and mix gently. Centrifuge at 1000 x g for 4 min
at 4°C, discard the supernatant and resuspend cells in residual
volume.

10 Repeat step 9.

11 (Optional) Stain cells intracellularly with the appropriate
fluorophore-labeled Abs in 100 pL permeabilization buffer
with RNase inhibitors* for 30 min at 4°C.

12 (Optional) Centrifuge at 1000 x g for 4 min at 4°C, discard
the supernatant, and suspend cells in residual volume.

13 Repeat step 12.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Biological applications

14 Prepare Fixation Buffer 2*: Dilute Fixation Buffer 2* eight-
fold in Wash Buffer*. Volume per sample: 200 pL. Mix by
inverting.

15 Add 200 L Fixation Buffer 2* to each well and incubate for
1 h at room temperature in the dark.

Note: The protocol can be stopped at this step after adding Fix-
ation Buffer 2*. The cells can be incubated overnight in the dark at
4°C.

16 Centrifuge at 1000 x g for 4 min at room temperature, discard
the supernatant, and resuspend cells in residual volume.

17 Wash with 200 pL Wash Buffer*. Centrifuge at 1000 x g
for 4 min at room temperature, discard the supernatant, and
resuspend cells in residual volume.

18 Repeat step 16.

Note: The protocol can be stopped at this step. The cells can be
stored in Wash Buffer* with RNAse inhibitors* (1/100) overnight at
4°C in the dark.

19 Thaw target probe sets at room temperature and pre-warm
Target Probe Diluent* to 40°C in the incubator.

20 Prepare target probes: Dilute target probes 20-fold in Target
Probe Diluent*. Volume per sample is 100 pL. Mix the solution
by pipetting up and down.

Note 1: If you combine more than one target probe in a sample,
make sure that the final volume is 100 uL.

Note 2: For detecting low-expressed mRNA targets, tenfold or
fivefold dilutions of target probe dilutions might be helpful. Be aware
to use the appropriate scrambled probes at the same concentration
to control for unspecific binding.

21 Add 100 uL Wash Buffer* to each well. Add 100 uL of target
probes to the cell suspension and mix by pipetting. Incubate
the plate for 2 h at 40°C.

Note 1: A lid can be used instead of the plastic seal.
Note 2: To increase the signal, the incubation time can be pro-
longed to 3 h.

22 Centrifuge at 1000 x g for 4 min at room temperature, discard
the supernatant, and suspend cells in residual volume.

23 Wash with 200 puL Wash Buffer*. Centrifuge at 1000 x g
for 4 min at room temperature, discard the supernatant and
suspend cells in residual volume.

24 Repeat step 22.

25 Prepare Wash Buffer* with 1/100 RNase-inhibitor*. Mix by
inverting. Volume per sample: 100 L.

Note: Prepare fresh. Avoid vortexing and shaking.

26 Add 100 pL Wash Buffer with RNase-inhibitors* to each well
and mix by pipetting.

Wwww.eji-journal.eu

1569 &



W 1570

Andrea Cossarizza et al.

Note: For the manageability of the whole procedure, the manu-
facturer recommends to interrupt the procedure at this step and to
keep the cells overnight in the dark at 4°C.

12.3.2 Signal amplification.

27 Pre-warm PreAmp Mix*, Amp Mix* and Label Probe Diluent*
at 40°C (in the incubator).

28 Pre-warm samples and Wash Buffer* at room temperature in
the dark.

29 Thaw Label Probes* on ice in the dark.

30 Add 100 pL of pre-warmed PreAmp Mix* directly into the cell
suspension and pipet to mix. Incubate plate with lid for 1.5 h
at 40°C.

Note: To increase the signal, up to 2 h incubation time can be
performed.

31 Centrifuge at 1000 x g for 4 min at room temperature, discard
the supernatant, and suspend cells in residual volume.

32 Wash with 200 uL. Wash Buffer*. Centrifuge at 1000 x g
for 4 min at room temperature, discard the supernatant, and
suspend cells in residual volume.

33 Repeat step 31.

34 Add 100 pL Wash Buffer* to each well. Add 100 uL of Amp
Mix* directly to the cell suspension and mix by pipetting.
Incubate the plate with lid for 1.5 h at 40°C.

Note: To increase the signal, the incubation time can be prolonged
to 2 h.

35 Centrifuge at 1000 x g for 4 min at room temperature, discard
the supernatant, and suspend cells in residual volume.

36 Wash with 200 uL. Wash Buffer*. Centrifuge at 1000 x g
for 4 min at room temperature, discard the supernatant, and
suspend cells in residual volume.

37 Repeat step 35.

38 Prepare Label Probes*: Dilute Label Probes* 100-fold in Label
Probe Diluent*. Volume needed per sample is 100 plL.

39 Add 100 pL of Wash Buffer* to each well. Add 100 pL of Label
Probes* directly to the cell suspension and mix by pipetting.
Incubate plate with lid for 1 h at 40°C.

Note: To increase the signal, the incubation time can be prolonged
to 2 h.

40 Centrifuge at 1000 x g for 4 min at room temperature, discard
the supernatant, and suspend cells in residual volume.

41 Wash with 200 pL Wash Buffer*. Centrifuge at 1000 x g
for 4 min at room temperature, discard the supernatant, and
suspend cells in residual volume.

42 Repeat step 40.

43 Resuspend cells in 100 uL Storage Buffer* or FCM buffer.
Transfer each sample to a polystyrene FCM tube and measure
samples in a flow cytometer.
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Note 1: You may keep the samples at 4°C for 3 days before
analyzing. The manufacturer recommends storing the cells in IC
Fixation Buffer* at a ratio of 1/1 with the cell suspension.

Note 2: For compensation of fluorophore-labeled Abs for surface
staining, intracellular staining, and viability staining, we recom-
mend using the provided UltraComp beads*. For compensation of the
fluorophore-labeled probes, the manufacturer recommends using the
Compensation Kit* together with the UltraComp beads*. It is not rec-
ommended replacing the Compensation Kit* with other fluorophore-
labeled Abs that are detected in the same BP filters. Alternatively,
samples can be single-stained with house-keeping gene probes labeled
in all four types and used as positive controls for compensation.

12.4 Materials

The PrimeFlow™ RNA Assay kit (ThermoFisher, 88-18005-210)
contains the following material: PrimeFlow™ RNA Fixation
Buffer 1A (00-18100), PrimeFlow™ RNA Fixation Buffer 1B (00-
18200), PrimeFlow™ RNA Permeabilization Buffer (10x) (00-
18300), PrimeFlow™ RNA Fixation Buffer 2 (8x) (00-18400),
PrimeFlow™ RNA Wash Buffer (00-19180), PrimeFlow™ RNA
Target Probe Diluent (00-18185), PrimeFlow™ RNA PreAmp
Mix (00-16000), PrimeFlow™ RNA Amp Mix (00-16001),
PrimeFlow™ RNA Label Probe Diluent (00-19183), PrimeFlow™
RNA Storage Buffer (00-19178), PrimeFlow™ RNase Inhibitor
(100x) (00-16002), PrimeFlow™ RNA Label Probes (100x) (00-
16003), PrimeFlow™ Compensation Kit (88-17009), IC Fixation
Buffer (00-8222), PrimeFlow™ RNA tubes (1.5-mL microcen-
trifuge tubes) (19197), and UltraComp eBeads™ Compensation
Beads (Invitrogen, ThermoFisher 01-2222-42).

The following material is required, but not included in the kit:

RNA detection Content

Target Probe Sets Target mRNA of interest in preferred

fluorophore, ThermoFisher

Media Content

RPMI + FCS RPMI, 10% FCS

RNAse-free water

Buffer Content

FCM buffer PBS, 2% FCS

RBC lysis buffer Cat. Number: 00-4300
(ThermoFisher)

Abs

Surface staining
Abs

Intracellular
staining Abs

Viability dyes

Fluorophore-labeled Abs for surface
antigens

Fluorophore-labeled Abs for
intracellular antigens

Fixable viability dyes

Other material

96-well plate

FCM tube

96-well V- or U-bottom polystyrene
plate
Polystyrene FCM tube

Instruments
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Incubator Incubator validated to maintain 40 +
1°C
Centrifuge Swinging bucket centrifuge,

refrigeration to 4°C
Flow cytometer containing three
lasers: blue (488 nm), yellow-green
(561 nm) and red (633 nm).
Excitation/ Emission maximum of
probe sets:
Type 1/AF647: EXmax: 650 nm,
Emmax: 655 nm, bandpass filter:
660/20 nm;
type 10/AF568 (Exmax: 578 nm,
Emmax: 603 nm), bandpass filter:
610/20 nm;
type 4/AF488 (Exmax: 490 nm,
Emmax: 525 nm), bandpass filter:
530/30 nm
type 6/AF750 (Exmax: 749 nm,
Emmax: 775 nm), bandpass filter:
780/60 nm.

Flow cytometer

12.5 Controls and data analysis

It is recommended to include two negative controls to allow dis-
crimination of false positive results: (i) a sample stained with the
full Ab panel but without the probe (similar to a classical FMO
control) and (ii) a scrambled probe (similar to an isotype con-
trol). Additionally, cells known to not express the target mRNA
serve as a biological control. Background signals can be dimin-
ished by additional washing steps between different incubations,
however this might lead to cell loss.

To control for correct performance of procedure, include a sam-
ple stained with the full Ab panel plus a probe for a housekeeping
transcript.

If the target RNA is expressed at low level, increasing the sig-
nal may be desired. This can be achieved by longer incubation
times of target probes, PreAmp Mix, Amp Mix, and label probe.
In addition, increasing the amount of target probes during 3 h
of incubation significantly increases the signal of the target RNA
detection without increasing the background.

Acquired data can be analyzed with any software compatible
with FCM files.

12.6 Pitfalls

Although the stability and the number of applications have
improved, the technique still harbors some limitations. First, low
expression of mRNA targets is the major pitfall, as rare expression
events may not be detectable with this assay. Second, mutations as
well as splicing variants of the target mRNA might result in signal
reduction or even signal loss. Third, this protocol increases the aut-
ofluorescence of cells, which mostly affects FITC and PE channels.
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Fourth, several available fluorochromes are not compatible with
this assay. This mainly affects temperature-sensitive and tandem
dyes such as PerCP, PerCP-Cyanine5.5, and PerCP-eFluor710. This
restriction may hamper the design of large multicolor panels. It is
recommended testing each Ab throughout the whole procedure to
determine its suitability beforehand. Finally, phospho-specific Abs
for intracellular staining that require a methanol-based fixation
are not compatible with the PrimeFlow™ RNA Assay.

12.7 Top tricks

The top tricks to clearly obtain a reliable signal or to increase the
signal for the target mRNAs are:

1. Careful design of the target probes: (i) Use a high number
of target probes pro target mRNA, (ii) Use bright fluorescent
target probes for mRNA with unknown or low-expression.

2. Increase the signal: (i) Increase incubation times of target
probes, PreAmp, Amp, and Label Probes, (ii) Increase con-
centration of target probes.

3. Use a stable incubator and do not open the door during incuba-
tion times at 40°C. If available, monitor the temperature with
a NIST calibrated thermometer.

4. Use all controls suggested and perform a meticulous compen-
sation following the instructions above.

5. Use the RNA inhibitors included in the kit and work in a clean
environment.

6. Contact the manufacturer in advance for panel design.

12.8 Conclusion

In conclusion, the PrimeFlow™ RNA Assay opens up new options
for studying complex cellular interactions, short-term responses
to stimuli, or expression of a certain marker on single-cell level,
when specific Abs for the target proteins are not commercially
available [494-496, 500, 501] Moreover, the simultaneous quan-
tification of mRNA and protein allows the detailed study of cel-
lular dynamics upon certain culture conditions. This assay also
offers the possibility of high-throughput screening on a single-cell
basis.

13 Transcription factors

13.1 Introduction

Cell functionality and differentiation are all controlled by tran-
scription factors within cells that regulate gene expression. As
these factors are generally proteins, they may be detected using
an Ab directed against some specific epitope within the protein. In
this way, detection of transcription factors is in essence no differ-
ent from detecting proteins on the surface of the cell. However, as
the proteins of interest will be located within the cell, either in the
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cytoplasm, within a cellular sub-compartment or in the nucleus,
cells must be permeable to allow access of the Ab to its binding
site. As the factors need to be preserved in their sub-cellular loca-
tion and in their physiological condition at the time of sampling,
any fixation must be very rapid and pervasive.

Detection of transcription factors by FCM thus requires careful
planning, with attention paid to several specific questions that will
dictate the best protocols to follow. The most important of these
questions is, “Will surface staining (i.e., phenotyping) be necessary
to identify the cells of interest?”

The answer to this question is critical, as it will dictate the
best way to prepare the cells, allowing the antigens access to the
intracellular compartment and their target. It will also impact the
choice of fluorochromes used because different fixation methods
can have dramatic impact on the fluorescent molecules [502]. The
two most common fixation reagents are alcohols and aldehydes,
each having their strengths and drawbacks.

Alcohols, such as ethanol and methanol, or acetone, are dehy-
drating fixatives that both coagulate proteins (fixation) and cre-
ate holes in the lipid membrane (permeabilization). Many of the
cyclins and phospho-specific proteins are readily detectable post-
alcohol fixation [503]. Unfortunately, alcohol fixation adversely
affects fluorescent proteins such as GFP, which will be affected by
alcohol fixation in such a way that it will no longer be fluores-
cent after conformational changes or may even leach out of the
cell [504].

Alcohol fixation will also adversely affect commonly used flu-
orochromes including PE, PerCP, and APC, making these fluo-
rochromes a poor choice for surface staining. Small cyclic ring
fluors such as FITC, the Alexa Fluor®, and the cyanine dyes are
more resistant to alcohol fixation. Surface markers may also be
stained post-fixation if the protein structure, or at least the spe-
cific recognized sequence is unaltered by the chemical process of
fixation. If no evidence is available, this may have to be determined
empirically.

Aldehyde fixation is performed usually with formaldehyde in
the range 1-4% [505]. Aldehydes are cross-linking fixatives so
they lock protein structure in place by forming crosslinks between
lysine residues, forming methylene bridges. This generally means
Abs will still recognize their epitope. However, formaldehyde on
its own is not a good permeabilizing agent and it would normally
be combined with a detergent—this is the basis of many Fix and
Perm kits that are on the market (although the exact composi-
tion of commercial kits is often not common knowledge due to
Intellectual Property policies). A range of detergents is available
such as Triton X-100, lysolecithin, Nonidet-P40, and saponin. The
choice may depend on localization of the protein. Transcription
factors tend to be nuclear and the use of a stronger detergent
such as Triton X-100 (generally around 0.1%) is a good choice as
it can permeabilize both the plasma and the nuclear membrane.
Saponin on the other hand is not a good permeabilizing agent for
nuclear factors due to its more “gentle” and reversible nature and
has often seen more use in cytokine staining. However, it should
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also be noted that cytokine staining is also compatible with deter-
gents such as NP-40 (see also Chapter III Section 5: Cell fixation
and permeabilization for flow cytometric analyses) [506].

It is important to note, as with any FCM protocol, the exclu-
sion of dead cells is critical for analysis. Commonly used viability
dyes such as PI or 7AAD rely on an intact membrane for differen-
tiation of live versus dead cells (see Chapter III Section 4: Dead
cell exclusion, cell viability, and sample freezing). When targeting
intracellular markers by flow, the use of fixable amine-reactive
dyes must be used (see also Chapter II Section 5: Cell fixation and
permeabilization for flow cytometric analyses) [201]. These dyes
still allow for the discrimination of dead and live cells from live
even after the fixation and permeabilization processes.

As fixation chemically alters the cells, it will also change to
some extent the autofluorescence of the cell. Changes in morphol-
ogy may be seen as alterations in light scatter patterns in a flow
cytometer. Again, alcohols will have a more dramatic effect. Con-
versely, alcohols do not cause, in general, a change in levels of
background autofluorescence that may be important if a low level
specific signal is expected. If an aldehyde is used, fixation should
be brief and cells should be stored in a phosphate buffer prior
to staining as aldehydes, especially glutaraldehyde, will cause an
increase in autofluorescent background.

Reagent manufacturers each sell specific buffers and kits for
staining of specific transcription factors, often with proprietary
reagents, but these buffers have been designed to allow detection
of nuclear antigens without comprising surface antigen detection.
Some of these kits will have separate fixation and permeabilization
steps, while others will be in a single solution. The choice of which
kit or reagents to use is often dictated by the intracellular target,
so reading of the technical specification of the given Ab is critical.

The location of the target may also influence the fluorochrome
used to label the Ab. Fluorochromes such as PE, APC, and PerCP
and their tandems are large proteins that add considerably to the
molecular weight and size of the Ab. This means that to detect a
nuclear protein, a harsher permeabilization/fixation regime may
be needed, which may also lead to selective loss of small molecules
from the cell. But it may also mean that the comparatively larger
fluorochrome will restrict access of the Ab to the nucleus alto-
gether.

In conclusion, there is not a universal protocol applicable to all
transcription factors, which can be expressed in different cellular
locations (see Table 11); the type of fixation, the length of fixation,
the type of permeabilization, the choice of fluorochromes, and the
staining protocol, including incubation times of Ab staining, must
all be optimized. The principle advantage of FCM in this area is the
ability to multiplex an assay, and by using multiple analytes be able
to very specifically define subsets of interest—this will only be lim-
ited by the cytometer available. One downside of FCM is the lack
of morphological information and inability to specifically localize
the fluorescence within the cell. If this is important then imag-
ing using either fluorescence microscopy, confocal microscopy, or
imaging FCM should be considered.
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Table 11. Most common transcription factors measured by FCM. For more information about them http://www.uniprot.org/uniprot/

Transcription factors

Cell type

Cellular location

AHR
Aiolos
AIRE

BATF
Bcl-6

B Catenin

Blimp1

c-Maf

c-Rel

E4BP4

Egrl

Egr2
Eomesodermin/TBR2
Eos

FoxJ1

FoxP3

Gata-3
Helios/IKZF2
IkB-zeta
IRF4

Nanog

NFkB
NFAT

Notch1
Notch2
Notch3
Notch4

Nurr77
OCT3/4

Pax5
PLZF
RORy

Runx1/AML1
Sox2

T-bet
ThPOK

TOX

Liver, Treg, and Th17 cells

B, T, and NK cells

Dendritic cells, lymph node, lymphoid stromal cells,
and monocytes

B and T cells

B cells and CD4" T follicular helper cells and memory
T cells

Several non-immune tissues, B, T, and hematopoietic
stem cells

B, T, dendritic, and some NK cells

Neural, ocular, and hematopoietic systems

Treg, mature T cells

NK, NKT, and dendritic cells

B, T and myeloid cells

(B), T and NKT cells

NK and T cells

T cells and nervous system

Ciliated epithelial cells, naive B, and T cells

CD4+CD25" regulatory T cells (Treg cells), and
CD4"CD25" cells

Central nervous system, kidney, mammary glands,
skin, and T cells

T and hematopoietic stem cells

Macrophages, monocytes, B and T cells

Macrophages, B and T cells

Blastocyst, embryonic stem cells, and embryonic germ
cells

Almost all cell types

T cells

Thymocytes, bone marrow hematopoietic stem cells, T
and NK cells

Activated peripheral T cells, bone marrow and
thymocytes,

CNS, some thymocyte subsets, vascular smooth
muscle, and T cells

CD8* splenic dendritic cells, endothelial cells, and
macrophages

Thymocytes and T cell

Embryonic stem and induced pluripotent stem (iPS)
cells

Hematopoietic cells, B cells

CD4 and CD8* T cells, gamma delta T cells and NK.

Heart, kidney, liver, lung, muscle, and CD4"CD8"
thymoycte cells

Hematopoietic, myeloid, B and T cells

Embryonic stem cells and neural cells

B cells and CD4™" T-cell lineage

Hematopoietic cells, skin, heart, smooth muscle, and
liver, invariant natural killer T (iNKT) cells and
gamma delta T cells

Thymocytes, T lymphocytes, NK cells, and lymphoid
tissue-inducer (LTi) cells

Cytoplasm
Nucleus
Perinuclear region (??)

Nucleus
Nucleus

Cytoplasm/nucleus

Cytoplasm

Nucleus
Cytoplasm/nucleus
Nucleus
Cytoplasm/nucleus
Cytoplasm/nucleus
Nucleus
Transmembrane
Nucleus
Cytoplasm/nucleus

Nucleus

Nucleus
Nucleus
Cytoplasm/nucleus
Nucleus

Cytoplasm/nucleus
Cytoplasm/nucleus/
transmembrane
Cytoplasm/Golgi/nucleus/
transmembrane
Cytoplasm/Golgi/nucleus/
transmembrane
Cytoplasm/Golgi/nucleus/
transmembrane
Cytoplasm/Golgi/nucleus/
transmembrane
Cytoplasm/nucleus
Nucleus

Nucleus
Cytoplasm/nucleus
Nucleus

Cytoplasm/nucleus
Cytoplasm/nucleus
Nucleus
Nucleus

Nucleus
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13.2 Example of a generic protocol for an intranuclear
antigen—pH3

13.2.1 Staining protocol (adapted from ref. [507]).
done in a 96-well U- or V-bottom plate.

Staining is

1. Count cells from culture/primary sample and resuspend at
10 million cells/mL, aliquot 100 uL/well (~10° viable cells
per sample for staining). Spin down plate at 350 x g for a
minimum of 3 min at room temperature. Flick SN and vortex
plate to re-suspend. These will be the conditions for all wash
steps.

2. Optional: Stain for Live/dead and surface markers prior to fix-
ation. Follow manufacturer’s recommendations for live/dead
staining. Make up Ab cocktail in staining buffer at optimized
dilutions. Add 100 pL per well per million cells and incubate
for optimized time (1 h minimum).

3. Add 100 uL of Staining buffer per well and spin down as in
step 2. Add 200 pL of fresh Staining buffer and spin down
again.

4. Resuspend cells in 100 uL of PBS only and pipette up and
down to ensure cells are fully in suspension. Then add 100 uL
of 4% fixation buffer to final concentration of 2%. The pre-
suspension in PBS minimizes the formation of cell clumps
during the fixation process. Leave at room temperature for a
minimum of 60 min.

5. Spin down cells and treat as in step 1.

6. Resuspend pellet in 100 pL of PERM buffer using a P200
pipette. Incubate tubes at room temperature for exactly 5
min (stagger addition of PERM buffer if needed).

7. Add 100 pL of Staining buffer to each well in staggered fash-
ion to end permeabilization step. Spin down and process as
in step 2.

8. Add 100 puL of primary Ab cocktail and mix in PBS + 2% FCS.
Incubate at room temperature for optimized time (usually
1-2 h).

9. Add 100 pL of Staining buffer and spin down and process as
in step 2. Repeat this wash step with 200 pL fresh Staining
buffer.

10. If necessary, incubate cells with secondary Ab cocktail mix for
the optimized time (usually a minimum of 30 min) at room
temperature in the dark.

11. Wash the cells, as outlined in step 2, twice in fresh Staining
buffer.

Final resuspend volume should be 200-400 pL of Staining
buffer.

14 Intracellular parameters

FCM is a powerful tool to measure expression levels of pro-
teins that can be found inside cells such as transcription fac-
tors, cytoskeletal components, and apoptosis regulators, or those
that are usually secreted like cytokines and chemokines. However,
whereas proteins from the former category are normally expressed
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constitutively, cytokine expression usually requires restimulation
of the cell, as is the case for T cells, which express cytokines ~2—
24 h after T-cell receptor engagement [508, 509]. However, some
cell types, such as innate lymphoid cells, also express cytokines
constitutively [510, 511]. To enable the intracellular detection of
otherwise secreted proteins, secretion can be blocked by Brefeldin
A or Monensin that block transport of vesicles from the ER to the
Golgi or within the Golgi apparatus, respectively.

To activate cytokine expression, T cells can be stimulated in
two ways: while cytokine expression in some memory T-cell sub-
sets can be induced by cytokine signaling, such as IFN-y which
can be induced by IL-12 and IL-18 [512, 513], most T cells have
to receive a T-cell receptor signal and a costimulatory stimulus.
This can be achieved in a polyclonal way by agonistic Abs against
CD3¢ and CD28, coated to the surface of a culture vessel or in an
antigen-dependent manner by the incubation with peptide-pulsed
APCs. Alternatively, cells can be exposed to the chemicals phorbol
12-myristate 13-acetate (PMA) and ionomycin that mimic TCR sig-
naling by activating protein kinase C/NFkB and calcineurin/NFAT
pathways, respectively. The restimulation conditions have a strong
impact on the cytokine expression results and should thus be cho-
sen carefully:

1. PMA/iono is usually a stronger inducer of cytokine expression
compared to CD3/CD28 stimulation. While it might be argued
that this trigger is not physiological, it is very well suited to
reveal the maximal cytokine expression potential of the T cells
rather than their actual cytokine expression, e.g., in vivo at the
time point of analysis.

2. For PMA/iono, the Ca?" concentration of the medium can be
critical: maximal cytokine expression requires 1.5 mM of Ca®*
as present for example in Iscove’s modified Dulbecco’s medium,
but not in the routinely used medium RPMI 1640 (Fig. 53A)
[514].

3. The cell concentration should not be too high as this will
reduce cytokine expression. For PMA/iono stimulation, we
have noticed decreased cytokine expression when using 1-5
x 107 cells/mL compared to 2 x 10° cells/mL (Fig. 53B).

4. Expression kinetics can be important. Using PMA/iono, maxi-
mal cytokine expression is achieved as early as 4 h following
stimulation (Fig. 53C) [515].

For the detection of intracellular antigens, cells have to be
fixed and permeabilized. Numerous protocols and reagent kits
are available for fixation and permebilization, each optimized for
the detection of certain antigens, such as cytokines, transcrip-
tion factors, and so on. For cytokine detection, cells can be fixed
after surface Ab staining with 1-4% formaldehyde [516], although
in our experience the use of commercially available fixation kits
can be beneficial for the integrity of the surface staining. Cells
are then permeabilized with a mild detergent, e.g., saponin that
builds complexes with cholesterol and hence forms holes in the
cholesterol-rich plasma membrane but not in the cholesterol-poor
nuclear membrane [517, 518]. It should be noted that restimu-
lation of Th cells leads to internalization of CD3/TCR and CD4
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Figure 53. An example of intracellular cytokine detection. Shown are viable, single, CD3*CD4" C57BL/6 WT Th cells from the inflamed colon
of T-cell transfer-induced colitis. (A) Cells were restimulated for 4 h with PMA/iono (and Brefeldin A added after 1 h) in RPMI, IMDM, or CaCl,-
supplemented RPMI and stained for intracellular cytokine expression. (B) Frequency of IL-17+ cells among colonic Th cells restimulated with
PMA/iono at the indicated densities for n = 7 mice. (C) Frequency of IL-17* cells among colonic Th cells restimulated with PMA/iono for the
indicated amount of time for n = 4 mice per group. 'p < 0.05, 'p < 0.01, and "'p < 0.001 by one-way ANOVA for repeated measurements and Tukey’s

post hoc test. Reproduced with permission from ref. [514].

proteins from the surface of the cell [519, 520]. It can thus be
beneficial to stain these antigens following fixation and permeabi-
lization to also detect the internalized molecules. To control for
true positive cytokine staining, unstimulated cells, cells that have
not been permeabilized, or endogenous negative control cells can
be used.

Transcription factors can usually be stained directly, i.e., with-
out prior acute restimulation, as they are normally expressed con-
stitutively. Nevertheless, the expression levels of certain transcrip-
tion factors might also change depending on the activation status
of the cell (Fig. 54A). Following surface staining, cells are com-
monly fixed and permeabilized with commercially available kits
for transcription factor staining, as saponin-mediated permeabi-
lization is too weak to enable nuclear penetration of Abs. The
optimal fixation time and condition may vary for each different
transcription factor and among different cell types and should
thus be established for the specific setting of interest (Fig. 54B).
Using T cells from the inflamed gut of T-cell transfer colitis, we
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have observed that overnight fixation impaired staining of the
transcription factor eomesodermin, which was clearly detectable
when fixing for only 1 h. In contrast, ROR-yt staining in these cells
was comparable between the two fixation regimens. In contrast,
for splenic T cells from the same model, overnight fixation resulted
in an even better ROR-yt staining compared with fixation for 1 h.
The topic of transcription factor staining is covered in more detail
in Chapter V Section 13 Transcription factors.

As for any FCM application, optimal titration of Abs is instru-
mental for obtaining high quality results. Intracellular stainings
tend to have a higher background due to the abundance of biolog-
ically active molecules inside of the cell. As transcription factors
are rather rare proteins, they should be stained with bright flu-
orochromes when designing a panel. Most cytokines accumulate
to high density within a cell during reactivation in the presence
of secretion blockers and can hence be detected with less-bright
fluorochromes. There are, however, also cytokines expressed
at low levels and, thus, the panel design should be adjusted
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Figure 54. An example of intranuclear transcription factor detection. (A-D) Shown are viable, single, CD3*CD4" C57BL/6 WT Th cells from the
inflamed colon or the spleen of T cell transfer-induced colitis. (A) Transcription factor expression can depend on activation state of the cell:
Interferon regulatory factor 4 (Irf4) and T-box expressed in T cells (T-bet) were stained directly ex vivo (grey shaded) or after 4 h restimulation
with PMA/iono (black line). (B) Fixation time can positively or negatively influence staining quality of transcription factors: Eomesodermin (Eomes)
and retinoic acid receptor-related orphan receptor gamma t (ROR-yt) were stained after 1 h or after overnight (o/n) fixation with the eBioscience
Foxp3/transcription factor staining buffer set. (C-F) Transcription factor staining can be combined with cytokine staining or fluorescent reporter
genes. (C and D) ROR-yt, T-bet, IFN-y, and IL-17 were stained simultaneously with the eBioscience Foxp3 staining buffer set. (D) Black indicates
the full staining and grey the FMO control for the T-bet antibody (ab). (E and F) Depicted are viable, single, CD45"B220~CD11b~F4/80~ Gr-1~CD90",
TCRB*, TCRys~ cells from the small intestine of C57BL/6 RorcS*¥/* reporter mice. (E) IL-22 was stained after 4 h of restimulation with PMA/iono
and 5 pg/mL IL-23 with the Miltenyi Biotec inside stain kit. (F) ROR-yt stained directly ex vivo with the Miltenyi inside stain kit is depicted for

ROR-yt~GFP~ (grey shaded) and ROR-yt~ GFP* cells (black line).

according to the expected results. Any intracellular staining panel
should include a fixable viability dye to discriminate dead cells.
This is especially important when analyzing cytokine expression,
as the restimulation can induce apoptosis in a significant fraction
of the cells while maintaining their FSC/SSC profile, thus making
their distinction based on scatter parameters impossible. Fixable
viability dyes are now broadly available and are commonly based
on the unspecific binding of fluorochromes with an active chem-
ical group, e.g., succinimidyl esters, to amino groups of cellular
proteins. Thus, viable cells are poorly labeled through their sur-
face proteins while dead cells with a permeable plasma membrane
are labeled brightly through the binding to intracellular proteins.

For certain questions, a co-staining of transcription factors and
cytokines can be required. While transcription factors are poorly
detected following saponin-mediated permeabilization, several
cytokines can be detected with the same protocol as transcrip-
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tion factors, i.e. with commercially available transcription factor
staining kits. We were able to stain IFN-y, IL-17A, T-bet, and ROR-
yt with a commercial transcription factor staining kit (Fig. 54C
and D). However, other cytokines, such as IL-22, can hardly be
detected using a transcription factor staining kit. In this case, iter-
ative staining and fixation steps of first surface antigens, then
cytokines, and ultimately transcription factors might provide a
solution.

Many researchers want to stain intracellular antigens while
maintaining the fluorescence of endogenous fluorescent proteins
such as GFP. Using commercially available staining kits, GFP fluo-
rescence is often lost, most likely due to the passive leakage of the
protein outside of the cell. This can be prevented by a pre-fixation
step with 0.5-2% formaldehyde prior to fixation/permeabilization
with commercial kits [521, 522]. We have obtained good results
for GFP/cytokine staining and for GFP/transcription factor stain-
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ing using a commercial intracellular staining kit (Fig. 54E and
F).

15 Measurement of signal transduction pathways
by flow cytometry

15.1 Introduction

The large majority of proteins involved in the regulation of cell
signaling, survival, and growth regulation are intracellular. This
section covers the technical aspects of intracellular antigen stain-
ing for FCM, using activation and simultaneous monitoring of
multiple pathways in human peripheral blood monocytes as a
practical example. The approaches we use for cell fixation and
permeabilization that optimize intracellular labeling while pre-
serving light scatter and phenotypic markers are presented in the
section on cell fixation and permeabilization (Chapter III Section
5: Cell fixation and premeabilization for flow cytometric analyses).
Although more demanding than cell surface staining, mastery of
intracellular cytometry enables the study of fundamental regula-
tory mechanisms of normal and abnormal cell biology, many of
which remain underexplored.

Signaling pathways typically relay instructions from outside
the cell to the nucleus, where an appropriate genetic program
such as DNA synthesis or enhanced cell survival is executed in
response to inputs from growth factors, cell-cell contacts, or ECM
interactions. The biochemical basis of signal transduction involves
the addition (by kinases) and removal (by phosphatases) of phos-
phate groups from the amino acids serine, threonine, and tyrosine
that contain —OH side chains. Phosphorylation alters the charge
distribution, hence the conformation, of proteins. Typically this
activates the catalytic site of an enzyme, although some phos-
phorylations are inhibitory, inactivating the kinase function of the
protein. Individual proteins involved in signal transduction are
arranged in pathways, where an incoming phosphorylation acti-
vates the kinase activity, allowing it to pass the phosphorylation
signal on to the next signaling element. There are other key cel-
lular pathways that similarly result in different types of posttrans-
lational protein modifications, including methylation, hydroxyla-
tion, acetylation, ubiquitination, and so on, and the basic fixation
and permeabilizkation technique described in Chapter III Section
5: Cell fixation and permeabilization for flow cytometric analyses,
has been used to study some of these [523].

Signal transduction is clearly a complex area of biology.
Although it is likely that the major signaling pathways in mam-
malian cells have now been identified, basic research into how
these are regulated and interconnected continues at a rapid pace.
The complexity of signal transduction pathways allows for multi-
ple activating and inhibitory inputs, and for networking between
pathways. Considering that signal transduction is essential for the
survival of multicellular organisms, this is to be expected.

Derangements in signal transduction are extremely common in
human cancers, and appear to play a major role in the develop-
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ment and progression of both solid and hematological malignan-
cies. Similarly, signal transduction pathways play a pivotal role in
multiple aspects in both the development of the immune system,
and in regulating responses to antigenic challenges.

15.2 Sample preparation for signal transduction analysis

The analysis of phospho-epitope expression in clinical samples
(whole blood, bone marrow, body fluids) is complicated by the
need to lyse RBCs, while at the same time preserving surface
immunophenotypic markers as well as light scatter. For this, we
have developed a technique that starts with fixation of the entire
cell suspension, ensuring that phospho-epitopes are stabilized as
soon as possible, followed by red cell lysis using Triton X-100
(Chapter III Section 5: Cell fixation and permeabilization for flow
cytometric analyses). As discussed there, some epitopes (e.g.,
phosphorylated-STAT proteins) require an additional methanol
“unmasking” step for optimization of their expression [75]. We
have also used this technique for the analysis of signaling in bone
marrow samples [72, 73].

15.3 Activation of signal transduction pathways regulating
acute inflammatory responses

Like most signaling pathways, the MAPK pathways are arranged
in cascades in which one member becomes catalytically active
following phosphorylation by its upstream activating kinase. The
activated upstream kinase is able to pass on the signal by phospho-
rylating its downstream substrate. This complexity allows multi-
ple levels of feedback regulation, and interconnections involving
pathways that are critical to the normal maintenance of tissues.
There are three MAPK pathways that in mammals have very dis-
tinct functions, although they are highly conserved in evolution.
The ERK pathway, often simply called the “MAPK pathway” is
involved in growth factor stimulation, whereas the SAPK/JNK
(Stress-Activated Protein Kinase/c-JUN N-terminal Kinase) and
p38 MAPK pathways are more sensitive to other environmental
cues including osmotic stress and heat shock.

In the innate immune response, the bacterial endotoxin LPS
induces the activation of multiple signaling pathways (“pan-
kinase” activation), which leads to an inflammatory response in
monocytes.

As shown in Fig. 55, LPS activation of signaling pathways
in peripheral blood monocytes is somewhat unique, in that it
results in the activation of multiple signaling pathways, including
all three major MAPKs, PI3K >AKT, and NF«B pathways. NF«kB
and MAPK activation induces the production of inflammatory and
other cytokines. These pathways have widespread effects on cell
function, which together coordinate the host response to acute
bacterial infection.

Although the original canonical signaling maps indicated that
LPS activates ERK in monocytes via the “classical” Ras>Raf path-
way [524], in monocytes one pathway for LPS activation of ERK
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LPS Activation of Multiple Signaling Pathways in Human Monocytes
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Figure 55. “Canonical” pathways for LPS activation of multiple signaling pathways in peripheral blood monocytes via TLR-4 (adapted from Guha
and Mackman [524] and reproduced with permission). Inhibition of PI3K (right) by Ly294002 or GDC-0941) or of MEK 1/2 (left) by U0126 is also
illustrated here. Also shown, in monocytes, activation of the ribosomal S6 protein is predominantly through activated ERK.

is via TPL-2, a MAPKKK, which is sequestered in one of the forms
of IkB, is phosphorylated/activated by IKK, and released from the
complex by proteasomal degradation of IkB. Phosphorylated TPL-
2 subsequently phosphorylates/activates its downstream target,
MEK 1/2, which then activates/phosphorylates ERK 1/2 [525].
Signaling pathways are complex, and a specific pattern or path-
way seen in one type of cell does not predict the same pattern
or pathway in all cells. Therefore, it may be important to study
a broad set of specific signaling proteins/modifications for com-
prehensive understanding of signaling pathways in a specific cell

type.

15.4 Kinetics

In studying the activation (and inactivation) of signaling path-
ways, it is critical to include multiple time-points within the exper-
iment. For example, the phosphorylation of ERK in human bone
marrow CD34% cells (at 37°C incubation) reaches a peak and
returns to unstimulated cell levels in less than 10 min [72], indi-
cating that the dephosphorylation of P-ERK occurs rapidly in this
cell population.

15.5 Kinase and phosphatase inhibitors

Specific (or relatively specific) kinase inhibitors are very useful
when analyzing pathways downstream from a signaling “node.”
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For example, U0126 binds to MEK1/2 and prevents it from
phosphorylating (activating) its downstream partner ERK1/2 (see
Fig. 55). Adding U0126 to a whole blood sample will block activa-
tion of ERK1/2 and activation of any downstream target such as
ribosomal S6 protein (in monocytes). In addition, by comparing
the level of a target phospho-epitope expressed in cells exposed
to an inhibitor with that of untreated cells, it is possible to reveal
background or constitutive levels of activation of a specific kinase
and its downstream partners. In Fig. 56, whole blood was treated
(here for 4 min) at 37°C with LPS alone, or with U0126 (MEK
inhibitor) or with Ly294002 (PI3K inhibitor). In the presence of
UO126, activation of both ERK 1/2 and the downstream S6 ribo-
somal protein are inhibited. Also shown here, the PI3K inhibitor
Ly294002 (we have also used the more specific PI3K inhibitor
GDC-0941 with similar results) likewise inhibits activation of both
ERK 1/2 and S6 at this time point. Neither inhibitor changes the
responses for p38 or SAPK/JNK, although PI3K inhibition does
prevent AKT activation (see below). These results are consistent
with a model in which ERK 1/2 can be activated (in human mono-
cytes) via PI3k>AKT. However, a better understanding of the
responses and inhibitions of specific pathways requires monitoring
the responses to different stimuli over time.

As shown in Fig. 56, after appropriate inhibitor and LPS
treatment, cells were fixed and permeabilized using formalde-
hyde/Triton X-100, and subsequently stained using antibodies to
phospho-ERK 1/2 (p44/42 MAPK), phospho-S6 ribosomal protein,
plus CD14 and CD45 to identify monocytes (not shown in figure)
and eliminate debris from the analysis. Figure 56 demonstrates
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human peripheral blood monocytes. Samples were
pre-incubated with the indicated inhibitors for 60
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here).

several key points mentioned above. LPS activates the ERK path-
way rapidly, and only the monocytes showing maximal levels of
ERK phosphorylation also show phosphorylation of S6 (top left).
U0126 inhibition of ERK activation (top right) inhibits the activa-
tion of both ERK and S6. It should be noted that the “canonical”
pathway usually shown in signaling documents indicates that S6 is
activated by PI3K>AKT [526]. The data shown in Fig. 56 are con-
sistent with the concept that activation of ribosomal S6 protein is
via the ERK pathway in human peripheral blood monocytes, high-
lighting the need to carefully investigate the appropriate upstream
activation pathways. Finally, both the activation of ERK and S6 are
inhibited (at this time point) by the PI3 kinase inhibitor Ly294002,
consistent with the concept that ERK activation in human periph-
eral blood monocytes can also be via AKT (not the “canonical”
RAS>RAF pathway, bottom left) [524]. At first, these data seem
inconsistent with the comment above that ERK activation in mono-
cytes is via TPL-2 [525]. However, as shown below (Figure 58),
there are two separate signaling pathways activating ERK, one
through PI3K (early ERK activation), the other through NF-kB.
Signaling pathways (particularly ~ phosphorylation/
dephosphorylation) in normal cells are frequently activated
and then rapidly inactivated. Inactivation of a kinase involves
dephosphorylation of the target phosphorylated amino acid(s)
by a phosphatase. One of the predictions of this model is that
inactivation of a phosphatase should result in maintaining the
effects of an activated kinase for longer time periods [527].
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15.6 Simultaneous monitoring of multiple signaling
pathways in the context of response kinetics

The results shown above in Fig. 56 can be interpreted to indi-
cate that both ERK and AKT pathways are activated by LPS. While
this conclusion is correct, the use of different pathway inhibitors
in conjunction with detailed kinetic analyses reveals important
details of the specific pathways that are activated in human periph-
eral blood monocytes by LPS.

Using the same logic that is commonly used to understand
complex biological systems (e.g., hematopoietic cell differentia-
tion and lineage reconstruction in bone marrow), for simultane-
ous measurement of multiple signaling targets, we routinely mea-
sure multiple signaling targets in each sample. As in all complex
immunophenotyping experiments, attention to details is essential
in the design and execution of these types of experiments. For
example, large fluorophores such as PE or APC should only be
used for nuclear localizing target phospho-epitopes after running
preliminary experiments to ensure the Ab-conjugate can get to the
target. Similarly, tandem dyes (PE-Cy5) should be used with cau-
tion, with appropriate controls to ensure integrity of the tandem
at the time of the assay.

As an illustration of simultaneous measurement of four dif-
ferent signaling targets, Fig. 57 demonstrates the whole blood
analysis of LPS-stimulated human peripheral blood using CD14-
PE-Cy7 to detect monocytes, plus P-p38 (MAPK)-Alexa Fluor®
488, P-AKT-PE, P-ERK- Alexa Fluor® 647, and P-S6-PacBlue.

These results demonstrate that the majority of monocytes
(shown in red) are positive for all four phospho-epitopes at 10
min incubation with LPS. As also shown in Fig. 57, the analysis
of each phospho-epitope response includes an evaluation using
SSC, demonstrating that in this donor, only the monocytes show
significant activation of these phospho-epitopes (in many donors,
the granulocytes also show a positive P-p38 population following
LPS activation, not seen here). However, the details of the indi-
vidual signaling pathway responses can only be appreciated using
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both multiple time points for LPS activation and the simultaneous
use of specific pathway inhibitors. As shown in Fig. 58, looking at
the kinetics of both P-ERK and P-AKT activation simultaneously
over a 15 min period of LPS activation shows two different peaks
of P-ERK expression (upper response in red in both panels): one
extremely rapid, peaking at ~2-4 min (left panel), the second
peaking at 8-10 min (at 37°C incubation). In most (though not
all) normal human donors, we see both peaks, while in a minority
of donors we only see the “later” P-ERK. In a sample pretreated
with the PI3K inhibitor (here GDC-0941, right panel), only the
“early” (2-4 min) P-ERK response is inhibited. In contrast, pre-
treatment with U0126 (as shown in Fig. 56) inhibits both the
early and the late P-ERK peak, indicating that the first peak goes
through PI3K, but requires P-MEK. The second peak of activation
of P-ERK actually goes through IKK>IkB>TPL-2 [525]. Consistent
with this concept, we have demonstrated that the “second” P-ERK
peak is inhibited by proteasome inhibitors, such as MG-132 (inhi-
bition of proteasomal destruction of IkB prevents the release of
TPL-2, preventing it from activating MEK).

The kinetics of AKT activation (Fig. 58) demonstrate a peak at
4-8 min (left panel, lower response in orange) with a sustained
response for the time period measured here. As shown in the
right panel of Fig. 58, GDC-0941 causes complete inhibition of
AKT activation, a useful internal control that strengthens the con-
cept that the “early” ERK activation is through PI3K>AKT. These
data also suggest that there is a constitutive activation of AKT in
peripheral blood monocytes, which is inhibited by PI3K inhibitors
(GDC-0941).

15.7 Sample protocol for LPS activation of human whole
blood

This same approach can be used to study the impact of spe-

cific signaling pathway inhibitors to determine which down-

stream signaling pathways are affected. Overall, monitoring signal
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transduction pathways in stimulated whole blood (and other sim-
ilar types of samples) offers a unique way to test and validate
Abs, specific agonists, or antagonists, using a relevant biolog-
ical system. In addition, this approach can be used to mon-
itor the activity of targeted therapies (inhibitors) in vivo, or
to monitor the prior exposure of individuals to LPS/endotoxin
[528].

15.8 Materials

1. 4.0-5.0 mL human whole blood collected into KoEDTA or
sodium heparin, stored at room temperature until tested. The
blood sample must be used as soon as possible in order to pre-
serve appropriate signaling capabilities. Sample testing should
(ideally) begin within 1-4 h of collection.

2. Directly conjugated Abs to phospho-epitopes (e.g., Cell Signal-
ing Technology, Danvers, MA) and cell surface-specific conju-
gates are necessary. We generally use multiple (generally 4)
phospho-epitope specific Abs in each tube, using lower molecu-
lar weight fluorophores (e.g., Alexa Fluor® 488, or 647, Pacific
Blue) for staining nuclear or ribosomal targets, and PE or APC
for cytoplasmic targets. The same guidelines must be used here
for the selection of fluorophore-Ab pairs for phospho as for
other targets (e.g., use “bright” conjugates for non-abundant
targets and “dim” conjugates with abundant targets).

(a) CD14-PC7

(b) CD45-KrO

(¢) P-ERK-Alexa Fluor® 647 [T202/Y204], also known as P-
p44/42 MAPKP

(d) P-S6-Pacific Blue [Ser235/236]

(e) P-AKT-PE [Ser 473]

(f) P-p38 MAPK-Alexa Fluor® 488

15.9 Reagents

1. LPS from E. coli 0127:B8; dilute to 50 pg/mL in PBS; store this
working dilution at 4°C; stable for up to 6 months.

2. Triton X-100, 10% aqueous solution; prepare working solution
by diluting 116 pL stock with 10 mL PBS; store stock and work-
ing solution at room temperature; working dilution is stable for
1 month.

3. Appropriate pathway inhibitors (e.g., U0126 MEK>ERK, GDC-
0941 PI3K>AKT, bortezomib for proteasome inhibitor), as nec-
essary.

4. Formaldehyde, 10% (methanol-free); store at room tempera-
ture in the dark.

5. Albumin solution from bovine serum; store at 4°C.

6. PBS (calcium- and magnesium-free).

7. Wash Buffer: 4% BSA in PBS; filtered through 0.22 pm sterile
filter.

8. Deionized water (for Triton X-100 dilution)
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15.10 Procedure: Whole blood fixation and permeabilization
protocol for kinetics and use of inhibitors

Before starting this procedure, prepare an experiment worksheet
to aid in the critical timing steps (see sample Worksheet presented
in Table 12). The experiment described below is for time points of
up to 10 min of LPS activation. LPS is added to the tube(s) with
the longest incubation time first (here, 10 min), followed by stag-
gered LPS addition for shorter incubation times. For experiments
adding specific signaling pathway inhibitors (not outlined here),
whole blood samples are incubated at 37°C with inhibitor(s) for an
appropriate time (generally 30-60 min, depending on the specific
inhibitor) before the addition of LPS.

1. Label the appropriate number of 75 mm polypropylene test
tubes for the experiment. There will be one control tube for
each cell surface Ab-conjugate, and appropriate control tubes
for each phospho-epitope (remember that the compensation
control for each phospho-epitope target should express max-
imal levels of each target).

For phospho-epitopes requiring methanol treatment, have
a 50% methanol solution ready for use in the freezer and right
before use, remove from freezer and place into an ice bucket.
See Chapter III Section 5: Cell fixation and permeabilization
for flow cytometric analyses, for details.

2. Just before use, mix blood by inverting vacutainer tube sev-
eral times, then transfer blood into a 50 mL conical tube. Mix
blood while aliquoting samples into 75 mm tubes from Step
1.

3. Pipette 100 ul of blood sample into the bottom of each
appropriately labeled tube. Use a cotton-tipped applicator to
remove any blood from the side of the tube.

4. Add 100 ng LPS (2 uL of working dilution) to the first of the
designated stimulation tubes and mix by shaking tube. Place
that tube into the water bath and start a stopwatch. At the
appropriate time interval, add LPS to the next tube, vortex
and place it into the water bath. Continue for all tubes in the
stimulation part of the experiment.

5. Continue to use the staggered start to place the 37°C “no LPS”
control tube and the CD14-only tube into the water bath (last
tubes to be placed into the 37°C water bath.

6. At the 10 min mark, remove the first tube in the timed
sequence from the water bath and add 65 pL of 10% formalde-
hyde to the tube. Immediately mix well by shaking tube and
place it into a tube rack. Continue adding 65 pL of formalde-
hyde to each tube in the timed sequence, mixing between
each one. Note: This is a critical step. Formaldehyde stops
the LPS activation and fixes the cell.

7. Incubate each tube for a total of 10 min at room temperature.

8. After exactly 10 min of incubation in formaldehyde at room
temperature, pipette 1 mL of Triton X-100 solution into each
tube at the appropriate time interval, vortex well, and return
tube to rack. After Triton is added to the last tube, vor-
tex all tubes, place into the 37°C bath, and set timer for
15 min.
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Table 12. Worksheet for timed addition of reagents for 15 min (max) LPS activation of whole blood

Time of Time of
Time of addition addition addition
Tube number Tube label LPS Formaldehyde Triton X-100
1 LPS 15/ 0:00 15:00 25:00
2 LPS 10/ 5:10 15:10 25:10
3 LPS & 7:20 15:20 25:20
4 LPS 6 9:30 15:30 25:30
5 LPS 4/ 11:40 15:40 25:40
6 LPS 2/ 13:50 15:50 25:50
7 Unstimulated control 16:00 26:00
8 CD14-PC7/CD45-KrO only 16:10 26:10

Unstimulated control:
CD14-PC7/CD45-KrO only:
Blood samples:

Addition of LPS:

100 pL

Vortex and put into 37°C water bath at 14:00
Vortex and put into 37°C water bath at 14:10

2 uL of 50 pg/mL PBS; final concentration 100

ng per 100 pL blood

Addition of formaldehyde:
Addition of 0.1% Triton X-100:

65 uL of 10% solution: final concentration 4%
1 mL of 0.1% Triton X-100/PBS

® After 15 min, inspect tubes for complete RBC lysis (clear
nonturbid red color). If lysis is incomplete, continue incu-
bation for a maximum of 15 additional min.

® [f lysis is still incomplete, centrifuge, decant supernatant,
loosen pellet by vortexing, resuspend with 1 mL of Triton
working solution, and incubate in 37°C bath for up to 30
min to obtain maximal RBC lysis.

9. Remove tubes from the water bath, dab on paper towel to
remove water from the bottom of the tubes and place in rack.
Add 1 mL of cold (4°C) wash buffer (4% BSA/PBS) to each
of the tubes, and then vortex all tubes well.

10. Centrifuge all tubes at 500 x g for 4 min. Remove super-
natant. Vortex each tube to loosen pellet.

11. Resuspend pellet by adding 1 mL of cold (4°C) wash buffer
(4% BSA/PBS) to each of the tubes, and then vortex all tubes
well.

12. Centrifuge all tubes at 500 x g for 4 min. Remove super-
natant. Vortex each tube well to loosen pellet
o For phospho-epitopes that require 80% methanol treat-

ment to “unmask” (e.g. P-STATS)

® Add 1 mL of cold (4°C) 80% methanol while vortexing.
NOTE: This is critical to reduce cell aggregation. Place
the tube on ice.

® After the last tube, set timer and incubate for 10 min.

® At the end of the incubation, centrifuge all tubes at 500
x g for 4 min. Remove supernatant. Vortex each tube
well to loosen up the pellet. Pipette 2 mL of cold (4°C)
wash buffer (4% BSA/PBS) to each tube.

® Centrifuge all tubes at 500 x g for 4 min.

® Remove supernatant. Note: not necessary to loosen up
the pellet before the addition of antibody cocktail
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13. Add antibodies (concentrations and volumes previously
defined) and cold wash buffer to a final volume of 100 pL.
(Prepare a cocktail containing all desired Abs. This ensures
that the Ab concentration for each tube is “identical.”) All Abs
should be diluted in PBS/4% BSA (protease free).

14. Incubate all tubes at room temperature for 30 min in the dark.

15. At the end of the incubation, add 2 mL of cold (4°C) wash
buffer (4% BSA/PBS) to each tube.

16. Centrifuge all tubes at 500 x g for 4 min. Remove as much
of the supernatant as possible, exercising care to preserve the
cell pellet. Vortex each tube well to loosen up the pellet.

17. Resuspend the cells in 350 pL of 0.5% paraformaldehyde
in PBS, and store at 4°C in the dark, until sample can be
analyzed. Samples in 0.5% paraformaldehyde are stable for
24 h.

16 Assessing lymphocyte metabolism through
functional dyes

16.1 Overview

The aim of this chapter is to provide rapid and simple protocols
to measure lymphocyte metabolism by FCM. We briefly layout
general pathways and the relevance of some selected pathways for
lymphocyte biology before going into methodological detail. The
focus is on measuring glucose and fatty acid uptake, mt membrane
potential, mt mass, and ROS.

16.2 Introduction

Lymphocytes upregulate glycolysis and mt oxidative phospho-
rylation (OxPhos) during their activation [529]. Metabolic
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reprogramming differs between B cells and T cells, and also within
regulatory T-cell subsets [529]. For instance, naive murine splenic
CD4" T cells upregulate glycolysis as well as glucose uptake
and reveal a strongly enhanced ratio of glycolysis versus OxPhos
upon CD3/CD28 mAb stimulation. In contrast, B cells upregu-
late both glycolysis and OxPhos upon lipopolysaccharide or anti-
B-cell receptor stimulation, and therefore maintain the glycoly-
sis/OxPhos ratio of resting B cells [530]. Although OxPhos ensures
efficient ATP production under aerobic conditions, mitochondria
also contribute cytosolic biosynthetic precursors such as acetyl-
CoA and pyrimidines. Moreover, mitochondria are responsible for
the production of ROS and cell death by the intrinsic apoptosis
pathway [220]. Glycolysis also takes place under aerobic condi-
tions and can be actively induced to meet the cells’ energy demand,
for instance in cancer cells [531], and also in certain lymphocyte
subtypes, such as activated T cells [529]. However, regulatory T
cells or resting B cells preferentially rely on fatty acid (FA) oxi-
dation by the mt respiratory chain [530, 532] and regulatory T
cells obtain fatty acids exogenously [533]. During hypoxia, which
is encountered by lymphocytes in the bone marrow and the thy-
mus [534, 535], ROS production by complex III of the respiratory
chain has been observed [536]. The three cellular ROS species
are superoxide anions (-O%") that are the precursors of hydro-
gen peroxide (H>0,), and hydroxyl radicals (-OH). ROS at high
levels can cause oxidative stress to cells by either directly induc-
ing single- and double-stranded DNA breaks or by oxidizing amino
acids in proteins, fatty acids, or enzymatic co-factors [537]. At low
levels and under normoxic conditions, ROS represent important
cellular signaling molecules; i.e., in stem cells, ROS act as second
messenger to ensure cycling of the cells [537]. The ROS species
involved in intracellular signaling is H,O, as it has a long half-life
and diffuses easily [537]. Numerous proteins are redox sensors.
For instance, the oxidation of cysteine inactivates PTEN or Akt,
which are critically involved in B cell development [537]. Bach2,
a transcription factor involved in Ab class switch recombination,
is also redox-sensitive [538]. Thus, metabolism may reflect the
activation status and predict the fate of an immune cell. In fact,
anergic B cells are metabolically less active than naive B cells, and
even less than hyperactive B cells from “B-cell activating factor of
the TNF family (BAFF)”- transgenic mice [530]. These selective
examples show that immune cell metabolism comprises glycoly-
sis, mt activity and ROS, which intersect with signaling pathways.
The gold standard to measure glycolytic and mt activities in real
time is via extracellular flux analysis using a Seahorse™ device.
However, this experimental setup requires rapid access to such a
device and a substantial number of cells (up to ~2 x 10° per sin-
gle experiment), which (i) might be difficult to achieve, especially
when looking at rare lymphocyte subsets and (ii) may require
time-consuming cell sorting beforehand. In addition, cell sorting
over hours may alter metabolic phenotypes. To perform a quick
first screen or to analyze complex and rare cell populations, such
as bone marrow lymphocytes, without enrichment and purifica-
tion, rapid flow cytometric techniques can provide first clues of
whether a given treatment, genetic deletion or a cytokine alters
glucose uptake, mt activity or generation of ROS.
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16.3 Experimental Design

We describe here the use of cell permeable functional dyes to
measure basic parameters such as: (i) glucose uptake (2- or
6-NBDG; 2- or 6-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl) Amino)-
2-Deoxyglucose), (ii) fatty acid (FA) uptake (BoDipy-FA), (iii)
mt mass (MitoTracker Green/Deep Red FM), (iv) mt mem-
brane potential (mtmP) (TMRE; Tetramethylrhodamine), (v) ROS
(DCFDA; 2’-7’-Dichlorodihydrofluorescein diacetate and CellROX)
and mt ROS (MitoSOX). Our focus is on murine B cell analysis but
all protocols can easily be adapted to the investigation of other cell
types, for instance human cells. We found it feasible to choose one
color for all dyes (for instance, FL1/green emission; 2- or 6-NBDG;
MitoTracker Green FM, DCFDA) to analyze complex cell popula-
tions, such as bone marrow lymphocytes. Information on stock
and working concentrations, solvents and commercial distrubu-
tors for all dyes can be found in Table 13. This has the advantage
that one single, titrated cocktail of fluorochrome-coupled Abs can
be combined with each functional dye to analyze glucose uptake,
mt mass, and ROS. Of course, the same strategy can be applied to
use dyes with a different emission wavelength (MitoTracker Deep
Red FM, TMRE, CellRox, MitoSOX). To separate functionally dis-
tinct B cell fractions in vitro, different MitoTracker dyes can be
combined [538].

16.3.1 Measurement of glucose uptake. The direct uptake of glu-
cose into living cells can be monitored in vitro and in vivo by
the fluorescent glucose analogs 2-NBDG or 6-NBDG. 6-NBDG is
supposed to specifically reflect glucose uptake via the glucose
transporter GLUT-1 [539], while 2-NBDG gets imported by all
GLUT-family members [540]. The in vitro incubation of cultured
cells or ex vivo prepared single cell suspensions with 2- or 6-NBDG
requires glucose free medium and results in the uptake of NBDG
instead of glucose. Thus, the increase in 6-NBDG fluorescence mir-
rors GLUT-1 activity. Freshly isolated murine splenic B cells show
a higher uptake of 2- versus 6-NBDG (Fig. 59), likely reflecting
the activity of glucose transporters other than only GLUT-1. By
injecting 2- or 6-NBDG intravenously into mice, this glucose ana-
logue can even be tracked under physiological conditions, reflect-
ing more precisely natural glucose uptake activity of different cell
populations, for instance plasma cells [541] (please consider this
reference for a procedure). Both glucose analogues are detected
in the same emission channel as GFP, what limits their use in com-
bination with a wide range of GFP-reporter mice. However, this
issue can be circumvented by using a spectral fluorescence ana-
lyzer. It has to be noted that this assay does not directly measure
glycolysis, i.e., pyruvate or lactate production, as it is restricted to
measuring specifically glucose up-take only.

16.3.2 Measurement of FA uptake. The direct uptake of FA into
living cells can be monitored in vitro and in vivo by fluores-
cently labeled FA, such as BoDipy-FA [542]. BoDipy-FA analogues
undergo native-like transport and metabolism in cells making it
effective as a tracer for lipid trafficking [543]. Increased sensitiv-

Wwww.eji-journal.eu

1583 =



W 1584

Andrea Cossarizza et al.

Eur. J. Immunol. 2019. 49: 1457-1973

Table 13. Reagents (*some chemicals such as DCFDA can also be obtained from other suppliers)

Reagents
Dye/Ab Supplier” Solvent (Stock) Working concentration Storage Staining medium
6-NBGD (Life Technologies, dH,0 (100 mM) 300 uM -20°C glucose-free
#N23106) DMEM
2-NBDG Abcam (#ab146200) dH,0 (Img/ml) 25ug/ml -20°C glucose-free
DMEM
Bodipy-labeled FA Thermo Fisher MeOH (2.5mM) 6-10 uM -20°C PBS containing
Palmitate (#D3821), 20 uM FA-free
C12 (#D3822, D3835) BSA
DCFDA Thermo Fisher (#D399) DMSO (100 mM) 1 uM -20°C Optimem or
RPMI1640
MitoTracker Cell signalling (#9074S) ~ DMSO (lmM) 5-10 nM -20°C Optimem or
Green FM RPMI1640
MitoTracker Red Thermo Fisher DMSO (ImM) 50-100 nM -20°C Optimem or
FM (#M22425) RPMI1640
TMRE Life Technologies MeOH or DMSO (20 uM) 20nM -20°C Optimem or
(#T668) RPMI1640
CellROX Deep Red Thermo Fisher DMSO (2.5 mM) 5-50pM -20°C Optimem or
(#C10422) RPMI1640
MitoSOX Red Thermo Fisher DMSO (5mM) 5uM -20°C (HBSS/Ca?+/Mg?+)
(#M36008)
Anti B220 eBioscience, clone - 1:100 4°C FCM buffer
PerCP/Cy5.5 RA3-6B2, #45045282
Anti B220 Brilliant BioLegend, clone - 1:100 4°C FCM buffer
Violet 421 RA3-6B2, #103420
Anti CD19 BioLegend, clone 6D5, - 1:200 4°C FCM buffer
APC-Fire 750 #115557
Anti CD138 BioLegend, clone 281-2, - 1:100 4°C FCM buffer
Brilliant Violet #142508
421
Anti CD138 BioLegend, clone 281-2, - 1:1600 4°C FCM buffer
PE/Cy7 #142514
Anti TACI/CD267 eBioscience, eBio8F10-3, 1:100 4°C FCM buffer
APC #17-5942-82

ity can be reached by coupling FA to quantum dots [544]. The in
vitro incubation of cultured cells or ex vivo prepared single cell
suspensions with labeled FA requires FA-free medium.

16.3.3 Measurement of mt mass and activity. MitoTracker Green
FM labels mt proteins via mildly thiol-reactive chloromethyl- moi-
eties within the dye. MitoTracker Green FM diffuses through the
plasma membrane and is supposed to be taken up by active mito-
chondria irrespective of their mtmP. In contrast, uptake of Mito
Tracker Deep Red FM appears to be influenced by the mtmP of
the cells [545]. However, there are also reports on a sensitivity
of MitoTracker Green FM toward mtmP [545]. Once inside, Mito-
Trackers cannot be removed from the cells again. Like other cell
permeable dyes MitoTrackers are used to semi-quantify mt mass
using standardized conditions for cell numbers, dye concentration,
and incubation time. Increased MitoTracker FM staining can either
signify more or larger mitochondria or even more structured mito-
chondria, i.e., increased protein content providing more reaction
targets for the dye, and henceforth, refers to the total mt mass of
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a cell. Like MitoTracker Deep Red FM, the lipophilic and cationic
fluorescent dye TMRE specifically accumulates in mitochondria in
relation to their mtmP at low concentrations. It has to be noted
that loss of mtmP is a marker for early apoptotic cells [546].
Thus, care has to be taken to gate on viable cells if alterations of
mtmP that are not related to apoptosis are to be analyzed by Mito-
Tracker Deep Red FM or TMRE. Of course, loss of TMRE staining
is useful to define early apoptotic cells. We provide an example of
MitoTracker staining of bone marrow lymphocytes, revealing that
there are two populations of plasma cells identified by MitoTracker
fluorescence (Fig. 60). Gating on the MitoTracker™e cells reveals
that those plasma cells (red dots) have a higher SSC compared
to the MitoTracker'®" cells (grey dots), whereas B cells exhibit-
ing strong MitoTracker fluorescence do not (black dots vs. green
dots). The physiological significance of this finding remains to be
determined.

16.3.4 Measurement of ROS.
of ROS are the two respiratory chain complexes I and III. The

In lymphocytes, the major sources
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fluorogenic dye DCFDA or CM-H2DCFDA, a derivative with more
effective cellular retention, detects cellular ROS. Inside a cell,
DCFDA is first deacetylated but does not emit fluorescence until
oxidized into DCF (2’,7’-dichlorofluorescein) by ROS. Of note,
DCFDA is not specific for a particular ROS species [548] but
exhibits a broad reactivity, particularly in the presence of other
oxidizing enzymes and factors like Fe?* [549, 550]. Alternatively,
the CellROX Deep Red Reagent can be used for intracellular ROS
measurement with the advantage that it is retained even after
formaldehyde-based fixation methods [551]. To selectively detect
mt superoxide the dye MitoSOX Red can be used. MitoSOX Red
is selectively targeted to the mitochondria of viable cells and can
only be oxidized by the short-lived superoxide (-0, but not by
other ROS species [552].

Taken together, the results obtained with the methods
described here can provide first indications of the very basal
metabolic and oxidative status of a given cell population. They
may nevertheless be helpful to decipher complex mechanisms,
such as Ab class switch recombination [538].

16.3.5 Step-by-step sample preparation. Cells and buffers

1. Desired single cell preparation.

2. Staining medium (in the case of lymphocytes): Opti-
MEM/RPMI1640 without any additives or glucose-free DMEM
or Hank’s balanced salt solution with Ca’?* and Mg**"
(HBSS/Ca?*Mg?*), or PBS containing 20 pM FA-free BSA.

3. FCM buffer (2% fetal calf serum in PBS, 0.02% NaNj; for
measurement of mtmP, NaN3 should be omitted).

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Fl (2-NBDG) the unstained, NBDG, negative fraction.

4. Abs for staining of surface antigens (Abs indicated in the table
have been used to stain murine B- and plasma cells, Figs. 59
and 60).

16.3.6 Acquisition and analysis.
16.3.6.1 Glucose uptake: 2- or 6-NBDG.

1. Wash desired single cell suspension once with glucose-free
DMEM/RPMI1640 and resuspend samples in the same glucose-
free medium supplemented with 300 uM 6-NBDG or 25 ug/mL
2-NBDG for 30-45 min at 37°C, 7.5% CO3/5% CO, (1-3 x
10%/mL) in a reaction tube/dish.

2. Pellet cells and discard the supernatant.

3. Wash cells with 250-500 pL. FCM buffer, if required stain for
surface antigens with fluorochrome-coupled Abs on 4°C for
15-20 min in the dark.

4. Resuspend cells in 150-250 pL. FCM buffer and analyze by FCM
(Figure 59).

16.3.7 FA uptake: BoDipy-FA.

1. Wash desired single cell suspension with PBS and stain surface
antigens with fluorochrome-coupled Abs in PBS/2% FA-free
BSA.

2. Wash cells twice with PBS.

3. Resuspend cells in 6 uM BoDipy-FA (in PBS with 20 uM FA-
free BSA) for 3 min at room temperature. Quench BoDipy-FA
uptake by adding 4x volume of ice-cold PBS with 2% FBS and
two washes.
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A  Mitotracker-Staining protocol
OPTIMEM-medium (30min, 37°C)

Mitotracker-Staining protocol
RPMI-medium (30min, 37°C)
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Figure 60. MitoTracker FM-staining of plasma cells in different media and buffers. Single cell bone marrow suspensions from femur and tibia of
naive C57BL/6 mice were prepared and incubated in serum-free medium with MitoTracker Green FM or MitoTracker Deep Red FM (37°C, 30 min,
5% COy). Suspensions were then stained with fluorochrome-coupled Abs against the surface markers CD138 (PE/Cy7), TACI (APC), B220 (Brilliant
Violet 421), and CD19 (APCFire) [547] in the dark (20 min, 4°C) after incubation with MitoTracker FM. Viable cells were defined by FSC/SSC. Plasma
cells were defined as CD138* TACI*-cells and B cells as B220"CD19*CD138 TACI" [547]. (A) Influence of medium (OPTIMEM or RPMI1640) on plasma
cell staining. (B) Analysis of MitoTracker Green FM and MitoTracker Deep Red FM uptake in bone marrow plasma cells and B cells. Cells were
re-gated on FSc and SSc. Plasma cells and B cells exhibiting a high MFI for MitoTracker Green FM or MitoTracker DeepRed FM are depicted in red
or black whereas plasma cells and B cells exhibiting a low MFI for MitoTracker Green FM or MitoTracker DeepRed FM are depicted in grey or green,
respectively. Numbers indicate percentage gated cells, numbers in brackets indicate MFIL.
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4. Optionally: block BoDipy-FA uptake by pre-incubation with
100 uM palmitic acid (Sigma—Aldrich) for 10 min at 37°C prior
to BoDipy-FA addition.

5. Resuspend cells in 150-250 pL FCM buffer and analyze by FCM
(Figure 59).

16.3.8 Mitotracker, ROS, and mtmP.

1. Resuspend cells at 1-3 x 10%/mL in 100-300 puL medium
without supplements (serum will cause unspecific MitoTracker
staining); use RPMI1640 especially for analysis of NBDG
uptake in plasma cells because OPTIMEM does not allow
the optimal definition of CD138/TACI™ plasma cells and
CD19/B2207" B cells (Fig. 60A).

2. Incubate the cell suspensions (working concentrations see
17.3) with MitoTracker Green FM (10-100 nM), MitoTracker
DeepRed FM (1 nM), DCFDA (1 uM), TMRM (20 nM), Cell-
ROX (5-50 uM), or MitoSOX (5 uM) in the same serum-free
medium for 10-45 min (needs to be empirically determined for
each cell type) in the respective incubator

3. Wash cells once in the same medium

4. Stain for surface antigens with fluorochrome-coupled Abs in
serum-free medium for 20 min at 4°C in the dark

5. Wash cells with 250-—00 pL. FCM buffer or resuspend in 250 pL
of the same buffer and analyze by FCM.

6. To adjust the mt activity to the volume of the cells, normalize
data to the cubic value of FSC pulse width (that is, [FSC pulse
width]®) of the different samples. Important note: In certain
cytometric software, recording FSC pulse width may have to
be activated before acquisition

16.4 Pitfalls

Care has to be taken in the choice of the right medium. For
instance, RPMI1640 is a suitable medium to stain plasma cells
(see Fig. 60). Another problem is, especially when measuring
the organelle content of a cell, such as mitochondria, that flu-
orescence intensity correlates with cell size, which also concerns
plasma cells. Therefore, we recommend to choose the MdFI (more
robust against outliers) over MFI. Some conditions may require
normalization of MdFI to cell volume by adjusting MdFI to FSC
pulse width, which is the preferable parameter to evaluate cell size
rather than the height or area of FSc or SSc [553]. For instance,
large pre B cells that consume more glucose stain ~40% brighter
with 6-NBDG but are also significantly larger than small pre B
cells [554]. Normalization of 6-NBDG fluorescence to cell size
within these very related cell populations ruled out staining arti-
facts [554].

Other critical issues are dye concentrations and incubation
times. The specificity of dyes mirroring mtmP (TMRE, MitoTracker
Deep Red FM, Mitotracker Green FM) can easily be verified by
adding nano- to micromolar concentrations of the protonophore
Carbonyl cyanide 3-chloro phenyl hydrazine (CCCP). By titrat-
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ing CCCP, this assay can be used to test the stability of mtmP of
different cell types or under different environmental or genetic
conditions [555]. The highest possible signal for the mtmP can be
obtained by adding oligomycin, which is an ATP-synthase inhibitor
and leads to hyperpolarization of the mt membrane. Thus, CCCP
and oligomycin can define the dynamic range of TMRE stain-
ing. As mentioned above, care has to be taken to gate on viable
cells. Moreover, MitoTracker FM staining can be confounded
by mtmP.

16.5 Top tricks

To validate the desired specificity and working concentration
of dyes for ROS measurements, positive controls and negative
controls can be included. For instance, we used the radical
starter ammonium peroxodisulfate (APS; 0.001-0.1%) to assess
the dynamic range of DCFDA. The oxidation of DCFDA can vice
versa be blocked by the addition of vitamin C (mM Range) to the
assay. For further reading on this issue we recommend ref. [548].
The specificity of FA uptake can be assessed by pre-incubation of
the cells with unlabeled FA, such as palmitic acid [542].

17 T cell assays

17.1 Measurement of signal transduction pathways in
human T cells

17.1.1 Overview. In this section, we describe how to investigate,
in human T cells, the phosphorylation status of S6 ribosomal pro-
tein (pS6Ribo) as an indicator of PI3K-Akt-mTOR signaling path-
way activation following TCR stimulation [556]. However, this
protocol can be applied to other signaling pathways in T cells, for
example, cytokine stimulation or costimulatory molecules trigger-
ing [557].

17.1.2 Introduction. T cell activation requires TCR engagement
by peptide-MHC complex together with additional costimuli such
as CD28 triggering by CD80/86 molecules expressed on APCs,
as well as cytokine stimulation. Surface receptor stimulation is
followed by intracellular events that rely mainly on the phos-
phorylation or de-phosphorilation of molecules involved in the
signaling cascade. This is important to amplify and transmit the
information originated by receptor stimulation. Signaling cascades
are usually connected downstream of different surface receptors,
thus leading to an intracellular integration of distinct signaling
events. The final outcome is the activation or inhibition of spe-
cific transcription factors, and then the expression of a specific
gene signature. The investigation of the phosphorylation status
of intracellular mediators is a useful tool to understand step-
by-step how the extracellular information is propagated inside
the cell. By this way it is also possible to understand if any
alteration is present in a given signaling pathway. (See also
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Chapter V Section 15 — Measurement of signal transduction path-
ways by FCM).

17.

10.

11.

12.

1.3 Step-by-step sample preparation.

17.1.3.1 Mononuclear cells’ recovery.

Collect whole blood in a tube coated with an anticoagulant.

. Gently stratify 9 mL blood onto 6 mL Ficoll in a 15 mL tube.

Centrifuge at room temperature, 1500 x g without break for
20 min.

Collect the ring between the phases, containing mononuclear
cells, and transfer in a new 15 mL tube. Fill up the tube with
PBS 7.2 and centrifuge 300 x g for 7 min.

Discard the supernatant and resuspend cells in 15 mL PBS 7.2.
Repeat the centrifugation step.

Resuspend cells in complete medium (RPMI+10% FBS) and
count. At least 200 000 cells for each experimental condition
are needed.

17.1.3.2 Cell stimulation.

. Stain cells with mouse anti-human CD3 Ab (clone HIT3a,

IgG2a, 5 pg/mL) and mouse anti-human CD28 antibody
(clone CD28.2, 1gG1, 5 ug/mL) in 50 pL of complete medium
in a 1.5 mL Eppendorf tube. Incubate at 4°C for 5 min.

Cap primary Abs by adding 50 pL complete medium contain-
ing anti-mouse IgG1 and anti-mouse IgG2a. Final concentra-
tion of anti-mouse IgG1l and anti-mouse IgG-2a is 5 pg/mL.
Incubate at 37°C for the kinetics experiment. We recommend
the following kinetics: 0’ (no stimulation), 10’, 20’, and 30’.
At each time point of the kinetics experiment, fill up the appro-
priate tube with cold PBS 7.2 and centrifuge at 300 x g for 7
min at 4°C.

Discard the supernatant and resuspend cells in 250 uL of PBS
7.2. Add an equal amount (250 pL) of pre-warmed (37°C)
BD Cytofix and incubate for 10’ at 37°C.

Fill up the tube with 1 mL wash buffer (PBS 7.2 +BSA 0.5%)
and centrifuge at 300 x g for 7 min.

Resuspend cells in 500 pL wash buffer.

Centrifuge the tubes at 300 x g for 7 min.

Discard the supernatant and resuspend cells in 500 pL pre-
cooled (-20°C) BD Perm Buffer III. Incubate for 30’ on ice.
Fill up the tubes with wash buffer and centrifuge 300 x g for
7 min.

Discard the supernatant and stain cells with anti-human CD3-
PB, anti-human CD4-PECy7, anti-human CD8-APCCy7, anti-
human pS6Ribo (Ser235/236)-Alexa Fluor 488 for 20’ at
room temperature.

Fill up the tubes with wash buffer and centrifuge at 300 x g
for 7 min to remove unconjugated antibodies.

Discard the supernatant and resuspend in 500 pL wash buffer
for FCM analysis
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17.1.4 Materials.

Complete medium: RPMI+10% heat inactivated FBS
Wash buffer: PBS 7.240.5%BSA

PBS 7.2

Fixation buffer: BD Cytofix

Permeabilization buffer: BD Perm Buffer III

mouse anti-human CD3 Ab (BD, clone HIT3a, IgG2a)
mouse anti-human CD28 Ab (clone CD28.2 IgG1, 5ug/ml)
Goat anti-mouse 1gG1

VXN AW

Goat anti-mouse 1gG2a

anti-human CD3-PB (BD, clone UCHT1)

. anti-human CD4-PECy7 (BD, clone SK3)

. anti-human CD8-APCCy7 (BD, clone SK1)

. anti-human pS6Ribo (Ser235/236)-Alexa Fluor 488 (Cell Sig-
naling, clone 2F9)

= e =
W N = O

17.1.5 Data analysis. Data analysis can be performed via the
identification of the percentage of cells that display the phosphory-
lated protein of interest (as in the Figure 61). However, sometimes
two clear cell subsets (phosphorylated versus unphosphorylated)
cannot be identified. In those cases, it is very useful to evaluate
the MFI of the protein of interest.

17.1.6 Pitfalls. In case of TCR signaling study, staining of surface
CD3 requires the usage of an Ab clone distinct from that used for
cell stimulation. The two Abs should not compete for the same
epitope.

17.1.7 Top Tricks. PI3K-Akt-mTOR activity lasts only several
minutes following stimulation. Alterations of the signaling path-
way can be observed either as a delayed/shorter kinetic of phos-
phorylation or as a reduced/increased magnitude of phosphoryla-
tion. For these reasons, we recommend to perform kinetics experi-
ments rather than a single time point observation. The same can be
applied either to STAT protein phosphorylation or other signaling
cascades.

17.2 Measuring antigen specific T cell responses

17.2.1 Introduction.
the context of MHC molecules. Over 20 years ago, Davis and col-

T cells recognize their cognate antigen in

leagues developed the technique to mimic the interaction between
the T-cell receptor and the peptide (p)MHC complex in the labora-
tory [558]. Using fluorescently labeled pMHC multimers and FCM,
antigen-specific T cells could be visualized and this has become a
crucial tool in the analysis of antigen-specific T cell immunity in
mouse and human.

The classical approach with pMHC multimer detection of anti-
gen specific T cell populations is to have a specific pMHC com-
plex coupled to a single fluorescent dye. The major drawback of
this approach is the limited number of epitopes to which T cell
reactivity can be detected in parallel. This limitation is given by
the limited number of fluorochromes and detectors available for
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Figure 61. pSéribo evaluation on PBMNC following TCR stimulation. Lymphocytes were gated based on physical parameters, then T cells were

identified as CD3*CD14". T helper cells were gated as CD4". pSéribo was

evaluated either on unstimulated cells or upon CD3 mAb and CD28 mAb

stimulation for 10, 20, or 30 min. As a positive control of the procedure PBMNC were stimulated with PMA and Iono for 20 min. In this experiment

CD3 mAb and CD28 mAb capping was performed by the addition of PE-

Thus, cells with an efficient crosslink can be detected as PE-positive.

the detection as well as limitations in the availability of patient
material. Multiplexing strategies have been developed that greatly
increase the number of T cell reactivities that can be detected in a
single sample [559, 560].

The multiplexing strategy we employ is based on the genera-
tion of pMHC complexes with dual fluorochrome codes. Using this
labeling approach, the number of unique codes that can be gener-
ated can be calculated using factorial operations. As an example,
ten distinct fluorochromes yield 45 possible unique dual codes: (10
x 9)/(1 x 2) = 45. Additional approaches have been published
including work from Newell et al., which uses all possible fluo-
rochrome combinations instead of limiting to dual fluorochrome
combinations [559].

An alternative method to identify antigen-specific T cells is
through the use of isotope-labeled pMHC multimers, and time-of-
flight cytometry [561]. However, this method destroys the cog-
nate cells and does not allow further analysis. In the last couple
of years, other high-throughput methods have made their debut,
which are based on adding barcoded DNA oligos to pMHC multi-
mers followed by sequencing to detect antigen-specific T cells.
The cell mixture can be sequenced as a whole, or to reduce
sequencing costs, if the pMHC multimers are labeled with fluo-
rochromes, antigen-specific T cells can be isolated using FCM or
anti-fluorochrome magnetic bead-conjugated Abs before sequenc-
ing. Using next generation sequencing, the cognate peptide is
identified based on the DNA barcode, unique to the peptide
[562-564]. According to the same principle, barcoded DNA oligos
can also be attached to Abs, to detect and quantify surface pro-
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conjugated anti-isotype mAbs (anti-mouse IgG1 and anti-mouse IgG2a).

tein expression. In the end, proper use of DNA barcoded reagents
allows simultaneous identification of the TCR sequence, tran-
scriptome, surface protein expression, and peptide-specificity of
T cells.

Besides the major benefit of increasing the number of specifici-
ties that can be screened for in a single sample, the other advan-
tage of using multiplexing is the fact that the background signal
is significantly reduced when using dual fluorochrome codes. This
is due to the fact that the vast majority of background signal is
detected in either one or more than two channels detecting fluo-
rescent signal. As the false positive signal decreases, the sensitivity
of the assay increases. This increase in sensitivity is accomplished
using Boolean gating strategies including signal that is only dual
fluorochrome positive. Using this gating strategy, we are currently
working with a cutoff of 0.005% of total CD8" T cells and a
minimum of ten recorded events. A triple fluorochrome labeling
approach following the same principles, can in theory maintain
the sensitivity of detectable T cell reactivities and further enhance
complexity.

17.2.2 UV light-mediated peptide exchange. Peptide MHC com-
plexes can be generated in vitro by placing the heavy- and f2m
chain of the MHC allele together with the peptide of interest
in optimized conditions allowing correct formation of the pMHC
complex. As refolding the pMHC complexes is a time consuming
and laborious process this approach is not optimal for generation
of large numbers of different pMHC complexes.
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To overcome this limitation, we developed a UV light-mediated
peptide exchange method [565]. With this technology, the MHC
complex is refolded using a peptide that includes a UV light-
sensitive amino acid. Exposure to UV light results in degrada-
tion of the UV-sensitive peptide leading to the dissolution of the
MHC complex. However, when this process takes place in the
presence of a rescue peptide, this peptide can bind and stabi-
lize the MHC complex, thereby giving rise to pMHC complexes
with the peptides of choice. This UV-mediated exchange can be
performed in a multi-well format, allowing the generation of thou-
sands of unique pMHC complexes in parallel. Alternative methods
for the high-throughput refolding of MHC molecules with peptides
of choice include the use of temperature-labile peptides, periodate-
cleavable peptides, azobenzene-containing peptides that may be
cleaved by sodium dithionite, or the use of certain di-peptides that
bind specifically to the F pocket of MHC class I molecules, catalyz-
ing rapid exchange with peptides in the environment [566-569].

Multiple factors can influence the ligand exchange reaction.
In case UV-cleavable peptides are used, it is crucial to keep the
PMHC complexes in the dark as much as possible as they are
light sensitive and as cool as possible as the pMHC complexes can
be unstable at temperatures above 4°C. Furthermore, it is impor-
tant that these protein-containing reactions are performed using
polypropylene material. This is to avoid loss of protein through
sticking to the plates/tubes. As the solubility of the peptide influ-
ences the ligand exchange, it is possible to add ligands that have a
poor solubility in water from stocks in DMSO. It has been shown
that the ligand exchange reactions proceed normally in conditions
up to 10% DMSO [565].

After the peptide exchange, (biotinylated) pMHC complexes
are multimerized by binding them to streptavidin-conjugated flu-
orochromes. For each peptide, a combination of two differently flu-
orescently labeled pMHC tetramers are produced using a stairway
panel as illustrated in Fig. 62. For example, in one plate, pMHC
tetramers are labeled according to the horizontal fluorochromes
(Fig. 62, top) while in the other plate pMHC tetramers are labeled
according to the vertical fluorochromes (Fig. 62, bottom). All flu-
orescently labeled pMHC multimers are then pooled together and
added to the T cells of interest. Cognate T cells will be double-
positive for the two fluorochromes to which the cognate pMHC
complexes were added.

When selecting what fluorochromes are better suited to include
in the making of the multimers, the main determinant is the
configuration of the flow cytometer that will be used. Next is a
consideration of brightness. In case the goal of using the tech-
nology is to detect viral responses, the brightness is of less con-
cern compared to detecting T-cell responses against self-antigens.
Nevertheless, it is advisable to select bright fluorochromes, and
when using less bright fluorochromes to only combine them in
the dual-codes with the fluorochromes that give a bright signal to
ensure the antigen-specific T cell population is separated from the
background.

Titrations of the pMHC complex:streptavidin-fluorochrome are
crucial to ensure optimal SNR. After multimer formation, addi-
tion of D-biotin ensures any remaining free binding sites on the
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streptavidin-conjugated fluorochromes are blocked, thereby pre-
venting the binding of unconjugated pMHC complexes to other
fluorochromes when collecting the pMHC multimer collections
prior to staining.

17.2.2.1 Staining and FCM. Following the multimer forma-
tion, multimers are collected, pooled together, and centrifuged to
remove any aggregates before adding them to the T cells. Aggre-
gates can easily be formed when using multiple multimers in a
single staining, and can cause background issues in the staining.
This is especially true when using rescue peptides that may not
be able to bind sufficiently to stabilize the MHC complex. The
addition of a 1% skim milk solution (in PBS) to the multimers
after adding the streptavidin-conjugated fluorochrome can help
to reduce the level of aggregates.

After centrifugation of the pooled multimers, T cells are stained
with non-aggregated multimers for a maximum of 15 min at 37°C
if the goal is to solely measure T cell responses, or for a max-
imum of 30 min at 4°C if the goal is to also sort out the cells
for downstream transcriptional analyses. Staining at 37°C results
in improved binding of the pMHC complexes due to pMHC-TCR
dissociation being significantly delayed at this temperature [570].
After the pMHC staining, fluorochrome-conjugated Abs are used
to stain (surface) proteins of choice. It is advised to pick and
choose a certain fluorochrome, ideally with the same emission
spectrum as the live/dead-marker, that is conjugated to Abs tar-
geting cell surface markers unique to unwanted cells to act as
a “dump-channel.” These unwanted cell surface markers include
CD4, CD14, CD16, and CD19, specific for (among others) T helper
cells, monocytes, NK cells, macrophages, and B cells. The cells can
be washed following standard FCM protocol after which they are
ready for analysis.

To ensure that the T cell reactivities detected are indeed real,
a confirmation is required in an independent experiment. For this
purpose, it is recommended to make new reagents for the potential
hits, change the fluorochrome code and to stain the other half
of the sample tested. We have previously demonstrated that the
reproducibility between these independent experiments is high
(R?=0.9638) [571].

On the basis of the high sensitivity and robustness, this is a
highly suitable tool for the analysis of T cell responses in patient
material. We have previously demonstrated the value of the tech-
nology to map T cell responses against shared antigens in large
patient cohorts as well as T cell responses against mutated anti-
gens on a patient-specific basis [571-574].

17.2.2.2 Example: Detection of neoantigen-specific T cell
Based on DNA
sequencing of resected tumor material and healthy PBMCs, tumor-
specific variants were identified using exome sequencing. Based
on the data, 2058 non-synonymous variants were detected. Candi-
date tumor-specific neo-epitopes were determined and annotated

responses in an advanced melanoma patient.

using an in-house epitope prediction pipeline that predicts which
neo-epitopes are most likely expressed on the surface of tumor
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Figure 62. An example of a combinatorial staircase giving 28 unique dual fluorochrome codes to 28 different peptides, allowing the detection of

28 different T cell responses in parallel.

cells based on the RNA expression level of the antigen, proteaso-
mal processing, and binding of the peptide to the MHC. The pre-
diction pipeline led to 1071 unique peptides of which 497 were
used to generate pMHC complexes with the UV light-mediated
peptide exchange method. pMHC complexes were formed with
HLA-A*02:01, B*27:05 and B*40:01 monomers. Using 14 dif-
ferent streptavidin-conjugated fluorochromes for multimer for-
mation, 75 dual color combinations were used in parallel per
tube. This also included peptides predicted to bind more than
one MHC. Using this setup, screening the PBMCs from this patient
for 498 predicted neo-epitopes was possible in eight tubes with
approximately one million cells per tube (20% CD8" T cells).
The extra eighth tube was included to avoid mixing peptides that
were potentially cross-reactive for multiple TCRs. The analysis of
the PBMCs revealed three confirmed neoantigen-specific T cell
responses against neoantigens (Fig. 63).

17.3 Antigen-specific T-cell cytometry

17.3.1 Introduction. Antigen-specific T cells play a pivotal role
in immune protection toward infection and cancer and are the cel-
lular basis for specific immunotherapy. Antigen-specific T cells are
also crucially involved in the pathophysiology of chronic inflam-
matory diseases, such as allergies, inflammatory bowel disease, or
autoimmune diseases. Therefore, the direct visualization, quan-
tification, and characterization of these cells have important diag-
nostic and therapeutic implications. pMHC molecules present anti-
genic peptide (epitopes) to T cells, which are recognized by specific
binding of a suitable T-cell receptor (TCR), which is expressed in
multiple identical copies (usually >1 x 10° molecules) on the T-cell
surface. CD87 T cells recognize peptides presented by MHC class I,
while CD4™ T cells recognize antigen via MHC class II molecules.
Two main experimental approaches have been developed for the
detection of antigen-specific T cells: function-independent meth-
ods such as staining with soluble MHC multimers, and function-
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based assays (such as intracellular cytokine staining, ELISPOT, or
cytokine capture technology). Their advantages and limitations
are described below along with other aspects of antigen-specific
T-cell cytometry.

17.4 MHC multimers

Function-independent antigen-specific T cell identification has the
advantage that it can be applied directly to a sample ex vivo and
does not rely on in vitro T cell activation, in contrast to many
function-based assays. Compared to the broadly applied detec-
tion of antigens by mAbs, detection of TCR-ligand (=pMHC)-
binding antigen-specific T cells has turned out to be challeng-
ing. This is mainly due to the relatively low binding affinity of
TCR-pMHC monomer interactions, which does not allow using
soluble (monomeric) pMHC for stable T cell staining. Altman and
Davis addressed this problem by the development of so-called
“MHC tetramers” [558]. The principle behind this approach is the
multimerization of the natural TCR ligand, e.g., to tetrameric com-
plexes, thereby increasing the binding avidity to surface-expressed
TCRs. Dimerization of pMHC via immune globulin fusion proteins
can be sufficient to detect antigen-specific T cells [575], but such
PMHC dimers often fail to identify all antigen-reactive T cells
present in a polyclonal population [576]. However, also pMHC
tetramers might not label all epitope-reactive T cells, which could
be due to very low affinity TCRs [577] or TCR/co-receptor down-
regulation or variable surface distribution [578].

Reagents with different degrees of multimerization have been
developed, as multimerization seemed to be relevant for stable and
antigen-specific binding. Surprisingly, a direct comparison of MHC
tetramers, pentamers, dextramers, octamers, and higher polymer-
ization reagents has failed to show significantly improving bind-
ing properties with increasing degrees of multimerization [579].
It seems that an avidity gain with MHC trimers represents the cru-
cial threshold to result in stable MHC multimer staining for most
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Figure 63. FCM analysis of PBMCs from a patient suffering from advanced melanoma. Dot plots show the gating strategy (A) used to identify
live single CD8*, PE*, and BV421* cells. Fluorochrome™ dot plots are made for all fluorochromes used, however to reduce the image size only
gating for PE* and BV421" CD8" cells is shown here. The “Dump channel” consists of CD4*, CD14*, CD16%, CD19" and dead cells. Dual (AND)
boolean gating of fluorochrome™ channels, combined with all the NOT gates of the other channels to get rid of the background, is done to identify
neoantigen-specific CD8 T cell populations (B). The neoantigen-specific T cells are positioned in the diagonal of the upper right corner of the plot
as they are positive for the two fluorochromes. The gating strategy shown in the upper panel is the one performed for the identification of the

CMTR2 neoantigen-specific T cell population in the lower panel.

TCRs. This interpretation was based on the finding that also in
conventional PE-conjugated MHC “tetramers,” three of the four
MHC molecules simultaneously take part in binding to surface-
expressed TCRs, although they stain polyclonal T cell populations
effectively with high staining intensity [580].

MHC tetramers are based on multimerization with biotiny-
lated ligands and avidin/streptavidin (Fig. 64C, “non-reversible
PMHC”). Conjugation with fluorochromes allows usage in FCM-
based applications and conjugation with paramagnetic particles
promotes combination with magnetic purification technologies
[581, 582]. However, binding of TCR ligands can lead to T
cell stimulation/activation and labeling-reagent internalization,
as well as apoptosis and cell death [583-585]. Therefore, the
reversible MHC Streptamer technology was developed, allowing
removal of staining reagents from the cell surface after their
application (Fig. 64C, “reversible pMHC”) [586, 587]. This is
achieved by targeted disruption of multimer complexes, leaving
only MHC monomers that rapidly dissociate from the cell sur-
face. With directly fluorochrome-labeled MHC molecules, the dis-
sociation can be precisely measured and serves as an important
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parameter for TCR avidity (Fig. 64C, “dye-conjugated reversible
PMHC”) [588, 589]. Reversible staining has been further trans-
ferred to low affinity Ab-derived Fab fragments (Fab Streptamer),
extending the applicability of this labeling technology to virtually
any surface antigen [590].

A large spectrum of MHC reagents is commercially available
for the analysis of antigen-specific CD8" T cells. Assembly of
PMHC monomers requires folding of MHC heavy chain and B,
microglobulin in the presence of the antigenic peptide (Fig. 64A).
For downstream biotinylation or fluorophore-conjugation, pMHC
monomers need to carry a functionalization site. An Avi-tag, for
example, enables BirA-mediated biotinylation for pMHC multi-
merization on a streptavidin backbone (as is the case for classical
tetramers) [558]. Furthermore, solvent exposed cysteine residues
have been used for fluorophore conjugation using maleimid chem-
istry [588, 591]. Reversibility of Streptamers (Fig. 64C, “reversible
PMHC”) is achieved through a Strep-tag, which allows stable mul-
timerization on a streptactin (rather than streptavidin) backbone
in a biotin-free manner [586]. Due to the higher binding affin-
ity of d-biotin to the strep-tag, this multimeric complex can be
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disrupted through addition of D-biotin. As the affinity of
monomeric pMHC complexes to the TCR is not high enough for
stable binding, pMHC monomers consequently dissociate from the
TCR (Fig. 64C, “reversible pMHC” and “dye-conjugated reversible
pMHC”).

In the past, therefore different pMHC production strategies
were necessary depending on the pMHC reagent (reversible/non
reversible; probe-conjugated/unconjugated) desired for a specific
application. In order to streamline and standardize the produc-
tion process, we have recently developed the so-called “FLEXamer
technology,” which allows flexible generation of pMHC reagents
from a single precursor pMHC protein [592]. These FLEXamers
possess a dual-tag consisting of a Strep-tag for reversibility and a
Tub-tag for versatile functionalization with biotin, fluorophores,
or other probes such as DNA oligos [562] (Fig. 64A).

In order to enable versatility also on the epitope level, a tech-
nology based on UV light-cleavable surrogate peptides has been
developed (for more information also see Chapter V Section 17.2.2
UV light-mediated peptide exchange method) [565], but also
dipeptides can be used for this purpose [569] (Fig. 64B). Further-
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more, multiplexed staining of samples with different fluorescence-
conjugated MHC multimers is possible and promotes simultane-
ous analysis or sorting for multiple epitope specificities (for more
information also see Chapter V Section 17.5 Functional read-
outs) [559, 560]. Combinatorial MHC multimer staining can also
be used not only to combine and distinguish large numbers of
different MHC molecules within the same sample, but also to
increase staining sensitivity for the detection of rare cell popula-
tions. Cell incubation with two MHC multimers, which are specific
for the same antigen but are conjugated to different fluorophores,
results in double-staining of antigen-specific T-cell populations.
This approach significantly reduces background staining (for more
information also see Chapter V Section 17.5 Functional read-outs),
which is fundamentally important to identify rare cell populations.

The pMHC multimer stainings shown in Fig. 65 summarize
many of the above-introduced aspects. Figure 65 shows enhanced
specificity through the use of two pMHC multimers, with the same
PMHC but backbones with different fluorophores. The antigen-
specific T cell population in Fig. 65 was stained with a non-
reversible pMHC multimerized with streptavidin-PE and a
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Figure 65. Versatile analysis of a murine H2-kP/SIINFEKL-specific T cell population. Double staining with nonreversible pMHC multimerized with
streptavidin-PE (“Tetramer”) and reversible pMHC multimerized with streptactin-APC (“Streptamer”) before (red) and after (blue) addition of D-
biotin; dissociation of Alexa488-conjugated monomeric SIINFEKL-pMHC molecules over time after addition of D-biotin (outside red box); pregating
on lymphocytes, singlets, living CD19°, CD8% CD45-color coded T cells; gate of SIINFEKL-MHC-A488 additionally pregated on streptavidin-PE* T
cells; CD45 color coding enables simultaneous analysis of multiple samples.

reversible (“Streptamer”) pMHC multimerized on streptactin-APC.
After the addition of b-biotin only the biotinylated pMHC multimer
staining prevails (Fig. 65), demonstrating reversibility of Strep-
tamer stainings. The breakup of Streptamer pMHC complexes is
followed by dissociation of pMHC monomer from the TCR. Flu-
orophore conjugation of pMHC monomers thereby allows track-
ing of dissociation kinetics, and quantification of TCR-pMHC kogt-
rates (Fig. 65). Continuous tracking of the dissociating pMHC
monomers can still be linked to the antigen-specific population
through gating on the population positive for the nonreversible
PMHC. This emphasizes that not only the versatile nature of the
different pMHC constructs themselves, but also their combinato-
rial usage, have made them become indispensable tools for in-
depth T cell characterization.

Co-receptor (CD8 or CD4) interaction is often required for sta-
ble binding of MHC multimers. Therefore, parallel surface staining
for CD8 or CD4 has to be controlled carefully to avoid artifacts by
blocking (or sometimes even enhancement) of co-receptor bind-
ing. In order to control this problem, most staining protocols are
based on an incubation period with MHC multimers alone before
Ab reagents for co-receptors are added. An initial incubation with
MHC multimer reagent alone for 25 min, followed by the addition
of co-staining mAbs for further 20 min, has proven to be applica-
ble to most MHC multimers in practice. In particular, when using
PE-conjugated MHC multimers, background staining—especially
coming from B cells and dead cells—can complicate the analysis.
Therefore, implementation of a CD19 dump channel and live/dead
discrimination has become standard for most MHC multimer stain-
ing protocols. By using covalently linkable DNA staining probes
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(such as ethidium monoazide bromide (EMA)), it is also possible
to combine live/dead discrimination with cell fixation [593].

Optimal MHC multimer concentrations have to be determined
for each batch by using positive and negative controls, as done for
all other cellular labels used in FCM. Besides reagent concentra-
tion, the duration of incubation time and staining temperature are
crucial parameters for MHC multimer labeling. Since this technol-
ogy relies on binding of the natural TCR ligand to the cell surface,
at higher temperatures (above 10-15°C), signaling events and
potential cell changes (e.g., up- or downregulation of cell sur-
face markers, activation-induced cell death) can occur. Therefore,
whenever possible, MHC class I multimer staining should be per-
formed at low temperatures, i.e., 4°C. For reversible MHC multi-
mer staining, cell labeling/sorting at low temperatures is essential,
as reagent internalization would negatively interfere with its sub-
sequent removal. In contrast, for most of the currently available
MHC class II multimers, successful antigen-specific cell labeling is
only possible at higher temperatures (usually at 37°C for ~1 h),
since signal accumulation by reagent internalization seems to be
required in this case [594, 595].

In addition to conventional experimental controls (single
color-, compensation-, and FMO-controls), biological controls for
MHC multimer staining are recommended to determine the degree
of background staining (e.g., by MHC mismatch controls). Gen-
eral considerations regarding minimal numbers of positive events
that have to be acquired and optimal gating strategy (FSC/SSC,
singlets, live/dead discrimination, co receptor/multimer, etc.)
are important to achieve meaningful and highly reproducible
results. A detailed protocol for MHC multimer staining includ-
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ing some examples for staining artifacts is described in Cellular
Diagnostics—Karger 2009 [596].

For more information, including instructions for the develop-
ment of MHC class I reagents, please visit our website http://www.
mikrobio.med.tum.de/node/51.

17.5 Functional read-outs

As antigen-specific T-cells are rare, a major goal in antigen-specific
cytometry is to analyze as much parameters as possible from
each single antigen-specific T-cell. Recent advances in multicolor
FCM have increased the number of markers that can be analyzed,
but have also complicated the design and optimization of multi-
color Ab panels, as well as the multidimensional analysis of such
experiments. These important topics have been reviewed else-
where [597-601] and are also discussed in Chapter IV. Section
9 - Key Concepts for the Design and Testing of Multicolor Pan-
els and Chapter VI. Section 1-3 Evaluation/Data handling. In this
section, we will focus on use of flow cytometric methods for the
detection of antigen-specific T-cells following stimulation with an
antigen.

Direct labeling of specific T-cells can be achieved by
peptide/MHC(pMHC)-multimers (see Chapter V Section 17.4—
MHC multimers). However, pMHC-multimers can only be gen-
erated for a limited number of predefined pMHC combinations,
in particular for MHC class I peptides and CD8* T-cell analysis.
In contrast, MHC class II multimers for identification of antigen-
specific CD4" T-cells are still less well established. In addition,
tetramer use is limited for complex antigens or antigens not fully
characterized, e.g., microbes, tumors or autoantigens, and for the
heterogeneous MHC background in humans. As an alternative,
functional tests provide more flexibility, since they rely on T-cell
stimulation by autologous APCs, which can process and present
all types of antigens, peptides, proteins, or crude cellular extracts
in the context of the physiological MHC background. Following
in vitro antigen-stimulation, the antigen-induced T-cell response
is analyzed as an indirect read-out indicating specific T cells, i.e.,
proliferation, activation-induced surface, or secreted molecules or
cytotoxicity [602] (Figure 66).

17.5.1 Selection of the right parameter: Minimal manipulation.

Functional assays require stimulation, which may affect T-cell
frequency, function, and phenotype [602]. Cellular proliferation
as a result and readout of stimulation requires usually several
days (typically 3-5 days) of stimulation (see also Chapter V Sec-
tion 6—DNA synthesis, cell cycle, and proliferation) and intro-
duces an unpredictable bias due to significant in vitro selection
and “bystander” proliferation. Therefore, it is difficult to extrap-
olate from frequency and phenotype of cells after proliferation
to the original sample, and proliferation-based assays should be
used with caution for quantitative or qualitative T-cell analy-
ses. Therefore, short stimulation times should be preferred; for
instance, cytokines and rapid activation markers (e.g., CD154,
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CD137, CD69) typically require only 5-12 h of stimulation before
their levels are measurable intracellularly, on cell surfaces or in
culture supernatants, ensuring minimal manipulation [602]. Fur-
thermore, p2-integrin activation on activated T cells occurs even
within minutes [603].

For antigen-specific stimulation experiments, it should also be
considered that the source of material (whole blood; PBMCs; dif-
ferent tissues sources), as well as the treatment of the cell source
(fresh or frozen material; resting periods before stimulation; cul-
ture medium), might have a profound influence on T-cell marker
expression and the detection of antigen-specific T cell responses
[514, 604-607]. In our hands, overnight resting (<16 h) at 37°Cin
the incubator of freshly isolated PBMCs has been proven to reduce
background expression of activation markers and cytokines, while
retaining responsiveness of antigen-specific CD4" Tcon and Treg,
leading to an increased SNR for antigen-specific T-cell analyses
(unpublished). However, in multicenter trials, cryopreservation of
PBMCs is often unavoidable. Therefore, standardized procedures
are needed to compare antigen-specific T-cell data from different
laboratories [608, 609]. When analyzing and comparing antigen-
specific T-cell responses from blood and tissue, also the presence
of functional APCs with comparable processing and presenting
capacity should be considered.

17.5.2 Selection of the right parameter—Integrate all T-cell subsets.

T cells are heterogeneous and cover a wide range of different
phenotypical and functional subsets. Information about the fre-
quency, differentiation stage (e.g., naive, memory), phenotype,
and functional properties of antigen-specific T-cells is essential to
gain a comprehensive picture about the immune response against
a certain antigen and the immune status of an individual. As CD4"
and CD8* T cells provide different functions, also different read-
outs apply for the detection of antigen-specific CD4* and CD8* T
cells (see Table 14).

In particular, CD4" T cells can acquire a highly diverse set of
functional properties. Therefore, antigen-induced cytokine secre-
tion is widely used as functional read-out for CD4" T cells.
Cytokines can be detected on the cell surface by retention of the
secreted cytokine on the surface of the secreting cells via a cap-
ture matrix [620, 621] or intracellular when cytokine secretion
is inhibited by addition of secretion inhibitors like Brefeldin A
or Monensin [622] (see also chapter V Section 14—Intracellular
parameters, Chapter V Section 17.6 Live cytokine-producing cell
sorting with secretion assay). Differences may apply with usage
of different secretion inhibitors [608], for example, Monensin has
been shown to only insufficiently inhibit TNF-a secretion [623].
Due to the heterogeneity of CD4" T-cells, ideally, the functional
read-out should encompass all relevant T-cell types to obtain a
complete picture of the immune status, i.e., all conventional T
(Tcon) cells, i.e., naive, all memory subsets as well as Foxp3* reg-
ulatory T (Treg) cells, which typically comprise 5-10% of all CD4™
T-cells and are essential for tolerance. An alternative to individ-
ual cytokines, such as IFN-y, which are often only expressed by a
minor fraction of all antigen-specific CD4" T-cells [613, 614, 6241,
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Figure 66. Principal of antigen-specific stimulation assays. (A) PBMCs or single cell suspensions from tissues are incubated with the antigen
of interest or without antigen as negative control to determine background levels of the assay. If whole proteins are used for stimulation, the

antigen has to be taken up by the autologous APCs of the cell source,

processed and presented on MHC molecules. Peptides of a certain length

can bind externally to MHC molecules. (B) The antigen-specific T-cells will start to secrete cytokines and/or cytotoxic molecules (5-12 h), express

activation markers (5-16 h) and at later time points start to proliferate

(3-5 days). For the different functions of T-cells, such as cytokine release,

cytotoxicity, expression of activation markers, and proliferation single-cell flow-cytometric assays are available and for most technologies also
selection markers on the cell surface are available allowing additional isolation of the specific cells.

and thus may ignore a significant fraction of specific T cells, are
so called activation markers, that are upregulated on the T-cell
surface upon specific T-cell receptor triggering. In contrast, the
combination of the activation markers CD154 (CD40L; which
is expressed on all Tcon subsets) and CD137 (4-1BB; which is
expressed on Treg) following short-term (6 h) stimulation allows
in parallel detection of naive and memory Tcon and Tregs reacting
against the same antigen [615, 616, 624, 625].

For CD8* T-cells, cytokines like TNF-a and IFN-y are widely
used, which are expressed by the majority of the antigen-activated
CD8™ population. The activation marker CD137 is also expressed
by CD8* T-cells following stimulation for >12 h [618, 619, 626],
but may also be induced due to bystander activation. Furthermore,
for CD8* T-cells detection of cytotoxic activity by staining for cyto-
toxic effector molecules (e.g., granzyme or perforin) can be used.
In contrast to most other mediators, these molecules are found
preformed in the cells and can be immediately released following
antigen stimulation. An alternative approach for measuring cyto-
toxicity is the detection of CD107a, which is only present on the
cell surface transiently following degranulation [627, 628] (see
also Chapter V Section 17.8 Cytotoxicity).

A common drawback of these techniques is that they all rely on
upregulation or de novo synthesis of the read-out markers, e.g.,
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activation markers or cytokines, and therefore, require at least
several hours of stimulation. Recently, a new approach for rapid
identification of activated CD8" T cells has been introduced, based
on immediate changes of surface integrins that occur within min-
utes following antigen stimulation [603]. The authors made use
of the fact that resting antigen-experienced T cells express high
levels of membrane-bound B2-integrins [629, 630]. TCR activa-
tion leads to clustering of the membrane-bound integrins within
seconds following stimulation, which can be detected by intercel-
lular adhesion molecule 1 (ICAM-1)-multimers, that specifically
bind to activated B2-integrins [603]. An advantage of the assay is
the short stimulation time of only several minutes that allows the
detection of functional (producing cytokines and/or expressing
CD107a) CD8* T cells. However, comparison with peptide MHC
multimers showed that only a fraction of the peptide MHC multi-
mer positive T cells stained positive for ICAM-1. Further analyses
revealed that activated B2-integrins mark T cells with immedi-
ate, strong effector function, but, for example, miss nonfunctional
antigen-specific cells. In addition, the protocol requires stimula-
tion of low cell numbers in relatively high volumes (7.6 x 10°
PBMCs in 380 pL test), which limits the detection limit and makes
it difficult to scale-up the assay for the detection of low-frequent
antigen-specific T cells.
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Table 14. Methods for the detection of antigen-specific T cells

Biological applications

Detection Commonly used
Method Duration markers Cell Type Disadvantages
Proliferation 3-5 days CD4" and CD8" Bystander proliferation may occur
Selective outgrowth of single clones
No direct quantification of specific cells
Phenotypical and functional changes
during long-term in vitro culture
Cytokine 5-12 h (different TNF-a CD4* and CD8* Restricted to preselected cytokine
secretion cytokines may have producers;
different kinetics) ~ IFN-y CD4* and CD8* Non-cytokine producing Tcells (e.g.
IL-2 CD4" and CD8* naive, Treg) are neglected
IL-4, IL-5, IL-9, IL-10, Mainly CD4"
IL-13, IL-17A, IL-17F,
IL-21, IL-22, GM-CSF,
etc.
GARP/LAP/TGF-f Treg
Activation 5 h to several days CD69 (3 till 24 CD4*" and CD8* Sensitive to bystander activation
marker (different activation  hours) [610]

markers have
different kinetics)
CD25 (24 till <72 h) [610]

HLA-DR (24 till <72
h) [610]
CD134 (OX-40) (48 till
72 h) [611, 612]
CD154 (CD40L) (6 till 16
hours) [613, 614]
CD137 (4-1BB) (6 till 24
hours)

Cytotoxicity 1-6 h Perforin

Granzyme A

Granzyme B

CD107a

(ICAM)-1 multimers that
specifically bind to
activated
p2-integrins [603]

Activated 4-120 min

integrins

CD4* and CD8* Sensitive to bystander activation; late
up-regulation; constitutively
expressed by Treg

CD4" and CD8* Late up-regulation

CD4" and CD8* Late up-regulation

Mainly CD4" Restricted to CD4* T cells; not
expressed on Treg

Detection Treg requires co-staining
with CD154; On CD4* and CD8* Tcon
sensitive to bystander activation

Treg (6h) [615-617]
later also on
CD4*+Tcon and
CD8* [618, 619

Mainly CD8" Restricted to preselected cytotoxic
marker; non-cytotoxic T cells are
neglected

Mainly CD8*

Mainly CD8"

Mainly CD8"

So far described for Restricted to a subset of cytokine

CD8* secreting /cytotoxic memory T cells;

non-functional antigen-specific T
cells and naive cells are neglected

17.5.3 Combination with magnetic enrichment of rare cells.
Antigen-specific T-cells typically comprise <1% and often <0.1%
of the total T-cell population [602]. Therefore, magnetic pres-
election of rare antigen-specific T-cells from large cell samples
is frequently used to decrease background and improve optical
resolution. Preselection increases the sensitivity for the detec-
tion of antigen-specific T-cells, i.e., frequencies down to 1 cell
within 10-°~107° and thus even detection of specific T cells within
the naive repertoire is possible [620, 624, 631-634]. Enrichment
allows the collection of sufficient target cells for subsequent mul-
tiparameter analysis and resolution of small cell subsets. Magnetic
enrichment may employ surface markers, e.g., tetramers, CD154,
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CD137, ICAM-1-multimers, or secreted cytokines [602, 603, 620,
624, 631-634] (Figure 67).

17.5.4 Type of antigen. As for the functional read-out, there are
differences between the antigens used for stimulation of CD4* and
CD8* T-cells. CD4" T-cells recognize antigens that are presented
via the exogenous pathway of antigen presentation on class Il MHC
molecules [636]. Accordingly, for CD4™ T-cells, peptides, proteins,
and even cellular extracts can be used for stimulation. Presentation
of peptides from whole proteins depends on the processing activity

of the available APCs, which may vary between cell sources (blood,
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Figure 67. Enrichment of antigen-specific T-cells increases sensitivity for the detection of rare cells. (A) CD154 and TNF-a expression was analyzed

on human CD4" T-cells without addition of an antigen and following

stimulation wit the neo-antigen keyhole limpet hemocyanin (KLH). Cells

are gated on CD4*+ T-cells and percentage and absolute numbers of CD154+ cells after acquiring 5 x 10° PBMCs (upper plots) or obtained from
1 x 108 PBMCs after enrichment of CD154+ cells (lower plots). (B) Phenotypic characterization of the enriched CD1547CD4* T-cells to discriminated
between CD45RO* memory cells and CD45RO"CCR7* naive T-cells, following stimulation with a peptide pool of C. albicans MP65 as recall antigen or
KLH as neoantigen. (C) Parallel detection of antigen-specific Tcons (CD154") and Tregs (CD137") following stimulation with birch pollen lysate and
magnetic enrichment for CD154+ and CD137+ cells from 2 x 10’ stimulated PBMC. Upper plots: cells are gated on CD4+ T-cells and absolute cell
counts of CD154" and CD137* cells with and without stimulation are indicated. Lower plots: Overlayed flow-cytometric analysis of birch-specific
CD154% and CD137" cells. Numbers indicate percentages among CD137*CD154~ CD4" T-cells and absolute numbers of CD137"CD25*FOXP3*
Treg. (D) To describe the precision of flow cytometry data, the CV can be calculated from the variance and the SD) For rare cell analysis, the
approximations SD = +/r and CV [%] = 100/+/r can be used, where r is the number of positive events [635]. From CV [%] = 100/+/r follows r =
[100/CV]?. Using this approximation the number of total required events is illustrated depending on the frequency of target cells for different CVs.

(Ilymphoid-) organs) and donors. Antigen preparations containing
potential innate immune signals (pathogen-associated molecular
patterns) may cause bystander activation and specificity of the
antigen-reactive T-cells has to be confirmed for each antigen (see
also Section 17.5.5 Controls and statistical analyses).

In contrast, stimulation of CD8" T-cells with whole proteins is
difficult, since MHC class I epitopes are not easily generated from
endocytosed proteins that depends on cross presenting capacity of
the APCs. Therefore, short synthetic peptides are preferable. The
use of peptides as antigen stimulants is advantageous as peptides
are instantly presented by all APCs expressing MHC molecules,
including B cells or other nonclassical APCs. Peptides can be used
individually or in pools, such pools being able to cover complete
protein amino acid sequences (protein spanning peptide pools).
The use of peptides of 15 amino acids length and 11 overlaps
has proven very successful for both CD4" and CD8 T-cells [637,
638]. The use of 15mers is in conflict with the concept that the
binding groove of class I MHC molecules can only accommodate
a peptide of nine amino acids in length. Since approaches using
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15mer peptides are successful, it is assumed that mechanisms exist
that shorten these peptides in the extra cellular space (clipping or
trimming) [639, 640].

Standard controls for
flow-cytometric multicolor analyses that apply here (single color,

17.5.5 Controls and statistical analyses.

compensation, FMO-controls, exclusion of doublets and dead cells,
as well as a dump channel) are described in Chapter III. Sec-
tion 1. Controls—Determining positivity by eliminating false posi-
tives. However, special emphasis has to be given to elimination of
background due to the low frequencies of antigen-specific T-cells,
as noted above. A nonstimulated sample processed under iden-
tical conditions is absolutely required to determine background.
Specificity should be verified for each pMHC-multimer and anti-
gen, especially for preparations containing pathogen-associated
molecular patterns, as well as for different cell sources (blood, tis-
sue). Specificity can be determined, for example, by MHC blocking
Abs, the use of fixed APCs (for processing dependent antigens) or
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expansion of cell lines and single cell clones for confirmation of
specificity by antigen re-stimulation [624].

Also, a positive control for the assay should be included, to
determine functionality of the T-cells and APCs. Polyclonal stim-
ulation can be achieved by, e.g., agonistic Abs against CD3 and
CD28 or by stimulation with the chemicals PMA and Iono. How-
ever, these controls only apply for the T-cells and are indepen-
dent of the presence of functional APCs. Alternatively, super-
antigens like Staphylococcus enterotoxin B (SEB) can be used,
which crosslinks MHC molecules and specific VB regions of T-
cell receptors. Thus, usage of SEB might be limited in samples
with restricted Vp repertoires. Since polyclonal stimuli are usually
very strong, an antigen-specific control might represent a more
physiological control, e.g., an antigen derived from an ubiquitous
pathogen like Candida albicans, or standard vaccine like tetanus,
to which typically all donors react [624].

When frequencies of antigen-specific T-cell are calculated,
background values have to be subtracted from that of the anti-
gen sample. Regarding statistical significance of rare event anal-
yses, considerations have to be applied to determine the minimal
number of events that have to be acquired for statistically rele-
vant analyses. To describe the precision of flow-cytometry data,
the CV can be calculated from the variance and the SD [635].
For example, for a CV of 5% at least 400 antigen-specific T-cells
have to be acquired. If the antigen-specific cells occur with a fre-
quency of 0.1%, at least 400 000 total events should be acquired.
If the frequency of specific cells is just 0.01%, at least 4 000 000
have to be acquired, and so on. This illustrates that for many
antigens, magnetic preselection of the rare antigen-specific T-cells
from large cell samples is necessary to increase the sensitivity of
the assay and obtain sufficient target cells for statistically rele-
vant analyses (see also Chapter VII Section 2 Statistics for Flow
cytometry).

For methods employing enrichment, the absolute count of tar-
get cells obtained from a certain input cell number has to be
determined to calculate frequencies in the original sample. The
frequency of positive cells after enrichment is not relevant for
quantification. A minimal SNR and minimal number of events
per input cell number has to be determined for each test system
independently (see also Chapter V Section 1 Rare cells (general
rules)).

17.5.6 Interpretation of results. Originally, specific T-cell anal-
ysis relied on the idea that antigen-specific memory-type T-cells
can only be detected in antigen-experienced individuals. However,
recent advances, in particular in the enrichment of rare cells, has
allowed detection of rare specific T-cells even within the naive
repertoire [624, 633, 634, 641-644] (Fig. 67B). These analyses
also showed that the memory compartment contains a signifi-
cant fraction of specific T-cells against bona fide “neo-antigens,”
i.e., antigens not previously encountered by the immune system.
This may result from specific (structurally related epitopes) or
from statistical cross-reactivity, i.e., recognition of a neo-epitope
by TCRs from a polyclonal repertoire [624, 642, 644]. Thus, the
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presence of memory-type T-cells does not per se imply that this
results from a genuine antigen-specific immune response. There-
fore, additional biological parameters have to be considered to
determine the actual immune status: overall ratio between spe-
cific memory to naive and Treg cells, ratio of memory T-cells in the
antigen-specific population versus the total T-cell population (is
expected to be >1 in genuine memory responses), clonal compo-
sition of TCRs (deep sequencing), and affinity or functional avid-
ity that can be estimated be restimulation of expanded antigen-
specific clones or cell lines with decreasing antigen concentrations
or via reversible MHC-multimers [589].

Taken together, antigen-specific cytometry allows combination
with multiparametric single cell analysis tools for full resolution
of the antigen-specific immune response.

17.6 Live cytokine-producing cell sorting with Cytokine
Secretion Assay™

17.6.1 Overview. The aim of this section is to illustrate how to
recover live human T cells depending on their capacity to produce
specific cytokines. This technique can be applied to both identifi-
cation and sorting of antigen specific cells, as well as polyclonal T
cells with a common cytokine production profile.

17.6.2 Introduction.
acquire effector properties that guarantee pathogen clearance.
Cytokine secretion is one of the most effective properties of acti-
vated T cells as it orchestrates a functional immune response
involving both cells of adaptive and innate immunity. Different

Following antigen recognition, T cells

pathogens evoke different cytokine responses; thus T cells can be
functionally distinguished based on their cytokine profile. Indeed,
there are at least three major types of cell-dependent immunity,
classically defined as types 1-3 responses (see also Chapter VI Sec-
tion 1.11 Human CD4 and CD8 T cells). Type 1 immunity defends
from intracellular bacteria and viruses, involves Thl and CTL T
(Tc)1 cells and is orchestrated by the transcription factor Tbet
with the production of IFN-y. Type 2 immunity fights extracellu-
lar parasites and is mediated by Th2 and Tc2 cells, which express
the transcription factor GATA3 and produce IL-4, IL-5, and IL-13.
Finally, RORgt"IL-17* Th17 and Tc17 cells mediate type 3 immu-
nity, which protects from extracellular bacteria and fungi [645].
Despite these distinctions, it has been described more recently
that distinct effector programs can coexist within the same cell.
Indeed, cells simultaneously producing IFN-y and IL-17 (Th1/17),
IL-4, and IL-17 (Th2/17) and IFN-y and IL-4 (Th1/2) have been
identified [646-648]. Moreover, it has been demonstrated that
a single pathogen can evoke functionally heterogeneous T cell
responses [649]. In this complex scenario, the Cytokine Secretion
Assay™ (Miltenyi Biotec) is a versatile tool that allows the identi-
fication and recovery of live antigen specific T cells based on their
cytokine production profile. First, cells are shortly stimulated with
antigen (see also Chapter V Section 17.5 Functional read-outs)
or with polyclonal stimuli. Then, cells are labeled with the Catch
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Reagent specific for the cytokine of interest. Catch Reagent is made
up of two Abs linked for their Fc regions. One Ab is specific for the
pan-leukocyte marker CD45 and allows binding to the leukocyte
surface. The other Ab is specific for the cytokine of interest. Cells
are then incubated again at 37°C to favor cytokine production. If a
cell secretes the specific cytokine, it will bind to the catch reagent
on the cell surface. The addition of a secondary fluorochrome-
linked Ab, recognizing a distinct epitope of the cytokine from
that of the catch reagent allows the detection of cytokine produc-
ing cells. The Cytokine Secretion Assay™ can be applied either
on whole blood, PBMNC, or even directly on T cells when using
polyclonal stimulation. Staining with lineage specific Abs allows
the identification of a specific cell subset that is producing the
cytokine, when working on whole blood or PBMNC [650] or on
cells from biological fluids [651]. Live cytokine producing cells can
then be recovered either by immunomagnetic or flow cytometric
sorting (See also Chapter IV Section 1.4 Magnetic pre-enrichment
for high-resolution detection and analysis of rare cell populations
and Chapter IV Cell sorting).

17.6.3 Step-by-step sample preparation.

17.6.3.1 Starting material. The protocol can be applied
either on whole blood, PBMNC, or isolated T cells. Whole blood
must be collected with anticoagulant sodium heparin. Since cal-
cium is critical for lymphocyte activation, chelating anticoagulants
cannot be used for blood collection. When working with PBMNC,
fresh cells are preferred but cryopreserved cells can be also used.

17.6.3.2 Cell stimulation.

1. Wash cells at 300 x g for 7 min.

2. Resuspend cells in RPMI 1640 supplemented with 5% human
serum. Final cell concentration must be 10 x 10°/mL.

3. Add the specific peptide/protein at the desired concentration.
Always include a positive control (SEB, PMA/Ionomycin) and
a negative control (no stimulus). The optimal positive control
must be chosen based on the cytokine of interest. Incubation
period ranges from 3 h in case of polyclonal stimuli to 6-16 h
for proteins. Incubation must be performed at 37°C with 5%
CO,.

4. Following incubation, collect cells in a 15 mL polypropylene
tube.

17.6.3.3 Cytokine Secretion Assay.

1. Prepare 100 mL cold buffer; 100 pL cold medium; 10 mL
warm medium. Volumes are adjusted for up to 10 x 10°
cells. Scale up for larger numbers. Do not reduce volumes if
working with less than 10 x 10° cells.

2. Wash cells from previous step 4 with 10 mL cold buffer and
spin down at 300 x g for 7 min.
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3. Resuspend up to 10 x 10° cells with 80 pL cold medium, then
add 20 pL of catch reagent. Mix and incubate 5 min on ice.

4. Add warm (37°C) medium and dilute cells depending on the
expected amount of cytokine-producing cells. Proper dilution
is critical to prevent unspecific binding of secreted cytokines
to close cells. If less than 5% cytokine producing cells are
expected, add 10 mL of warm medium to achieve a final
concentration of 10° cells/ml. If more than 5% cytokine pro-
ducing cells are expected, add 100 mL of warm medium to
a final concentration of <10° cells/mL. Further dilution is
required for expected frequencies of cytokine producing cells
>20%.

5. Incubate cells 45 min at 37°C 5% CO, to allow cytokine secre-
tion and binding to catch reagent. During this incubation
period rotate tubes every 5 min or use MACSMix™ rotator to
avoid cell to settle, thus leading to cytokine unspecific bind-
ing.

6. Following incubation put the tubes on ice. Spin down cells in
a precooled centrifuge at 300 x g for 7 min.

7. Wash cells with cold buffer to block cytokine secretion and
repeat the centrifugation step.

8. Resuspend cells up to 10 x 10° cells with 80 pL cold
medium, then add 20 ulL of cytokine detection fluorochrome-
conjugated Ab. Additional Abs can be added at this step to
allow simultaneous detection of other markers. Mix and incu-
bate 10 min on ice.

9. Wash cells with cold buffer and centrifuge at 300 x g for 7
min.

10. Cells are now ready for FCM analysis or sorting. Always add
PI to exclude dead cells from the analysis.

17.6.4 Materials.

® Buffer: PBS, pH 7.2, supplemented with 0.5% BSA and 2mM
EDTA

® Medium: RPMI 1640 supplemented with 5% human serum. Do
not use fetal cow serum or bovine serum to avoid unspecific
stimulation.

® Peptide/Protein of interest

® PMA and Iono; Staphylococcal Enterotoxin B (SEB) for poly-
clonal stimulation

® PI for flow cytometric exclusion of dead cells

17.6.5 Data analysis. Data analysis requires the exclusion of
doublets and dead cells using a live-dead marker. This is espe-
cially true if using cryopreserved cells instead of freshly isolated.
As in Fig. 68, lineage markers allow the identification of the popu-
lation of interest for the identification of cytokine producing cells.

17.6.6 Pitfalls. Dilution steps and continuous rotation during
the incubation period are critical to avoid cytokine binding to
nonproducing cells.
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17.6.7 Top tricks.
uated simultaneously via combining cell staining with two distinct
catch reagents and detection Abs. The only requirement is that
detection Abs must be conjugated to distinct fluorochromes. Dilu-
tion factor during the incubation period must be calculated based

Secretion of two distinct cytokines can be eval-

on the expected higher percentage of cytokine producing cells.

17.7 Quantification of soluble cytokines with cytometric
bead array

17.7.1 Overview. Cytokines are the main soluble proteins
secreted by various cells of the immune system. These soluble
factors play different roles in regulation of immune responses,
since they influence migration, activation, and proliferation of
various cell types, including tissue resident cells. Cytokines show
commonly pleitropic features, exhibit redundant, and overlap-
ping properties; they also mediate production or regulate func-
tion of other cytokines. The final effect on a specific cell type
depends on the balance among multiple cytokines that again
depends on their activity or concentration. Thus, an evaluation
of an extended number of cytokines in biological fluids, rather
than a single cytokine, may be an optimal strategy to better inves-
tigate various physiological and/or pathological settings. In this
context, multiplex bead-based array described in this section is
a valuable tool that allows simultaneous flow cytometry analy-
sis of several analytes from a single sample using a small sample
volume [556, 2218, 2249, 2251, 2253, 2255].

17.7.2 Introduction. Different methods have been developed to
define cytokine concentration in biological fluids, and these are
mainly based on competitive or sandwich principles. In these sys-
tems, antigens or Abs are labeled with an enzyme or a fluorescent,
luminescent, or radioactive molecule. Historically, the classical
method that belongs to this family is the ELISA, in which the
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l Figure 68. Cytokine secretion assay per-
formed on PBMNC for the detection of IFN-
y and IL-17 producing T helper cells. Cells
=3 were stimulated with PMA/Iono. Lym-
1 phocytes were gated based on physical
parameters, then doublets removed using
FSC Height and Area (FSC-H and FSC-A,
respectively). Dead cells were excluded as
PerCP-positive and PE-positive following
PI addition. T helper cells were then iden-
tified as CD3" positive, CD4*, CD8". IFN-y
and IL-17 expression were subsequently
analyzed.
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targeted cytokine is sandwiched by two Abs specific for differ-
ent epitopes of the same cytokine. In this method, the first Ab is
linked to a plastic plate support and is defined as the “capture” Ab;
instead, the second Ab is conjugated with the detection molecule
and is defined as the “detector” Ab. ELISA is characterized by high
specificity and sensitivity; however, it only allows detection of a
single analyte and requires the use of a higher sample volume for
each measurement.

The introduction of multiplex beads-based immunoassays sig-
nificantly changed the approach for the quantification of cytokines
and other soluble factors in biological fluids or culture super-
natants. The principle of this method is the use of a specific Ab
coated on microbeads that serve as a “solid” support as in the
version of the ELISA technique. Microbeads can be detected by
FCM instruments, based on their fluorescence. During the incuba-
tion with the sample, the analyte of interest will bind to the Ab—
microbead complex. The addition of a fluorochrome-conjugated
secondary Ab allows the detection of the analyte-microbead com-
plex. Quantification is performed via referring to a standard curve,
prepared with known scalar doses of protein concentration.

The combination of beads with different size and/or beads with
different florescence intensity, represents the flexibility and the
power of this method allowing to evaluate simultaneously up to
100 analytes in the same sample. Several kits for multiplex beads-
based assay are available from different commercial vendors, each
with specific properties, i.e., sample volume (generally ranging
between 50 and 15 plL), assay duration (on average only a few
hours, depending on the period of incubation and washing steps),
the possibility to customize the combination of primary beads,
and sensitivity of the test, which also depends on the range of the
standard curve.

17.7.3 Step-by-step sample preparation. Here, we provide the
detailed protocol of Cytometric Beads Array™ (CBA) from BDBio-
science as an example. Specific protocols from other vendors must
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be followed according to the manufacturer’s instructions. The
BD CBA kit can detect: human, mouse, and rat soluble proteins,
immunoglobulins, as well as cell signaling factors. BD CBA solu-
tions are available in two formats to meet diverse needs. BD CBA
Kits are preconfigured with routine panels, while BD CBA Flex
Sets provide an open and configurable method of detection, so
that researchers can design their own multiplex kit. Beads are
coated with an Ab specific to the protein of interest; each bead
in the array has a unique red fluorescence intensity so that differ-
ent beads can be mixed and run simultaneously in a single tube.
These beads are incubated with a small sample volume and then
further incubated in the presence of a capture Ab tagged with the
fluorochrome PE. At the same time, a curve of standard samples
ranging from 10 to 2500 pg/mlL, is performed to enable protein
quantification.

1 Standard preparation
1.1. Prepare the highest concentration of the standard curve
for all analytes by pooling all the lyophilized standard
spheres in a single 15 mL polypropylene tube. Add the
appropriate amount of assay diluent following manufac-
turer’s instructions.
1.2. Mix well and wait 15 min at room temperature;
1.3. Perform 1:2 serial dilutions in flow cytometric tubes
adding the appropriate volume of assay diluent. Usually
ten standard points are recommended including the 0
(zero) tube that contains only assay diluent.
2 Beads and sample preparation
2.1. Calculate the number of total tubes of the experiment
(including both standards and samples). For each tube,
you need 1 uL of beads for each analyte. Prepare a suf-
ficient volume of beads for all the tubes. Mix all beads
specific for all analytes in a single tube.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 69. Flow cytometer setup for
multiplex-bead based array. (A) FSC-SSC
plot for the identification of beads based
on their physical parameters. Histogram
plots of APC-Cy7 (B) and ACP (C) chan-
nels showing that PMT voltages are opti-
mally set to the highest visible MFI. By this
way, it is possible to properly distinguish
different types of beads used. Panel (D)
represents histogram plot of PE channel
(the fluorochrome bound to the secondary
antibody) measured on unstained beads.

Add 500 pL of Wash Buffer from the kit.

Centrifuge at 200 x g for 5 min.

Aspirate supernatant and resuspend in appropriate vol-
ume of Capture Beads Diluent to reach a final volume of
50 uL per tube of the experiment.

Use appropriate Capture Beads Diluent depending on the
type of sample (serum, plasma, or culture supernatants)
Optional. Depending on the type of experiment and
expected protein concentration, perform appropriate
sample dilution using assay diluent;

Dispense 50 pL of standard or sample (or its appropriate
dilution) in a tube;

Add 50 pL of bead mix in each tube of standard or sam-
ple;

Incubate 1 h at room temperature;

Prepare the total mix of PE reagent containing the sec-
ondary Ab specific for each analyte included in the exper-
iment, based on the number of total tubes to acquire
(including both standards and samples), as reported in
point 2.1;

Add 50 pL of PE reagent in each tube of standard or
sample;

Incubate 2 h at room temperature;

Wash each tube with 1 mL of Wash Buffer, centrifuge at
200 x g for 5 min.

Remove supernatants, then resuspend beads in 300 uL
wash buffer and vortex before FCM acquisition.

Instrument setup

It is necessary to setup the instrument to correctly define the
optimal voltage for different channels. First of all it necessary to
set the FSC and SSC parameters to identify the bead population
as singlets while excluding doublets (Fig. 69A). Subsequently,

use compensation beads provided by the kit to set up the APC
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Figure 70. Quantification of human soluble
cytokines with cytometric bead array (CBA) (A)
Representative flow cytometry analysis of an
experimental setting for evaluation of four dif-
ferent cytokines from culture supernatants of
polyclonally stimulated human CD4" T cells.
The FSC/SSC plot allows identification of the
total beads population; the APC-APC-Cy7 plot
allows the identification of each bead corre-
sponding to a specific analyte. Single beads are
clustered based on the conjugation with differ-
ent quantities of two different flurochromes.
(B) Representative flow cytometric plots of
an experiment for evaluation of six differ-
ent cytokines from culture supernatants of
polyclonally stimulated human CD4" T cells.
The FSC/SSC plot allows identification of the
total bead population; the APC-APCCy7 plot
allows identification of each bead correspond-
ing to a specific analyte. Single beads are clus-
tered based on their fluorescence intensity;
in this case each bead population is conju-
gated with the same quantity of two differ-
ent flurochromes used for its identification. (C
and D) Representative flow cytometric plots of
a standard curve from an experiment for mea-
surement of six different cytokines, as reported
in panel B: the “zero” tube in panel C (0 pg/mL)
and the “top” tube in panel D (2500 pg/mL).
Beads clusters are identified in APC (or APC-
Cy7) channel and the different quantities of
each analyte are defined by PE MFL.

and APC-Cy7 voltages to reach the highest MFI (see Fig. 69B  17.7.4 Materials not included in the kit.

and C). This is of importance for proper identification of differ-

ent beads, since they have different APC and APC-Cy7 emissions - (Classic tubes for FCM

(Fig. 70A and B). Use the provided unstained beads to set up . 15 mL polypropylene tubes for preparation of standards solu-
the minimum voltage of the PE channel (Fig. 69D). tions
4 Sample acquisition - vortex, centrifuge, pipets, and tips

4.1. Apply the final instrument setup obtained in the previous
step to all samples within the same experiment;

4.2. Acquire the standard tubes from the lowest to the high-  717.7.5 Data analysis.

Data analysis is performed with FCAP

est concentration (this sequence is important as the data  Array software (available for Windows or MAC). Data generated
analysis with the FCAP software will be easier, see below  for each acquired sample (including the standards) are exported
in section “data analysis”); from the acquisition software as .fcs files and then imported in
4.3. Acquire each sample tube. In both standard and sample  the FCAP Array software. In the first step, it is necessary to select
tubes it is important to record at least 300 events for each  jn the software menu the fluorescence of the beads (APC-APC

of the beads included in the mix.
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example) used in the experiment. Subsequently, the .fcs file of the
first tube of the standard curve is imported into the software. Using
this first .fcs file, the name of the specific target analyte to each
bead cluster is assigned in the software. Next, the remaining .fcs
files (both standards and samples) are imported, and the beads-
recognition setting as set for the first imported file is applied to
all fcs files. Standards should be distinguished from samples in a
specific grid. For each sample it is possible to include the dilution
factor, if applied (step 2.5). Using the MFI of the fluorochrome
on the detector Ab (PE in this example) the software calculates
the standard curve from .fcs files of the standard tubes. A specific
standard curve is generated for each analyte. Unknown protein
concentrations in sample .fcs files are then calculated by the soft-
ware comparing the MFI of each bead cluster to the corresponding
standard curve.

17.7.6 Pitfalls.

Fluidic alteration during the acquisition of different samples can
induce a wrong bead clusterization impairing the analysis by the
FCAP software.

Different dilution factors may be required to study different

cytokines in the same sample. In case of preconfigured com-
mercial Kits, it is necessary to repeat the experiment with both
diluted and undiluted samples. Instead, in case of customized
experiments, it is possible to have separate kits so that cytokines
with the same dilution factor are analyzed in the same experi-
ment and separated from cytokines that require a distinct dilu-
tion.

17.7.7 Top tricks.

Appropriate resuspension of standards, samples, and their dilu-
tions are important to define the correct final concentration of
the cytokines.

- Usually serum and plasma need higher dilution than culture
supernatants but this depends on the type of analyzed cytokine
as well as culture conditions of in vitro supernatants.

Gently mix standards and tubes prior to acquisition, by pipet-
ting. Do not use vortex. Use vortex only to resuspend beads
before beads preparation (steps 2.1 and 2.5).

Samples can be stored —30°C before evaluation; in this case, it

is important to completely defrost samples and mix well before
their dilution and/or usage.

17.8 Cytotoxicity

17.8.1 Overview. Priming of naive pathogen- or tumor-reactive
CD8* T lymphocytes (TN) occurs in secondary lymphoid organs
(SLOs), where they undergo clonal expansion and differentiate
into effector CD8" T (TE) lymphocytes (see also Chapter VI Sec-
tion 1.1 Murine CD4 and CD8 T cells). In the course of their func-
tional maturation, CD8" TE acquire the ability to leave SLOs, enter
non-lymphoid organs (NLOs), produce inflammatory cytokines
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and lyse target cells displaying cognate MHC class I-peptide com-
plexes [652, 653]. Besides TE, immune activation also leads to the
generation of long-lived memory T lymphocytes (TM), see also
Chapter VI Section 1.4 Murine tissue resident memory T cells).
CD8* Ty can be found in SLOs and NLOs where they exert imme-
diate effector functions upon secondary Ag contact [654, 655].
Peptide-specific target cell lysis is a cardinal feature of cytotoxic
CD8" TE/TM (CTLs) [655, 656] and its quantification is a valuable
means to track CD8" T cell responses. Here, we review methods
to quantify cytotoxic function in vivo and ex vivo and present
exemplary data using these assays to monitor cytotoxic activity of
murine influenza-specific CTLs.

17.8.2 Introduction. Traditionally, in vitro CTL assays relied on
the detection of compounds released from dying target cells. For
example, target cells loaded with radioactive sodium chromate
lose their radioactive label as a result of CTL-mediated lysis.
Hence, the amount of radioactivity in the supernatant of effec-
tor (CTL)/target cell co-cultures directly correlates with the lytic
activity of the respective CTL population [657]. To achieve suitable
effector-to-target cell (E:T) ratios of at least 50:1, high numbers
of CTLs are required for this type of assay. This usually requires
antigen-dependent CTL expansion in vitro, a process that may alter
the composition and/or function of the starting CTL population.

In order to replace radioactive CTL assays, several FCM-based
techniques were established in the past years. Their major aim is
to visualize the biochemical processes involved in CTL-mediated
target cell lysis.

CTLs induce target cell apoptosis via the Fas/Fas ligand path-
way [658] or the release of cytotoxic granules containing perforin
and granzymes [659]. Either pathway results in the activation
of caspase-dependent target cell apoptosis. To visualize this pro-
cess, cell-permeable fluorogenic caspase substrates were devel-
oped [660]. They consist of two fluorophores, which are linked by
a caspase-sensitive peptide. Only upon caspase-dependent cleav-
age these substrates become activated and can be detected by
FCM. Alternatively, target cell apoptosis can be visualized with
the help of fluorochrome-labeled inhibitors of caspase (FLICA),
which bind specifically to active caspases [661, 662]. Hence, in
both cases fluorescence intensities correlate with CTL-dependent
target cell destruction. However, similar to the chromium release
assay, relatively high E:T ratios are required for these experimen-
tal approaches.

A more sensitive assay relies on the co-incubation of CTLs with
a mixture of target cells consisting of at least two different popula-
tions. For this so-called fluorometric assessment of T lymphocyte
antigen-specific lysis (FATAL) assay [663], the first target cell pop-
ulation is loaded with the MHC I-restricted peptide of interest and
stained with one dye (e.g., PKH-26). The second population is
loaded with an irrelevant peptide, stained with a different dye
(e.g., CFSE) and serves as negative control [663]. Different con-
centrations of the same dye can be used to stain both target cell
populations, which are discriminated based on their differential
fluorescence intensities. Alternatively, amine-reactive dyes such
as Cell Tracer Violet can be used, which are less prone to dye

wWww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1457-1973

transfer between cells observed with lipophilic dyes. The extent
of CTL activity is determined by the relative numeric decrease of
labeled target cells loaded with the desired peptide over nonspe-
cific target cells after a period of time, usually 5 h. Significant
advantages of this assay are its high sensitivity and favorable SNR
due to negligible amounts of spontaneous tracer release, a com-
mon side effect of the chromium release assay. Due to these advan-
tages, the FATAL assay is often well suited to directly measure CTL
function ex vivo without prior expansion and at comparably low
E:T ratios.

Target cells may be immune (e.g., splenocytes) or somatic cells
(e.g., epithelial cells or fibroblasts) to more closely resemble the
physiological CTL targets. CTLs can be purified from any organ
of interest, either lymphoid or non-lymphoid. Depending on the
research question, purification of total CD8* T cells, or antigen-
specific CD8% T cells may be required. In the former case, the
frequency of antigen-specific CTLs can be determined in parallel
by MHC/peptide multimer staining to adjust E:T ratios for dif-
ferent tissue samples. Figure 71 shows an example of ex vivo
cytotoxicity by influenza-specific CTLs isolated from the broncho-
alveolar space of infected mice without the need of a prior sort for
influenza-specific CTLs.

However, if the frequency of antigen-specific CD8™ T cells is
very low, it may be necessary to enrich them prior to the cytotox-
icity assay. In this case, it is not advisable to sort antigen-specific
CD8T T cells by means of TCR labeling (e.g., by MHC/peptide
multimers) since this may alter their lytic function. If available,
the use of congenically-marked TCR-transgenic (TCR') CD8 T
cells might be useful to circumvent this problem. This allows their
marker-based, TCR-independent enrichment prior to the ex vivo
CTL assay. Hence, direct ex vivo CTL assays have several advan-
tages: (i) they are very sensitive, (ii) CTLs may be isolated from
any organ, (iii) the type of target cell may be adapted to the nature
of the experiment, and (iv) E:T ratios can be adjusted to compare
different samples. However, it is important to note that the tis-
sue microenvironment affects CTL activity [664]. Hence, the lytic
potential of tissue-resident CTLs may differ from those purified for
ex vivo CTL assays.

To circumvent this problem CTL activity can be measured in
vivo [656, 665, 666]. Again, at least two target cell populations are
required. One is labeled with the peptide of interest and e.g., a high
concentration of a suitable dye such as CFSE (CFSEM population).
The control population is loaded with an irrelevant peptide and a
tenfold lower concentration of CFSE (CFSE" population). Equal
numbers of CFSEM and CFSE" cells are co-injected into effector
mice. After 4-18 h, SLO can be isolated to analyze single cell
suspensions by FCM. Similar to the direct ex vivo assay described
above, the relative loss of CFSEM target cells over CFSE" cells
indicate the extent of CTL-mediated lysis. This method provides
the most sensitive and physiological assessment of CTL activity.
Figure 72 shows an example of influenza-specific CTL activity in
lung-draining mediastinal LNs and nondraining distal LNs in mice
undergoing flu infection.

In vivo CTL assays can also be used to determine the lytic poten-
tial of multiple CTL populations with different specificities at the
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same time. This requires the simultaneous use of more than two
target cell populations. A simple method to achieve this goal is the
use of splenocytes from homozygous CD45.1"/1% and heterozy-
gous CD45.11/2% congenic mice as target cells in CD45.2% /27
effector mice. Using mAbs against CD45.1 and CD45.2, mixed
CD45.17" target cells can be discriminated from host cells. Further-
more, the different target cell types can be distinguished based on
their differential CD45.1/.2 expression and varying CFSE intensi-
ties.

17.8.3 Preparation of target cells. For in vivo CTL cytotoxicity
assays, cell suspensions from the spleen are commonly used as tar-
get cells. For the experimental results shown in Fig. 72, a spleen
cell suspension from naive mice was split in two equal groups.
One group was labeled with 1 pM of the immunodominant IFV
peptide NPs46.374 and the other group with an irrelevant peptide
for 30 min at room temperature. Time and concentration may be
changed depending on the affinity of the peptide for MHC class
I. An equal volume of 0.2 pM Cell Proliferation Dye eFluor 670
(CPD-eF670) in protein-free RPMI was then added to the sam-
ple with the irrelevant peptide and immediately mixed. The other
sample was labeled with a tenfold higher concentration of CPD-
eF670. Samples were further incubated in the dark for 15 min at
room temperature. Beyond this point, samples were maintained at
4°C at all times to prevent decay of H-2DP/ NP346.374 complexes.
Samples were extensively washed in PBS containing 10% FCS
to remove excess peptide and dye and counted in independent
triplicates. An equal number of cells was mixed 1:1 and finally
resuspended in PBS. The final concentration of cells to be injected
into mice depends on several factors such as (i) the organ of final
analysis (target cells migrate in higher numbers into the spleen
compared to the lymph nodes); (ii) the amount of target organ
available for analysis; (iii) the desired (expected) effector to target
ratio. Typically, 2 x 10° or 5 x 10° of each target population is
sufficient to analyze kill activity in spleen or lymph nodes, respec-
tively. In the literature killing of 5-10 x 10° of each target cell
population is typically monitored.

For in vitro or ex vivo cytoxicity assays, a wider range of target
cell types may be used since effectors and target cells are incubated
in vitro. Independently of this, however, the treatment and label-
ing of target cells is performed in a similar manner as described
above.

17.8.4 Materials.

Product Company
PBS Gibco

RPMI Gibco

FCS Gibco
Peptides Xaia peptides
Cell Proliferation Dye eFluor670 Thermofisher
Hoechst33258 Thermofisher
Propidium iodide Sigma

BD FACSCantoll BD Biosciences
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04 of the assay. (C) Quantification of technical
20 05 0.1 duplicates shown in (B). The percentage of flu-
7 i 5 specific kill was calculated as: 100 — [100 x (T
E:T ratio /Tcontrol)withE / (Tﬂu / Tcomml)without}i]-

17.8.5 Data analysis. Samples are processed for standard flow
cytometric analysis. Specially, for in vivo cytotoxicity assays, it is
necessary to acquire a relatively large number of events since the
proportion of target cells among the total acquired population is
very low, typically below 1-2%. The gating strategy for quanti-
fying antigen-specific cytotoxic activity is illustrated in Figs. 71A
and 72A for ex vivo and in vivo cytotoxicity assay, respectively. It
is recommended that an “empty channel” is used to gate out aut-
ofluorescent cells. The degree of cytotoxic activity is determined
by the relative decrease in the number of target cells displaying
the specific epitope over those displaying an irrelevant epitope at
the end of the assay time. To calculate the percentage of specific

killing, the following formula can be used:
Ratio = (% control targets/% specific targets)

% specific lysis = 1 — (ratio negative control/ratio test group) x
100

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

17.8.6 Pitfalls. Although in vivo CTL assays offer obvious advan-
tages, they are not suitable for all experimental systems. For
example, the choice of target cells is limited. Most somatic cells,
which are often the primary “natural” targets of viral infections,
are trapped within the lung and liver vasculature soon after i.v.
injection into mice. Thus, they are of limited use as target cells
in vivo. The use of naive splenocytes as target cells may help to
circumvent this problem. However, naive splenocytes usually do
not enter NLOs effectively. Hence, the appropriate tissue tropism
of the desired target cell type is a prerequisite for the success-
ful application of the FCM-based in vivo kill assay. A disadvan-
tage of in vivo CTL assays is the fact that E:T ratios cannot be
adjusted. Hence, differences in lytic activity may result from dif-
ferences in CTL numbers and/or the lytic potential of individual
cells. The quantification of specific CTLs by MHC/peptide mul-
timers in the respective target organs may be useful to judge
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whether differences in target cell lysis rely on differences in CTL
number and/or function.

All assays described so far are suitable to quantify the lytic
action of CTL populations. However, the lytic potential of individ-
ual CTLs cannot be judged. To approach this problem, Abs directed
against, e.g., CD107a can be used. This molecule is present on
the membrane of cytotoxic granules and becomes detectable on
the cell surface of degranulating CTLs. CD107a levels correlate
closely with the lytic potential of CTLs [627]. However, they can
also be differentially regulated [667]. Precise imaging of the accu-
mulation of CD107a, granzyme, and other molecules in the cyto-
toxic immune synapse between T cells and target cells can be
performed by imaging FCM [668] (see also the section on Imag-
ing FCM). mAbs directed against CD107a can be combined with
FATAL assays, MHC/peptide multimers, or cytokine-specific Abs
to determine multiple effector functions of individual antigen-
specific CTLs by FCM [669, 670]. This method might be helpful to
complement the ex vivo and in vivo CTL assays described above.
However, it should be noted that, contrary to the degree of target
cell lysis, the level of CD107a upregulation is most pronounced at
low E:T ratios [669].

17.9 Treg suppression assays

17.9.1 Overview. Regulatory T (Treg) cells are critical for the
maintenance of immune homeostasis. However, since many of
their markers are shared by activated T-cells, accurately defining
Treg cells can be difficult by phenotype alone. One defining feature
of Treg cells is that they are capable of suppressing the prolifer-
ation and activation of other cells both in vitro and in vivo. As
a result, measurement of their in vitro suppressive capacity is an

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

age of eqch target cell population at the end of the
assay in the indicated organs.

important part of defining and characterizing a putative Treg cell
population. This chapter details several methods for the assess-
ment of the suppressive function of polyclonal or antigen specific
regulatory T-cells in mice or humans.

17.9.2 Introduction. The ability to measure the capacity of Treg
cells to prevent the proliferation of conventional CD4 and CD8 T-
cells is an important factor in understanding their function. Tregs
have been described to use a range of suppressive mechanisms
with CTLA-4 dependent depletion of the co-stimulatory molecules
CD80 and CD86 from the surface of antigen presenting cells known
to have a critical role [671]. Several methods for the assessment
of cellular proliferation by incorporation of radioactive isotopes
or cells counting have been used to measure cellular proliferation
and suppressive function. However, these assays have difficulty in
determining which cells are proliferating and cannot give detailed
information on the number of divisions undertaken by individual
cells. More recently cytometry-based assays relying on staining
a responder population with an amine-reactive fluorescent dyes
such as CFSE and cell trace violet (CTV) that are diluted in a
predictable manner during cell division has proven an effective
method to measure cell proliferation. Utilizing this system, it is
possible to add Treg cells to culture and observe the effects of
varied ratios of Tregs on the proliferation of the responder pop-
ulation [672]. In addition to assays utilizing polyclonal stimuli
such as CD3 mAb, the measurement of the suppression of human
antigen-specific T cells in vitro provides information closer to the
physiology. However, suppression assays using antigen-specific T
cells is made difficult by the low frequency of T cells specific to a
single antigen in the T cell repertoire in vivo. In addition, highly
functional CD8" T effector cells, in contrast to their naive coun-
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Table 15. Materials for murine suppression assay
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Reagent Fluorochrome Clone Company Catalog
LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit Near-IR dye N/A Invitrogen L10119
CD4™" T Cell Isolation Kit, mouse - N/A Miltenyi 130-104-454
Cell Trace™ CFSE Cell Proliferation Kit CFSE N/A Invitrogen C34554
Anti-B220* APC-Cy7 RA3-6B2 BD 552094
Anti-CD11c APC-Cy7 N418 Biolegend 117323
Anti-CD11b APC-Cy7 M1/70 Biolegend 101225
Anti-GITR PE-CY7 DTA-1 BD 558140
Anti-CD25 APC PC65.5 eBioscience 17-0251-82
Anti-CD4 V500 RM4-5 BD 560782
Anti-CD3 AF700 14-A2 Biolegend 100216
Anti-CD3 N/A 145-2C11 BD 553057

terparts, can resist Treg cell suppression in vitro, and can display
multiple molecular strategies (including cell cytotoxicity targeting
Tregs) to counteract excessive Treg cell suppression [673, 674]. In
doing so, they can preserve their effector functions, which can pro-
duce protective or detrimental effects depending on the context
(e.g., infection recovery vs. autoimmunity). As a result, measure-
ment of their in vitro killing capacity is important to discriminate
the highly functional CD8* T effector cells that are not susceptible
to Treg cell suppression, from those dysfunctional that have lost
the capacity to resist Treg cells, because they become exhausted
in tumor or chronic infection settings. Here, we describe protocols
allowing the measurement of human and murine Treg suppres-
sive function in both a polyclonal manner and using a low number
of antigen-specific CD8" T cells, by selectively gating the latter
with multimers of MHC class I molecules complexed with relevant
antigenic peptides.

17.9.3 Polyclonal suppression assays.

17.9.3.1 Murine polyclonal suppression assay. Step-by-step
sample preparation (see Table 15 for reagents)

Single cell suspensions of lymph nodes or spleen of a Foxp3-
GFP reporter mouse are subjected to negative selection of CD4
T-cells by magnetic beads (CD4" T Cell Isolation Kit, Miltenyi
Biotec).

Cells are then stained for 30 min at 4°C with Abs for CD3,
CD4, CD25, and B220 and sorted on a BD Aria-II. Tregs are sorted
as CD37CD4"B220 Foxp3"CD25" and confirmed to have a post
sort purity of 90%-+ (Fig. 73A). Conventional T (Tconv) cells are
sorted as CD3"CD4"B220 Foxp3 CD25". When a Foxp3 reporter
mouse is not available CD25 and GITR can be used in its place
(Fig. 73B).

CD4 Tconv are then stained with 1 pM CFSE for 10 min
in serum free media at room temperature. Excess CFSE is then
quenched by addition of media+10%FCS before washing three
times.

A total of 1 x 10* Tconv cells per well are cultured with
or without Treg cells at varied ratios (0:1, 1:1, 1:2, 1:4, 1:8
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Treg:Tconv) for 3 days in the presence of 1x10° y-irradiated
CD4 depleted APCs (18.5Gy irradiated CD4 depleted splenocytes
obtained by magnetic separation in step 1) and 1 ug/mL solu-
ble CD3 mAb (Clone: 145-2C11) in 96-well U-bottomed plates,
in RPMI media containing 10% FCS, 2-ME, L-glutamine and Peni-
cillin/streptomycin with a final volume of 200 pL. In all cases the
number of Tconv is fixed while the number of Tregs is changed to
obtain the intended ratios.

At the end of the 3 day culture period, cells are then stained
with CD4 mAb, CD25 mAb, and IR Live/Dead dye and data col-
lected on a BD LSR Fortessa.

17.9.3.2 Human polyclonal suppression assay.
sample preparation (see Table 16 for reagents)
Initially PBMCs are isolated from fresh blood via Ficol-Paque

Step-by-step

centrifugation in Leucosep tubes. CD4 T-cells are enriched by neg-
ative selection of CD4 cells with magnetic beads (Miltenyi). Cells
are stained with Abs for CD4, CD45RA, CD127, and CD25 for 30
min at 4°C.

Bulk Treg cells can be sorted as CD3*CD4*CD127'°CD25"
(Fig. 73C). If finer fractionation of Treg cells is required,
CD127"°CD25" cells can then be further separated into fraction
I Naive Tregs, fraction II effector Tregs and fraction III non-
suppressive cells (Fig. 73C) [675]. It should be noted that while
fraction III as a whole is mostly made up of Foxp3 expressing non-
Treg cells it may contain 20-30% CXCR5™ effector Tfr, which are
functionally suppressive Treg cells [676].

Naive  responder  Tconv cells are sorted as
CD25 CD45RA*CD4"CD3" and then stained with 1 pM
CFSE. A total of 1 x 10* Tconv cells are co-cultured with various
ratios of Tregs cells (0:1, 1:1, 1:2, 1:4, 1:8 Treg:Tconv) and
1 x 10° y-irradiated APC (18.5Gy irradiated CD4 depleted PBMCs
obtained by magnetic separation in Step 1) and stimulated with
1 pg/mL soluble CD3 mAb (Clone: OKT3) for 4-5 days in 96-well
round-bottom plates in RPMI medium containing 10% AB serum,
2-ME, L-glutamine, HEPES, and penicillin/streptomycin in a final
volume of 200 pL. In all cases the number of Tconv and APC is
fixed while the number of Tregs is changed to obtain the intended
ratios.
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Figure 73. (A) Gating example of murine CD3*CD4"B220"CD25"Foxp3-GFP" Treg cells. (B) Alternative strategy if Foxp3 reporter is not available.
(C) Gating example of human CD4+CD25+CD127'°FOXP3* cells and further sub gating into fractions I (Naive Tregs), II (effector Tregs), and III
(Non-Tregs/Tfr). In this example, CD4 APC-Cy7 was used to avoid clash with CXCR5 BV421 but we would recommend CD4 V500 and IR live/dead

when this is not the case.

After a culture period of 4-5 days cells were then stained with
CD4, CD25 and IR Live/Dead dye and data collected on a BD LSR
Fortessa.

17.9.4 Suppression assays and antigen-specific T cells.

17.9.4.1 Human suppression assay of antigen-specific T cells.
Step-by-step sample preparation

1. PBMCs are isolated from fresh heparinized blood by density
gradient centrifugation with Lympholyte (Cedarlane, Burling-
ton, Canada).

Table 16. Materials for human suppression assay

2. CD8" T cells are pre-enriched from PBMCs with the corre-
sponding CD8* T Cell Isolation Kit (Miltenyi Biotec, Bergisch
Gladbach, Germany) and then highly purified CD8" T naive
(TN; CCR7TCD45RA™) cells are enriched from CD8™ T cells by
magnetic bead-separation with the Naive CD8™ T Cell Isolation
Kit (Miltenyi Biotec). The combination of highly purified CD8™
T effector memory (EM; CCR7 CD45RA") and effector mem-
ory RA* (EMRA; CCR7-CD45RA™) cell population is obtained
by using the positive fraction after enrichment of TN cells. Treg
cells are isolated from PBMCs with the CD4TCD25" Regulatory
T Cell Isolation Kit (Miltenyi Biotec) (Fig. 74). Each purified
cell subset is used in the various experiments only when the

Reagent Fluorochrome Clone Company Catalog
LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit Near-IR dye N/A Invitrogen L10119
Ficoll-Paque PLUS N/A N/A GE healthcare 17144003
CD4™ T-cell isolation kit, human N/A N/A Miltenyi 130-096-533
Leucosep™ Centrifuge Tubes N/A N/A Greiner Bio-One 227290
Anti-CD4 V500 RPA-T4 BD 560768
Anti-CD127 AF647 HIL-7R-M21 BD 558598
Anti-CD45RA BV711 HI100 Biolegend 304138
Anti-CD25 PE M-A251 BD 555432
Cell Trace™ CFSE Cell Proliferation Kit CFSE N/A Invitrogen C34554
Anti-CD3 N/A OKT3 BioLegend 317302

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 74. Flow chart illustrating steps of cell subsets isolation. A por-
tion of PBMCs is used for enrichment of CD8% T cells, another por-
tion is used for enrichment of Tregs. The enriched CD8" T cells frac-
tion (untouched) is used for isolation of Naive (negative fraction) and
EM+EMRA (positive fraction) CD8" T cells, with Naive CD8" T cell iso-
lation kit.

purity of the corresponding cells is >96% and 90% for T cell
populations and Treg cells, respectively (Fig. 75A and B).

3. Highly purified autologous CD8* T cell subpopulations (iso-
lated as described above) are labeled with 10 uM of CFSE
(Thermo Fisher Scientific, Massachusetts, USA) for 15 min at
37°C in RPMI complete medium containing 10% FBS (up to
10 x 10° cells/mL). To quench the reaction, an isovolume of
cold FBS is added and cells are washed twice.

4. Then, they (500 000-1 x 10°/well) are co-cultured with both
autologous y-irradiated (70Gy) PBMCs as APCs (at a 1:1 ratio),
which had previously been pulsed or not with 20 pg/mL of
antigen or peptide(s) plus 1 ug/mL of CD28 mAb, and highly
purified Treg cells, which had previously been stained with
5 uM of CellTrace Violet (Cell Proliferation Kit, Thermo Fisher
Scientific) at different CD8T T cell: Treg cell ratios (100:1, 10:1,
4:1, and 1:0), in RPMI complete medium containing 5% human
serum AB, in 48-well plate (0.5-1 mL/well). The number of
CD8™ T cells is changed while the number of Tregs is fixed.
Cells are cultured for 7 days, and half of the medium is replaced
with fresh medium containing 20 IU/mL of IL-2 at day 4.

5. Cells are stained with Fixable Viability Dye eFluor780 for exclu-
sion of dead cells in PBS 30 min at room temperature. After
washing, cells are incubated with the pool of APC-labeled-
multimers of MHC class I molecules complexed with the rele-
vant peptides, in PBS containing 2% FBS at room temperature
for 10 min. Surface staining are performed incubating cells
with labeled mAbs to CD8, CD4, CCR7, CD45RA, and with a
cocktail of labeled mAbs to CD14, CD16, CD56, CD19, (dump
channel was included for the exclusion of monocytes, NK cells,
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and B cells, respectively) for 20 min at 4°C. After washing, cells
are fixed and permeabilized using the FOXP3/Transcription
Factor Staining Buffer Set (eBioscience, MA, USA) at 4°C
for 30 min, washed, and then stained with mAbs to FOXP3
for 30 min at room temperature (Ab details reported in
Table 17) (Fig. 76A and B). All the incubations are per-
formed in the dark. In the representative experiments shown
in Fig. 76, as multimers of MHC class I molecules, we used
APC-labeled-HLA-A*0201 dextramers complexed with self-
peptides (MYH9475.486, MYH9741.749, VIME7g.87, VIME235 233,
ACTBgg6.274) (Immudex, Copenhagen, Denmark) to detect
autoreactive CD8% T cells in various forms of autoimmune
diseases [673]. The percentage of Treg-mediated suppression
is calculated using the following formula: %Treg suppression
= (MFI CFSE-stained dextramer™ CD8™ T cells with Treg cells
— MFI CFSE-stained dextramer™ CD8" T cells without Treg
cells)/(MFI CFSE-stained dextramer™ CD8' T cells unstimu-
lated — MFI CFSE-stained dextramert CD8" T cells without
Treg cells) x 100 (Figure 76C).

17.9.4.2 Human killing assay of Treg cells by antigen-specific
CD8™ T effector cells. Step-by-step sample preparation

1. Highly purified CD8" T, TEM+EMRA (effectors), or TN cells
are stained with 10 pM of CFSE and co-cultured with autol-
ogous y-irradiated (70Gy)-PBMCs (1:1 ratio), which had pre-
viously been pulsed (or not) with 20 pg/mL of antigen or
peptide(s) plus 1 pg/mL of CD28 mAb, and highly purified
autologous or allogeneic target cells (purified T cells, Treg
cells, or others), which had previously been stained with 5 uM
of CellTrace Violet (CellTrace Cell Proliferation Kit).

2. CD8* T cells and target cells are co-cultured (or not) at a ratio
of 10:1 for 7 days in complete RPMI medium containing 5%
human serum AB, as previously described; at day 3, half of
the medium is replaced with fresh medium plus 20 IU/mL of
IL-2.

3. To investigate the granzyme B (GZMB)-mediated killing effect
of CD8" TEM+EMRA on targets, the assays are performed in
the presence of GZMB inhibitor (Santa Cruz Biotechnology,
Dallas, TX) or NKG2D neutralizing Ab (R&D Systems, Min-
neapolis, MN). Specifically, target cells are treated (or not)
with 20 pM of GZMB inhibitor for 1 h at 37°C, and CD8"
TEM-+EMRA cells are treated with 1 ug/1 x 10° of NKG2D
neutralizing Ab for 15 min at room temperature. Cells are
stained with Fixable Viability Dye eFluor780, APC-labelled-
HLA-A*0201 multimers complexed with the relevant peptides
(previously described), labeled mAbs to CD8, CD4, CCR7,
CD45RA and with a cocktail of labeled mAbs to CD14, CD16,
CD56, CD19 (dump channel was included for the exclusion
of monocytes, NK cells, and B cells, respectively) for 20 min
at 4°C. After washing, cells are fixed and permeabilized for
the subsequent intranuclear staining with mAb to FOXP3,
as previously described (Ab details reported in Table 17;
Fig. 77).
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Table 17. Materials for human suppression assay of antigen-specific T cells

Biological applications

Reagent Fluorochrome Clone Company Catalog
Lympholyte N/A N/A Cedarlane CL5010
CD8™ T Cell Isolation Kit N/A N/A Miltenyi 130-096-495
Naive CD8" T Cell Isolation Kit N/A N/A Miltenyi 130-093-244
CD4"CD25" Regulatory T Cell Isolation Kit N/A N/A Milteny 130-091-301
CellTrace™ CFSE Cell Proliferation Kit CFSE N/A Thermo Fisher C34554
CellTrace™ Violet Cell Proliferation Kit Violet N/A Thermo Fisher C34571
FOXP3/Transcription Factor Staining Buffer Set N/A N/A eBioscience 00-5523-00
Viability dye eFluor780 - eBioscience 65-0865-18
Anti-CD8 Vio-Green BW135/80 Fab Miltenyi BW-1 35/80
Anti-CD8 Alexa-Fluor488 SK1 Biolegend 344716
Anti-CD8 BV-510 SK1 Biolegend 344732
Anti-CD45RA BV-605 HI100 Biolegend 304133
Anti-CCR7 PerCP-Cy5.5 G043H7 Biolegend 353220
Anti-GZMB Bv510 GB11 BD Biosciences 563388
Anti-NKG2D PECF594 1D11 BD Biosciences 562498
Anti-FOXP3 PerCP-Cy5.5 PCH101 eBioscience 45-4776-42
Anti-CD14 APC-eFluor780 61D3 eBioscience 47-0149-42
Anti-CD16 APC-eFluor780 CB16 eBioscience 47-0168-42
Anti-CD56 APC-eFluor780 CMSSB eBioscience 47-0567-42
Anti-CD19 APC-eFluor780 HIB19 eBioscience 47-0199-42
Anti-CD3 PE-Cy7 SK7 BioLegend 344816
Anti-CD3 APC SK7 BioLegend 344812
Anti-CD40L BV-421 24-31 BioLegend 310823
Annexin V FITC BioLegend 640906

PI BioLegend 421301
Anti-CD4 Alexa-Fluor488 OKT4 eBioscience 53-0048-42

PI: Propidium Iodide

17.9.4.3 Materials.

17.9.5 Data Analysis. There are several possible approaches to
analyzing proliferation data. A common approach is to place a
gate based on the nondivided peak measuring the percentage of
cells that have divided at least once. This method has the benefit
of simplicity and is commonly used. However, this method is also
insensitive as it fails to take into account the number of divisions
undertaken by the dividing cells. For example, if two populations
have 75% that have divided at least once but the first has most
cells in the second peak and the second has most cells in the fourth
peak, then this method will report the same result despite their
being a clearly observable difference in proliferation.

Modeling of the peaks to calculate the total number of cell in
each peak allows the use of more sensitive measurements such as
division index (the average number of divisions by each cell) or
proliferation index (the average number of divisions undertaken
by each dividing cell) [677]. It should be noted that different
software uses the terms division index and proliferation index
with differing definitions, so they should always be clearly defined
when used, the division index used here was calculated by FlowJo
software. When both percentage divided and division index are
used to measure proliferation in the same population, it may be
seen that while the results are broadly similar, division index is

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

able to measure appreciable suppression at low Treg ratios that are
less clearly different when using percentage divided (Fig. 78). In
the assay calculating the percentage suppression of antigen-driven
T cells (Fig. 76), the resulting T cell proliferation can be detectable
by using the MFI of CFSE-stained T cells better than by using
percentage of divided T cells or the division index. Indeed, because
of the tiny number of T cells specific to a given epitope, they are
less synchronous as compared with polyclonal T cells stimulated
with CD3/CD28 mAb, in which the high number of proliferating
cells allow to define peaks and to distinguish their generations
(see Fig. 78) [677]. Furthermore, the different antigen-specific cell
subsets (e.g., naive or effector T cells) display a striking difference
in their baseline proliferation (without Treg) (Figs. 76 and 79).
Figure 79 shows the difference between percentage suppression
calculated using percentage divided T cells (A), and percentage
of suppression calculated using MFI CFSE (B) (as reported above
and in Fig. 76C).

17.9.6 Pitfalls. Care must be taken with the timing of the assay
to ensure that the cells do not proliferate to the extent that they
completely lose the proliferation dye. This will both make it impos-
sible to resolve any proliferation past this point but also risk mixing
up the responder and suppressor populations that are often sepa-

rated on the basis of the proliferation dye. To an extend inclusion
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Figure 75. (A) Representative flow-cytometry (FC) analysis of the gating strategy applied for the identification of CD8" and CD4" T cells. Briefly,
lymphocytes were first gated by the physical parameter Forward and Side scatter area (FSC-A and SSC-A) and doublets and debris were eliminated
by plotting the width against the area of FSC and SSC parameters (FSC-W and SSC-W). Dead cells were excluded using viability dye (VD), and gating
into live cells we identified CD8" and CD4" T cells. (B) Representative FC analysis of pre- and post-enrichment of naive (N) or effector memory plus
effector memory RA* (EM+EMRA) CD8* T cells, gated on (dextamer*)-CD8" T cells (upper) or (dextramer )-CD8" T cells (lower). (C) Representative
FC analysis of pre- and post-enrichment of Treg cells with magnetic beads.

of further stains such as CD25 and Foxp3 may help resolve popu-
lations but these may also be upregulated by proliferating Tconv
cells. If this proves a problem for mice, this can be resolved by
using congenic markers such as CD45.1 Tconv and CD45.2 Treg.
CD8 T-cells can also be used as responders.

It should be remembered that suppressive function is not totally
Treg exclusive. Activated non-Treg cells are capable of showing
some CTLA-4 dependent suppressive function, although this is rel-
atively weak in comparison to Treg cells. As a result, in some cases
inclusion of known highly suppressive and non/lo-suppressive
cells as control groups to allows placement of the cell population
of interest on this scale.

To a large extent the APC dependent suppression assay mea-
sures CTLA-4 dependent suppressive function. However, this is
context dependent, naive CTLA-4 deficient Treg lack detectable
suppressive function, while highly activated CTLA-4 deficient
Tregs are suppressive due to upregulation of other suppressive
molecules post-activation [671]. Another common variant of this
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assay is to use CD3 mAb and CD28 mAb beads in place of APCs,
this APC independent assay largely measures CTLA-4 independent
suppressive function.

The use of CD3 in the sorting strategy (Fig. 73) runs the risk
of causing pre-activation of the T-cells. We have not found this to
be a problem, but if this is a concern CD3 can be omitted without
a major change in the purity of the sorted cells.

As regards the killing assay of Treg cells by antigen-specific
CD8™ T effector cells, care must be taken to ensure that Treg
cells do not display cytotoxicity activity, as suggested in older
reports [678]. This risk can be ruled out by the evidence showing
that: (i) highly purified peripheral Treg cells, as well as Treg cells
infiltrating inflamed tissues, completely lack GZMs, in contrast to
CD8™ T effector cells; (ii) highly purified Treg cells are unable to
kill antigen-specific CD8" T effector cells in cytotoxicity assays in
vitro (see [673]). S. Koristka et al. proposed that the discrepancy
with older reports [678] is due to the purity of Treg cells used in
the assays [679].
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Figure 76. Representative histograms of purified CFSE-stained CD8* T (N) cells (A) or effector memory plus effector memory RA* (EM+EMRA) CD8*
T cells (B) stimulated with autologous (a)APCs pulsed (or not) with 20 ug/mL of peptides (aAPCs + peptides) and co-cultured (or not) with Treg cells
at a CD8:Treg ratio of 10:1 for 7 days. Histograms indicate the percentage of cell proliferation (as detected by CFSE dilution) and differentiation (as
detected by CD45RA downregulation) in (dextramer')-CD8" T cells. (C) Mean values of four independent suppression assays at different CD8:Treg
ratios. %Treg suppression = (MFI CFSE-stained dextramer* CD8" T cells with Treg cells - MFI CFSE-stained dextramer® CD8" T cells without Treg
cells) / (MFI CFSE-stained dextramert CD8" T cells unstimulated — MFI CFSE-stained dextramer* CD8* T cells without Treg cells) x 100. P < 0.05

one-way ANOVA with Tukey’s multiple comparison test.

17.9.7 Top tricks. CFSE and CTV dyes can both be used and
we have not observed clear differences in results between them.
When a Foxp3-GFP reporter mouse is used, CTV may be the opti-
mal choice to avoid mixing up signal from GFP and CFSE. How-
ever, when this is not the case and blue, yellow—green, and violet
lasers are all available, we find that CFSE frees up the bright flu-
orochrome BV421 while the blue and Yellow-green lasers allow
better separation of CFSE and PE than would be possible with just
a blue laser. In some cases, high doses of CFSE can be toxic, and
the effect in a particular setting should be defined empirically.

Choice of APCs: With optimization it is possible to use various
cells as APCs. In the murine system, we have successfully used
CD11c*™ DCs, B220*" B-cells, and T-cell depleted splenocytes as
APCs. For the human suppression assay, monocytes-derived DCs
and T-cell depleted PBMCs have all proven effective. There is not
necessarily one correct choice but some consideration should be
given to which cell type is appropriate according to experiment in
question.

Since dead cells are often nonrecoverable or excluded from
analysis, counting the total number of recovered Tconv cells can
also be useful to understand the dynamics of the suppression sys-
tem. Cytometric counting beads can be used in order to accurately
count the cells while collecting proliferation data.

Addition of exogenous IL-2: Particularly for humans some
donors Tconv may proliferate poorly even in the absence of Tregs.
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In this case, addition of a low dose of exogenous IL-2 in the range
of 10-20 IU/mL may aid proliferation while also allowing clear
suppression. Careful titration is needed as higher doses of IL-2
overwhelm Treg suppressive function.

The use of a pre-enrichment bead sorting is not essential but
improves the purity of the sorted populations. This is more impor-
tant when rare populations such as fraction I naive Tregs are
sorted.

18 Adoptive T and B cell transfer as a read-out for
antigen-specific immune responses in mice

18.1 Overview

For over three decades now, adoptive transfer of TCR-transgenic
(TCRtg) and BCR-transgenic (BCRtg) cells, followed by challenge
with cognate antigen in various experimental settings such as
immunization, infection, autoimmunity, and tumors, has proven
to be an elegant tool to study antigen-specific immune responses in
vivo. These experiments have generated a wealth of information
on the activation requirements, kinetics, magnitude, and effec-
tor as well as memory responses of T and B cells. Importantly,
adoptive transfer experiments continue fueling research in these
areas. Here, we describe critical parameters for performing adop-
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tive transfer experiments with TCRtg and BCRtg cells and discuss
advantages and disadvantages of these approaches in regards to
study design and data interpretation.

18.2 Introduction

Experimental immunization or infection of mice is frequently
used to study immune responses in vivo. Using various activa-
tion marker combinations, polyclonal T and B cell responses can
be easily analyzed by FCM. Activated T cells can be identified in
mice by staining for activation markers such as CD69 or CD44 (see
ChapterV, Section 17.5). However, this generally does not provide
information on the differentiation history or the antigen specificity
of these cells. For the detection of antigen-specific CD8" or CD4"
T cells in bulk cell populations, MHC multimers may be used in
humans and mice (see Chapter V, Section 17.4). While each mul-
timer covers one antigenic specificity, thereby allowing quantifica-
tion of antigen-specific cells, functional and fate-mapping assays
are rather limited. Complementary to this approach, TCRtg T
cells have been widely used for studying antigen-specific T cell
responses in many in vivo settings. The advantage of using TCRtg
cells is the known specificity of these cells and their suitability for
adoptive transfer experiments. Various TCRtg mouse lines have
been described in the literature. Prominent examples for CD8*
T cells include P14, which are specific for LCMV GP33.41 pep-
tide [680] or OT-I, which are specific for OVA2s7.064 peptide [681].
Examples for CD4" T cells include SMARTA, which are specific
for LCMV GPg1.g0 peptide [682], and OT-II, which are specific
for OVAs3.339 peptide [683]. All these lines are on the C57BL/6
background. DO11.10 mice, which are on the BALB/c background,
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carry a TCRtg that also recognizes OVAs23.339 peptide [684]. For
this mouse strain, a clonotypic Ab has been generated that allows
detecting DO11.10 TCRtg cells without the need of additional
markers such as congenes or fluorescent reporter alleles. TCRtg
mice can also be used for inducing autoimmunity. For example,
adoptively transferred P14 TCRtg cells can kill genetically engi-
neered LCMV GP-expressing beta cells in the pancreas, thus caus-
ing diabetes [685]. Another example are 2D2 mice, in which 95%
of CD4" T cells carry a TCR specific for MOGss.ss peptide [686].
These cells can be used to track autoantigen-specific T helper cell
responses in the CNS after MOG/CFA/PTX-induced active EAE.
2D2 cells can also be activated and transferred into secondary
hosts, where they are sufficient to induce full-blown disease (pas-
sive EAE). While TCRtg mice usually harbor only very few Treg
cells, if any, polyclonal Foxp3 reporter mice such as Foxp3-GFP
may be used instead for isolation of GFP* polyclonal Treg and Tfr
cells with unknown specificity for adoptive transfer experiments.
Similar to T cells, B cell responses can also be studied in detail
using FCM. For example, activated B cells that differentiate into
germinal center B cells downregulate surface IgD expression and
instead express GL-7 and FAS or can be stained with the lectin
PNA (see Chapter VI, Section 2.2). In addition, class-switched Ab
isotypes can be measured by FCM. Since B cells recognize their
cognate antigen directly through their BCR, antigen-fluorophore
complexes can be used to identify antigen-specific B cells by FCM,
e.g., 4-Hydroxy-3-nitrophenylacetyl (NP) hapten-specific B cells
with NP-PE after NP-KLH immunization or hen egg lysozyme
(HEL)-APC after HEL immunization. However, it is often advanta-
geous to be able to track the fate of antigen-specific naive B cells
during the entire immune response following activation of these
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Flowjo Software.

cells. BCRtg B cells that can be used in adoptive transfer exper-
iments are ideally suited for this purpose. Several BCRtg mouse
lines have been described in the literature. Among them, HEL-
specific MD4 [687], SWHEL [688], and Hy10 [689] mice as well
as NP-specific B1-8 [690] mice have been used in various studies
to dissect the contribution and kinetics of antigen-specific B cell
responses in vivo.

To limit the precursor frequencies of antigen-specific TCRtg
and BCRtg cells as much as possible to physiological levels, low
numbers of purified naive TCRtg or BCRtg cells should be trans-
ferred into wild-type recipients. For functional questions, these
donor cells can be derived from control or knock-out backgrounds
and are then being compared in separate or competitive adop-
tive transfers into wild-type mice. Alternatively, for examination
of extrinsic factors important for T and B cell biology, TCRtg or
BCRtg B cells can be transferred into hosts that lack certain genes
(i.e., knock-out mice). In order to distinguish the transferred cells
from host lymphocytes, it is advisable to intercross the TCRtg and
BCRtg lines to different congenic alleles. Since wild-type C57BL/6
mice are CD45.2, TCRtg, and BCRtg cells that carry one or two
alleles of the congene CD45.1 can be easily identified by FCM
or immunofluorescence microscopy by staining with fluorescence-
labeled Abs against CD45.1 and CD45.2. Using combinations of
CD45.1 and CD45.1/2, it is even possible to perform competitive
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co-transfers into CD45.2 wild-type C57BL/6 mice, e.g., compar-
ing control and knockout TCRtg or BCRtg cells within the same
host. For T cells, combinations of the congenic markers Thyl.2
(CD90.2, expressed by wild-type C57BL/6 mouse T cells) and
Thyl.1 (CD90.1) have been regularly used as an alternative to the
CD45.2/CD45.1 system. While CD45 is expressed by B cells, Thyl
is not. Alternatively, some BCRtg mice carry different Ig heavy
chain (Igh) allotypes that can be used for identification instead.
For example, MD4 and Hy10 BCRtg B cells are Igh?, which is dif-
ferent as compared to the Igh® background of wild-type C57BL/6
mice. This does not only allow for the identification of these cells
by surface or intracellular staining of various Ig isotypes of Igh?,
but also secreted Abs derived from these cells, which are also of
the Igh? allotype and can be measured by ELISA. Another possibil-
ity is to cross TCRtg or BCRtg mouse lines to fluorescent reporter
alleles, e.g., GFP, which can also be used for intravital two-photon
microscopy studies. For short-term assays or for the assessment of
cell proliferation in vivo for up to 3 to 4 days, naive TCRtg or BCRtg
cells can be labeled with CFSE, CTV or similar fluorescent dyes
prior to adoptive transfer (see Chapter V, Section 18). BCRtg cells
can also be co-transferred together with antigen-specific TCRtg
cells to study the cooperation between antigen-specific B and T
cells [691]. Examples include co-transfer of OVA-specific OT-II
cells and NP-specific B1-8hi cells, followed by immunization with
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NP-OVA in adjuvants, e.g., alum. If 2D2 TCRtg mice are crossed to
the BCRtg mouse line Th [692], in which approximately 20% of
peripheral B cells are specific for MOG, these compound animals
can be used as a model for spontaneous EAE development [693].

The following protocol provides a framework for adoptive
transfer experiments with CD4+ and CD8* TCRtg T cells as well as
BCRtg B cells. The protocol can be easily modified and tailored to
the specific question of interest. An example of how this protocol
can be used for the assessment of CD4" T cell proliferation in vivo
is shown in Figure 80.

18.3 Step-by-step sample preparation

1. Prepare single-cell suspensions from pooled spleen and lymph
nodes of TCRtg or BCRtg donor mice of interest (see Chapter
III, Section 3).

2. Enrich naive T or B cells with magnetic beads (preferentially by
negative selection) (see Chapter IV, Sections 1 and 2) and/or
by cell sorting (see Chapter IV, Section 3). If the scope of the
study is to analyze the fate of already differentiated cells (in
vivo or in vitro generated), these cells may also be used for
adoptive transfer experiments.

3. To track proliferation and expression kinetics of transferred
cells, they can be optionally labeled with a cell proliferation
dye (e.g., CFSE or CTV) prior to adoptive transfer (see Chapter
V, Section 18).

4. Inject TCRtg or BCRtg cells into host mice (e.g., wild-type
C57BL/6), usually per i.v. route. Keeping in mind to aim for
the lowest feasible number of cells to be injected, adjust the
required cell number to the characteristics of the specific TCRtg
or BCRtg, to the immunization or infection model used, and
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to the intended readout (e.g., short term vs. long-term) as
the number of endogenous and transferred cells can strongly
influence the outcome of the experiment [694, 695]. While
typical cell numbers will range from hundreds to hundreds of
thousands, even as few as one or ten transferred cells may be
sufficient for certain experimental settings [634, 696]

5. Before challenging the transferred cells in the new host with
the cognate antigen, allow the transferred cells to equilibrate
in the host for a few hours to days.

6. Immunize or infect the recipient mice with the cognate antigen.
For protein and peptide immunizations, it is usually required
to mix the antigen with an adjuvant to elicit a strong response.

7. Analyze the adoptively transferred cells by FCM. To this end,
prepare single cell suspensions of secondary lymphoid tissues
or other tissues of interest (see Chapter III, Section 3) and
stain the cells with appropriate combinations of fluorescence-
labeled Abs for subsequent acquisition on a flow cytometer or
cell sorter.

18.4 Pitfalls

While adoptive transfer experiments with TCRtg and BCRtg cells
represent an elegant and powerful approach to study T and B cell
responses in vivo, several important points need to be considered
for generating valid and reproducible results:

Purity of adoptively transferred cells. Most often, naive
TCRtg or BCRtg cells are being used for adoptive transfer exper-
iments. To purify naive T cells from recipients, it is advisable
to enrich naive CD4" or CD8" T cells with magnetic bead-
coupled Abs, preferentially using negative enrichment that yields
untouched cells for downstream applications (see Chapter IV).
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Figure 80. Gating strategy for the identification of CTV-labeled, Thyl.1" OT-II cells by FCM. Wild-type C57BL/6 mice were injected i.v. with
5x10° naive OT-II TCRtg CD4* T cells. In this setting, such high numbers of naive OT-II TCRtg CD4* T cells (in contrast to classical adoptive
transfer experiments with typically less than 1-5 x 10* naive OT-II cells per mouse) are required for recovering enough events for proper cell
division analyses. One day later, recipient mice were immunized with 5 pg OVA and 2 ug LPS in the hock. Three and a half days later, draining
popliteal lymph nodes were dissected, single-cell suspensions were prepared and the cell surface was stained with appropriate combinations of
fluorescently labeled mAbs. Thereafter, samples were fixed and stained with the Foxp3 transcription factor staining set and samples were then
acquired on a BD LSRFortessa. Single lymphocytes were first gated based on FSC/SSC characteristics. CD4" T cells were further gated to exclude
dead cells and B cells, and finally with the congenic marker Thyl.1 and CTV to differentiate transferred OT-II cells from endogenous (Thy1.1") T
cells of the recipient. The CTV profile of the identified OT-II cells is shown in the histogram. To reduce the overall size of the acquisition data file,

50 000 lymphocytes were acquired first and then only TCRtg Thy1.1" CD4" T cells were appended to the file.

Alternatively, or in addition, naive cells can be further purified
using cell sorting. In the case of T cells, naive CD4" or CD8"
T cells can be sorted as CD44™1°“CD62LM cells. CD25 can be
included as well to exclude activated T cells and Treg cells among
CD4* cells. The TCR should not be stained directly (e.g., CD3¢),
as this may crosslink the TCR and activate the cells. Untouched
resting B cells can be efficiently enriched using CD43 magnetic
beads.

Precursor frequency. It is highly advisable to transfer as few
TCRtg or BCRtg cells as possible. Endogenous antigen-specific pre-
cursor frequencies are usually very low (in the range of tenth to
hundreds of T cells per mouse) [694]. Since TCRtg or BCRtg mice
harbor millions of cells specific for the same antigen, it is tempt-
ing to also transfer hundreds of thousands or millions of these
cells. However, since all these cells would compete with each
other in the new host for the specific antigen after infection or
immunization, such high precursor frequencies are unphysiologi-
cal and results of these experiments need to be interpreted with
care [634]. In addition, while most transferred TCRtg cells will die
and disappear during the transfer procedure, only a small percent-
age (often less than 10%) of transferred cells will be eventually
“parked” in the host. Nevertheless, under certain conditions, it
can be required to transfer higher cell numbers in order to recover
enough cells for analyses, e.g., in the case of proliferation experi-
ments using CFSE or CTV, in which it is often difficult to recover
enough cells that are within the first cell division(s) [697].

High affinity TCRs and BCRs. TCRtg and BCRtg cells often
carry antigen receptors with very high affinities for the specific
antigen, which may confound the conclusions derived from adop-
tive transfer experiments utilizing these cells. For example, the
HEL-specific BCRs of MD4, SWHEL, and Hy10 BCRtg mouse lines
bind HEL with extremely high affinity. To adapt for this prob-
lem, mutated HEL proteins and peptide sequences have been engi-
neered that exhibit much lower binding affinities to these BCRs,
thus providing a more physiological setting [698]. Alternatively,
the HEL-related duck egg lysozyme, which exhibits lower binding
affinity to these BCRs, has been used as well [689].

Rejection of transferred cells. Congenic markers or fluores-
cent proteins expressed by adoptively transferred cells can poten-
tially facilitate rejection. While this may not be such a big issue
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for short-term experiments, long-term experiments require more
careful planning and interpretation by taking this potential caveat
into account. As an example, when transferred into CD45.2 hosts,
heterozygous CD45.1/2 cells might be less prone to rejection than
CD45.1 homozygous cells. The use of CD45.1/2 heterozygous
hosts could provide an elegant solution to this problem, as CD45.1
and CD45.2 homozygous cells would be much less likely rejected
in these mice. In addition, for critical issues, allelic marker combi-
nations of CD45.1 and CD45.2 (or similar) may also be switched in
complementary adoptive transfer experiments to test whether the
same conclusions are reached. To further decrease the possibility
of rejection, TCRtg and BCRtg mice should be bred on and/or
regularly back-crossed to the same background strain of the host
mice used in the adoptive transfer experiments. Another strategy
for reducing the risk of GFP™ cells being rejected after adoptive
transfer is the use of host mice that express GFP under an endoge-
nous promotor, thus rendering these hosts tolerant towards GFP.

Exclusion of dead and contaminating cells. It is imperative
to carefully exclude dead cells as well as “sticky” cells. To exclude
dead cells, which often show autofluorescence and unspecific bind-
ing of fluorescently labeled antibodies, a viability dye should be
incorporated in the FCM staining panel (see Chapter III, Section
4). Similarly, it is advantageous to block unspecific binding by
preincubation with rat or mouse serum (according to the pri-
mary antibodies used for FCM) and Fc receptor blocking reagents.
Finally, a dump channel may be incorporated to exclude cells that
are “sticky” and/or may share marker expression with the cell type
of interest. Typical target antigens that could be used in a dump
channel are CD11c, CD19 (if T cells are the cells of interest) or
CD3 (if B cells are the cells of interest) and other lineage-defining
markers [699]. It is of importance to ensure that the antigen used
in a dump channel is not expressed by the cells of interest though.

TCRtg and BCRtg mice are often “leaky.” This means that not
all T and B cells are monoclonal and some polyclonal T cells have
expanded that do not express the antigen-specific tg. The degree
of T and B cells not carrying the TCRtg and BCRtg, respectively,
varies considerably between the individual mouse lines. One pos-
sibility to generate true monoclonal TCRtg and BCRtg mice is to
cross these mice onto Ragl- or Rag2-deficient backgrounds. This
is particularly important if TCRtg T cells will be transferred into

Wwww.eji-journal.eu

1617 &



b 1618

Andrea Cossarizza et al.

lymphopenic hosts, e.g., Ragl, Rag2, TCRap or CD3¢ knockout
mice, as naive polyclonal T cells will undergo considerable home-
ostatic proliferation and may even cause disease, such as IBD after
transfer of naive CD4" T cells into Ragl knockout mice.

18.5 Top tricks

Pre-enrichment of target populations: Low numbers of transferred
cells and/or poor expansion of these cells in the host may limit
recovered cell numbers that can be analysed by FCM. To accommo-
date for this problem, pre-enrichment of the adoptively transferred
cells may be used before acquisition on a flow cytometer/sorter.
Similar to the techniques described in the “Purity of adoptively
transferred cells” section above, congenic TCRtg and BCRtg cells
can be pre-enriched from whole host spleen or lymph node tis-
sues by labeling with magnetic beads coupled to monoclonal Abs
against the respective congenic marker (e.g., CD45.1 or Thyl.1).
Small bead sizes (e.g., Miltenyi MACS® or Stemcell Technologies)
should be preferred over big bead sizes (Thermo Dynabeads) for
this positive selection approach.

VI Flow cytometric phenotyping of cells
across species and tissues

1 T cells and their subsets

1.1 Murine CD4 and CD8 T cells

1.1.1 Differences in flow cytometric analysis of murine and human
T cells. FCM and cell sorting have been instrumental to under-
standing the fundamental principles of T cell differentiation. The
analysis of human samples alongside complementary experimen-
tal animal models has given us great insights into thymic T cell
selection, induction of T cell effector responses and the generation
of long-lived T cell memory (See Chapter VI Section 1.11 Human
CD4 and CD8 T cells). Mice are the primary animal model used to
investigate T cell biology and, while many of the same mechanisms
apply to the differentiation of T cells in humans and mice, there
are some fundamental differences in the flow cytometric analysis
of human and murine T cells.

One key difference is in the infection status of humans as com-
pared to mice. The human immune system is challenged by a daily
onslaught of microorganisms, pathogens, and foreign substances
from the environment. This includes a vast and diverse range
of potential antigen exposures, including non-persistent and per-
sistent latent viruses, bacteria, vaccinations, neoplastically trans-
formed cells, as well as the flora of our individual microbiota.
These agents constantly trigger and shape the human immune
system and, given that the average human lifespan is currently
over 70 years in many countries, these exposures can perturb the
immune system from its original naive state over a substantial
period of time. In contrast, most laboratory mice are used at 8-12
weeks after birth and are bred and maintained in clean facilities
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under specific pathogen-free (SPF) conditions, with reduced expo-
sure to foreign antigens and pathogens. Consequently, immune
composition and immune cell phenotypes from adult SPF mice are
more similar to that of neonatal, rather than adult, humans [700].

The use of murine models has enabled researchers to selectively
induce disease states and study the T cell response longitudinally
at defined synchronized time points. To a more limited degree, this
is also possible in human clinical studies, for example, those that
monitor the immune response following vaccination [701, 702]
or primary infection after organ transplantation [703]. However,
the tendency to study T cell responses longitudinally in mice has
driven development of terminology that is distinct from those used
in human T cell biology. For example, murine effector T cells are
generally defined as transiently expanding T cells in the effector
phase of an immune response, while in humans, effector T cells
are generally present at any snapshot of analysis.

Finally, different immune compartments are generally more
accessible in mice than in humans. Analysis of human T cells is
largely confined to blood, whereas T cell analyses in murine mod-
els can access blood in addition to bone marrow and secondary
lymphoid organs, including the thymus, lymph nodes, and spleen.
Tissues, such as skin, intestine, and bone marrow, are also more
readily available for analysis in mice and, accordingly, have given
us distinct and unique insights into T cell biology.

1.2 Murine Conventional aff CD4 T cells

1.2.1 Overview. CD4 T cells are central effector cells that
crosstalk with many other components of the adaptive and innate
immune system. Primed by signals they receive during devel-
opment in the thymus and in the periphery, MHCII-restricted
CD4 T cells specialize functionally. Tregs can suppress immune
responses and balance between immune activation and toler-
ance (See also Chapter VI Section 1.6 Murine Foxp3™" regulatory
T cells). Conventional nonregulatory CD4 T cells contribute to the
efficiency of many vaccines and are vital for the protection against
many infections with bacteria, parasites, and fungi, but they can
also mediate autoimmune diseases. This section focuses on con-
ventional nonregulatory T cells and gives an overview of surface
markers used to identify the diverse CD4 T cells subsets. Fur-
thermore, we provide examples for the detection of transcription
factors and effector functions of conventional CD4 T cells.

1.2.2 Conventional af CD4 T cells: Identification and surface mark-
ers. Conventional TCRaBCD4™ T cells can be identified by gating
on time, scatter parameters and exclusion of duplicates and dead
cells to identify viable lymphocytes and gating on CD3¢™ or TCRB™
cells and CD4*"CD8a™ cells (Fig. 81). The use of CD3¢ or TCRB as
selection markers is critical for the analysis of CD4 T cells to avoid
inclusion of myeloid cell subsets that express low levels of CD4.
Additional markers may be required in specific tissues to differen-
tiate conventional CD4 T cells from other nonconventional T cell
subsets, such as from CD4" NKT cells in the liver (See also Chap-
ter VI Section 1.4 Murine tissue resident memory T cells). These
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Figure 82. Schematic of murine CD4 T cell differentiation. An array of
CD4 helper T cell subsets differentiate from CD4 Tn cells, including Th1,
Th2, Th9, Th17, Th22, Tfh, Treg, and cytotoxic CD4 T cells. Molecules
under each CD4 helper T cell subsets heading indicate the key effec-
tor cytokine/molecules, key transcription factor/s, and key chemokine
receptors.

markers can be used in a “dump” gate to exclude myeloid lineages
and nonconventional T cells.

CD4 T cell differentiation state is often defined by the expres-
sion of surface markers that correlate with the location of cells
within the body. Mature CD4 naive T (Tn) cells are CD44°CD62LM
and enriched in the lymphoid tissues (Fig. 81). The L-selectin
CD62L mediates attachment to endothelia and access to lymph
nodes. Upon activation, CD4 T cells acquire CD44, which binds
hyaluronan to promote access to peripheral tissues, and lose
CD62L to become CD4 effector T (Teff) cells. Antigen-activated
Teff populations expand and mediate pathogen clearance, then
contract after pathogen resolution and form CD4 memory T
(Tmem) populations. Two main circulating memory populations
are central memory T (Tcm) cells, which are CD44"MCD62L" and
reside predominantly in the lymphoid tissue, and effector mem-
ory T (Tem) cells, which are CD44MCD62L"° and circulate more
through peripheral tissues (Fig. 81). Additionally, noncirculating
tissue-resident T cells (Trm) are primarily present in barrier tissues
(See also Chapter VI Section 1.4 Murine tissue resident memory
T cells).

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Pathogen-specific CD4 Teff (and Tmem) cells can be classi-
fied according to their phenotype and function into multiple T
“helper” (Th) subsets; Th1, Th2, Th9, Th17, Th22, and T follicu-
lar helper (Tfh) cells (Fig. 82). These subsets are each equipped
with a unique set of transcription factors, chemokine receptors,
and effector molecules. However, recent research suggests that
CD4 Th cell subsets are not separate lineages but a continuum of
mixed functional capacities [704]. Alongside these conventional
CD4 Th cell subsets, natural and induced T regulatory (Treg) cells
have a predominant immunomodulatory phenotype with the abil-
ity to suppress autoreactive immune responses and promote res-
olution of active immune responses, by a variety of mechanisms
(for more details See also Chapter VI Section 1.4 Murine tissue
resident memory T cells).

CD4 Th cell subsets participate in a range of diverse and over-
lapping adaptive immune responses [705, 706]. Th1 cells are vital
in the defense against intracellular infections, such as Mycobac-
terium tuberculosis and protozoa. Th2 cells protect against par-
asitic infections, including helminths, but also mediate much of
the pathology associated with allergic reactions and correlate
with asthma severity. Th17 cells, originally described in mice
as being pathogenic in murine models of autoimmune disease
[707, 708], have more recently been shown to protect against cer-
tain pathogens, including fungal infections [709]. Th9 and Th22
cells are relatively newly described subsets, which share some
functional and developmental features with Th2 and Th17 cells,
respectively. Tfh cells crosstalk with B cells to stimulate the pro-
duction of high affinity Abs in germinal center reactions. Intrigu-
ingly, in certain infections such as influenza, unique populations
of CD4 T cells can exhibit cytolytic capacity [710].

In CD4 Th cells, the expression of chemokine receptors is
associated with skewing toward specific effector functions and
migratory behavior. Rapid upregulation of CXCR3 facilitates the
migration of Th1 cells to inflamed tissue sites along gradients of
chemokines, such as CXCL9, CXCL10, and CXCL11 (Figs. 82 and
83) [711]. The specific interaction of CCR4 on Th2 cells with
CCL17 and CCL22 is critical for movement of Tmem into the
skin [712]. Th17 preferentially utilize CCR6, also expressed by
Treg cells, for migration to mucosal tissues that are enriched for
CCL20 [713]. Tth cells express the chemokine receptor CXCRS5,
which is vital in the migration of Tth cells from the T cell zone
into B cell follicles within the spleen [714] (Figs. 82 and 83) and
also express high levels of PD-1 and ICOS to facilitate B cell inter-
actions (Figure 83).
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1.2.3 CD4 T cells: transcription factors. The differentiation of
specific CD4 Th cell lineages is induced by specific cytokine stim-
ulation and is guided by master transcription factors (Figs. 82
and 84), which control the expression of downstream effector
molecules. Priming of Thl cells by IL-12 [715] and IFN-y [716]
results in expression of their master transcription factor T-bet
[717] (Fig. 84), Th2 cell priming by IL-4 [718, 719] leads to
expression of GATA-3 [720] and priming by IL-23, IL-6, and
TGF-B drives RORyt expression in Th1l7 cells [721] (Fig. 84).
Th22 cells are regulated by expression of the transcription fac-
tor Ahr [722, 723], while Th9 cells do not appear to be regulated
by an individual transcription factor but rather a combination of
factors, including IRF4 and PU.1 [722, 723]. Tth cells are con-
trolled by the transcription factor Bcl6 [724] (Figure 84) and the
development of cytotoxic CD4 T cells can be mediated by the
transcription of Eomes.

Transcription factors are mainly located intranuclearly and,
to assess these by FCM, staining buffers are used that efficiently
permeabilize the nucleus and enable intranuclear access of Abs.
When no reliable Abs are available, reporter mice are a valuable
tool for the flow cytometric analysis of transcription factor expres-
sion [725]. Additionally, the use of reporter constructs can also
enable functional assays based on transcription factor expression
that are not possible with fixed and permeabilized cells.

CXCR5PE-TR

Th17

cells that express the chemokine receptor CXCR3
and CD4" Tfh cells that express PD1 and CXCRS.

1.2.3.1 Step-by-step sample preparation protocol for staining of
the transcription factor Bcl-6 and Tfh surface markers in CD4 T cells.

® Prepare single-cell suspensions of draining lymph nodes (LNs)
and non-draining LNs in HBSS (or PBS) by standard procedures.

® Add 1-2 x 10° cells in 100 uL for each sample into 5 mL FCM
tubes.

® Add 100 puL of 1:1000-diluted eFluor780 Fixable Viability Dye
(eBioscience) in HBSS (or PBS) (no serum/protein, no azide).

o Incubate for 10 min on ice.

® Wash cells with 2000 uL. FCM buffer (2% FCS in PBS) and pellet
cells at 500 x g for 5 min at 4°C and remove supernatant.

® Add 200 pL of blocking solution (1 pg/mL CD16/32 mAb, 2%
normal mouse/rat serum in FCM buffer).

o Incubate for 5 min on ice.

® (Critical step: On top of the blocking solution, add 200 uL of
2 x-diluted anti-CXCR5-biotin (clone 2G8, BD Biosciences, 1:50
final dilution).

o Incubate for 30 min at 37°C, gently rolling at room tem-
perature.

Tt
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Figure 84. Transcription factors for identification of murine CD4 subsets. Subsets of CD4 T cells can be identified based on their expression of
master transcription factors (TFs). Examples shown include Th1 cells identified by expression of T-bet, Th17 cells by RORyt, and CD4*" Tfh cells by
Bcl6 expression. Live CD3* cells are displayed for Th1 and Th17 cells both gated as shown in Fig. 81. For analysis of Bcl2 expression, within live
CD3"/ CD4" cells Tfh cells (CXCR5%/CD44 high) and naive T cells (Tyy CXCR57/CD44 low) are displayed.
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® Wash cells with 2000 uL. FCM buffer (2% FCS in PBS) and pellet
cells at 500 x g for 5 min at 4°C and remove supernatant.

® Transfer cells in 40 pL of primary Ab mix containing CD4-
Pe mADb (clone RM4-5, BD Biosciences), anti-ICOS-APC (clone
C398.4A, Biolegend), and anti-PD-1-PeCy7 (clone RMP1-30,
Biolegend) to a 96-well round bottom plate.

o Incubate for 20 min at 4°C

® Wash cells with 200 pL. FCM buffer (2% FCS in PBS) and pellet
cells at 500 x g for 5 min at 4°C and remove supernatant.
® Add 40 pL Streptavidin-PerCP (1:1000 final dilution) per well:

o Incubate for 15 min on ice.

® Wash cells with 200 uL. FCM buffer (2% FCS in PBS) and pellet
cells at 500 x g for 5 min at 4°C and remove supernatant.

® Add 100 pl Fixation/Permeabilization buffer from the eBio-
science FoxP3 staining buffer set per well:

o Incubate for 15 min at room temperature.

® Add 100 uL Permeabilization buffer from the eBioscience FoxP3
staining set per well and pellet cells at 500 x g for 5 min at 4°C
and remove supernatant.

® Wash 1x with 200 pL Permeabilization buffer and pellet cells
at 500 x g for 5 min at 4°C and remove supernatant.

® Add 20 pL of blocking solution (1 ug/mL CD16/32 mAb, 2%
normal mouse/rat serum in Permeabilization buffer).

o Incubate for 5 min at room temperature.

® On top of the blocking solution, add 20 pL of 2x-diluted anti-
Bcl6-PE (clone K112-91, BD Biosciences, 1:50 final dilution).

o Incubate for 45 min at room temperature.

® Wash thrice with Permeabilization buffer and pellet cells at 500
x g for 5 min at 4°C.
® Resuspend cells in FCM buffer and analyze on a flow cytometer.

1.2.3.2 Materials.

Single cell suspension containing T cells

FCM buffer: PBS with 2% FCS

Hank’s Balanced Salt Solution (Gibco, catalog no. 14025092)
FoxP3 staining set (eBioscience, catalog no. 00-5523-00)

1.2.3.3 Antibodies.

® anti-mouse CD16/32 (clone 2.4G2)

® anti-mouse CXCR5-biotin (BD Biosciences, catalog no. 551960,
clone 2G8)

® anti-mouse CD4-Pe (BD Biosciences, catalog no. 553930, clone
RM4-5)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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® anti-human/mouse/rat ICOS-APC
n0.313510, clone C398.4A)

® anti-mouse PD-1-PeCy7 (Biolegend, catalog no. 109110, clone
RMP1-30)

® Streptavidin-PerCP (1:1000 final dilution)

® anti-Bcl6-PE (BD Biosciences, catalog no. 561522, clone K112-
91).

® eFluor780 Fixable Viability Dye (eBiosciences, 65-0865-18)

(Biolegend, catalog

1.2.4 CD4 T cells: effector functions and antigen-specificity. Most
memory CD4 T cells are quiescent in steady state. Consequently,
analysis of CD4 Th cell functional capacity by FCM usually involves
in vitro restimulation and subsequent effector protein profiling
by intracellular staining. The hallmark cytokines for CD4 Th cell
subsets are as follows; Th1 cells express IFN-y [726], Th2 cells
express IL-4, IL-5, and/or IL-13, Th17 cells express IL-17 [7271],
Th9 cells express IL-9, Th22 cells express IL-22, and Tfh cells
express IL-21 (Fig. 85). Although yet to be fully characterized,
cytotoxic CD4 T cells have been identified through the expression
of cytolytic molecules such as perforin [710]. CD4 T cells also
upregulate the expression of the co-stimulatory molecule CD40L
after activation [614], which is crucial for their T helper functions
[691, 728].

To unleash and detect their effector function CD4 T cells can be
stimulated polyclonally using CD3¢ mAD to drive TCR signaling or
using the phorbol ester PMA together with Iono to bypass TCR sig-
naling and activate protein kinase C. CD4 T cells can be stimulated
in an antigen-specific manner with their cognate peptide presented
by MHCII. Antigen can be provided in in vitro stimulation either
as a purified short peptide containing the relevant epitope, or as
more complex antigens; live or killed pathogens, pathogen lysates,
full-length proteins, or long peptides, which are then processed
into short peptides and directly presented on MHCII by profes-
sional APCs. Restimulation with more complex antigen therefore
requires the presence of APCs and, as a result, whole splenocyte
preparations or sorted CD4 T cells with addition of peptide-pulsed
APCs should be used to assess responses to complex antigen. Addi-
tionally, synthetic MHCII dimers loaded with peptide can be gen-
erated and covalently linked to beads or coated onto plates for in
vitro restimulation assays. After activation, T cells start to produce
and/or secrete effector molecules including co-stimulatory surface
molecules, cytokines, and chemokines (see also Chapter V Section
17.5 Functional Read-outs).

To identify cytokine production on single cell level and increase
the signal, cells are treated with protein transport inhibitors such
as brefeldin A (BrefA) or monensin during the stimulation to
allow accumulation of cytokines and activation-associated sur-
face molecules in responding T cells. Of note, when CD4 T cells
are stimulated with complex antigen, protein transport inhibitors
should be added after a delay (~2 h) to permit sufficient process-
ing of peptide, loading onto MHCII and surface export of pep-
tide/MHCII complexes. In addition, as extended exposure of cells
to these inhibitors can be toxic, it is optimal to limit exposure. The
stimulation time depends on the kinetic of the detected cytokine,
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Figure 85. Effector molecules produced by murine CD4 T cells. CD4 helper T cell subsets produce distinct sets of cytokines. To analyze production
of cytokines, in vitro generated Th-subsets were restimulated with PMA and Iono in the presence of BrefA. Examples shown include Th1 cells that
produce IFN-y, Th2 cells that produce IL-4 and Th17 cells that produce IL-17. All dot plots are gated on live CD4* T cells as shown in Fig. 81.

but 4-6 h is usually sufficient to detect cytokines including IFN-
y and TNF by intracellular cytokine staining. Administration of
monensin or BrefA to mice during an active immune response and
analysis shortly after administration can be used to assess cytokine
production directly ex vivo [729] (see also Chapter V Section 17.5
Functional Read-outs).

The detection of effector functions by FCM can be used to gain
information about the properties of specific T cell subsets, but
it is also utilized to enumerate antigen-specific CD4 T cells. To
evaluate the total magnitude of an antigen-specific response using
functional measures, an effector response should be selected that
will be present in the majority of antigen-specific CD4 T cells
following restimulation. A particularly useful marker for assess-
ing total response magnitude for CD4 T cells is CD40L, as this
marker is rapidly expressed on CD4 T cells after activation [730].
Unfortunately, it can be difficult to stain for CD40L, as it is tran-
siently expressed on the cell surface and then rapidly secreted or
internalized and degraded after interaction with its ligand, CD40.
To circumvent this issue, cells can be either stained intracellu-
larly for CD40L in the presence of BrefA or stimulated in vitro in
the presence of both fluorescently labeled Ab against CD40L and
blocking CD40 Ab [730]. Staining for CD40L in this way thereby
permits evaluation of the majority of the antigen-specific CD4
T cell response.

The simultaneous detection of multiple activation markers or
cytokines can aid the detection of low frequency responses, due to
the decreased background. For the identification of live CD4 T cells
producing a certain cytokine, a cytokine secretion assay can be
used (see also Chapter V Section 17.6 Live cytokine-producing cell
sorting with Cytokine Secretion Assay). In Chapter V Section 17.5
Functional Read-outs, additional information on antigen-specific
T cell stimulation can be found.

Antigen-specific CD4 T cells can be detected indirectly using
in vitro restimulation with defined antigens, but antigen-specific
CD4 T cells can also be directly identified, analyzed, and tracked
in mice using a number of methods. First, CD4 T cells specific for a
given antigen can be detected by MHCII tetramers/multimers (see
also Chapter V Section 17.4 MHC Multimers). Of note, tetramer
staining can exhibit nonspecific binding and high background. To
improve identification of low frequency tetramer™ T cells, stain-
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ing with the same MHCII tetramer labeled with two different flu-
orophores can be used (see also Chapter V Section 17.4 MHC
Multimers). Another strategy to track antigen-specific responses
in vivo is to transfer congenically labeled or fluorescently labeled
TCR transgenic T cells. Different transgenic mouse strains express-
ing TCRs specific for a number of antigens and derived from CD4
T cells have been developed, including ovalbumin (OT-II), LCMV
glycoprotein (SMARTA), and malarial antigen (pBT-II). Allelic
variants of the cell surface molecules CD90 (Thy-1) and CD45
(Ly-5) can be distinguished with selective Abs and allow tracking
of adoptively transferred T cells in congenically distinct recipients.
T cells can also be genetically modified to stably express fluores-
cent proteins, such as Green Fluorescent Protein (GFP), yellow
(Y)FP, and red (R)FP, to track transferred cells or act as reporters
for deletion or expression of genes in genetically modified mice.
Fluorescent dyes, such as carboxyfluorescein succinimidyl ester
(CFSE) and cell trace/tracker violet (CTV) (see Chapter V Section
18 Adoptive T cell transfers as a readout for Ag-specific immune
responses), can be used to label cells, which are then transferred
into hosts to track migration or cell division in vivo, although the
fluorescent signal from these dyes is lost with protein turnover
and so they can only be detected for a finite period. Functional
indicators of antigen-specificity can also be used. Activated T cells
that are actively dividing, can be identified in vivo or in vitro by
uptake of Bromodeoxyuridine (BrdU) or by intranuclear staining
with the proliferation-associated marker Ki-67.

1.3 Murine Conventional o CD8 T cells

1.3.1 Overview. MHCI-restricted CD8 T cells are one of the cen-
tral effector cell populations of the adaptive immune system and
contribute to protection against viruses, intracellular bacteria, and
malignant cells. In this section, we provide examples how to iden-
tify conventional CD8 T cells and use surface markers to determine
functionally distinct populations of CD8 T cells in steady state and
during an immune response. Furthermore, we give an overview
of methods that can be used to analyze transcription factors, track
antigen-specific CD8 T cell responses, and measure CD8 T cell
effector function.
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Figure 86. Discriminating murine CD8 T cell subsets. The expression of CD44, CD62L, and CD69 can be used to identify CD8 T cell populations
in the different phases of the immune response. CD8 T cells displayed in the top row were gated as shown in Fig. 81. Naive mice mainly contain
naive CD8 T cells. Pathogen-specific T cells can be identified using tetramer staining, here GP33-specific CD8 T cells after LCMV infection. During
the effector phase (d8 post infection), the majority of LCMV-specific CD8 T cells upregulate CD44 and downregulate CD62L. In the memory phase
(day 30+ post infection), T cells retain high expression of CD44 and can be divided in Tcm, Tem, and Trm using expression of CD62L and CD69,

with distinct contribution of Tcm, Tem, and Trm in different tissues.

1.3.2 Conventional ap CD8 T cells: Identification and surface mark-
ers. Conventional TCRaf CD8™ T cells can be identified by gat-
ing according to time, FSC and SSC, exclusion of doublets and
dead cells, gating on CD3¢* or TCRB™ cells and finally gating on
CD4 CD8a* cells (Fig. 81). Gating on CD3e¢™ or TCRB' T cells
is useful to exclude myeloid cells or NK cells that express CD8a.
Of note, this gating strategy can lead to the inclusion of uncon-
ventional T cells, such as intraepithelial lymphocytes (IELs), y3
T cells, NK T cells, and MAIT cells (see also Chapter VI Sections
1.7-1.10), as some of these cells express a CD8ua homodimer.
These unconventional T cell populations can together comprise up
to 50% of the CD8 T cell populations in some peripheral tissues,
such as the small intestine. To avoid this misclassification, CD8B
Abs should be included in gating strategies to exclude unconven-
tional T cells that do not express this marker. The use of CD8B Abs
can, however, reduce binding of MHCI tetramers and thereby limit
the identification of antigen-specific CD8 T cells [731]. These fac-
tors should therefore be taken into consideration when identifying
antigen-specific populations in tissues that are rich in unconven-
tional T cells populations.

The differentiation state of CD8 T cells is defined by CD44
and CD62L expression (Figs. 81 and 86). Naive CD8 T cells (Tn)
are CD44loCD62Lhi. After infection or immunization, antigen-
activated CD8 T cells upregulate expression of CD44 and lose
CD62L during differentiation into CD8 Teff cells (CD44hCD62LI)
(Fig. 86). The expression of additional surface markers during
activation and expansion can be indicative of cellular fate in
developing CD8 Teff cells. Two such markers are CD127, which
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is the IL-7 receptor a chain that promotes T cell survival in the
periphery, and KLRG1, which is upregulated with strong or sus-
tained antigen encounter and regarded as a marker of terminal
differentiation (Figure 87). Antigen-specific CD8 T cells derived
from the effector phase of a response can express various com-
binations of CD127 and KLRG1, which define either short-lived
effector cells (SLEC; CD127-KLRG1™), which are lost during the
contraction phase of the immune response, or memory precursor
effector cells (MPEC; CD1277KLRG1"), which are more likely to
persist and contribute to memory populations [732, 733]. Of note,
repeated antigenic stimulation, such as during live or prime boost
vaccination, can drive accumulation of a CD127"KLRG1™ popula-
tion [734], although their functionality and memory potential is
not well defined.

After resolution of infection, the CD8 Teff cell population
contracts and memory populations begin to form. Similar to
CD4 T cells, CD8 Tmem cells are often defined as Tcm cells
(CD44"CD62LM) and Tem cells (CD44"CD62L10), as well as tissue
resident memory cells (Trm; CD44"CD62LI°CD69"; see Chapter
VI Section 1.4 Murine tissue resident memory T cells) (Figure 86).
Additionally, the differential expression of the fractalkine receptor
CX3CR1 can been used to identify CX3CR1™ peripheral memory
T cells (Tpm), which have direct access to peripheral tissues for
surveillance [735].

Of note, cytokine stimulation in the absence of antigen stim-
ulation can upregulate memory markers in antigen-naive CD8
T cells. These virtual memory CD8 T cells (Tvm; CD44" CD49d!°)
acquire CD44 expression in the periphery in response to IL-15
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stimulation but do not upregulate CD49d, a subunit of very-late
activation antigen (VLA)-4 [736]. Other Tvm cell markers include
high expression of Eomes, Bcl-2, CD122, and CD127. While Tvm
cells are antigen-naive, they are functionally distinct from CD8
Tn cells [737]. Crucially, Tvm cells are also CD62LM. As a result,
CD44MCD621MCD49d!° Tvm cells are often included in gates for
CD44MCD62LMCD49d" Tem cells (Figure 88), when CD49d is not
included in gating strategies or when a marker to identify antigen-
specific Tem cells, such as tetramer staining, is not used. Given the
unique functional profile of Tvm cells, this has led to misattribu-
tion of Tvm cell qualities to the Tem cell compartment [738]. Care
should be taken to properly identify Tcm cells versus Tvm cells,
especially during aging when virtual memory cells become more
dominant (see also Chapter VI Section 1.5).

1.3.3 CD8 T cells: Transcription factors. The differentiation of
CD8 T cells from Tn into Teff, Tcm, Tem, and Trm cells is co-
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10° nant adenoviral vector expressing SIV-Gag as a
target antigen.

ordinated by a network of transcription factors. Tn cells exhibit
high expression of Bach2, which maintains naivety and multipo-
tency [740]. After activation, some transcription factors favor Teff
cell differentiation, such as Tbet, Id2, Blimp1, while others favor
Tcm or Tem cell differentiation, such as Eomes, Bcl6, and 1d3.
Eomes in particular has been correlated with Tcm cell develop-
ment [741] but it is also crucial in Tvm cell development [736].
Additionally, Blimp and Hobit (homolog of Blimpl in T cells)
mediate Trm generation [742]. To assess transcription factors by
FCM, intranuclear staining is used (see also Chapter V Section 13
Transcription factors).

1.3.4 CD8 T cells: Effector functions and antigen specificity. Dur-
ing activation, CD8 Tn cells start to express surface molecules
and produce and secrete proteins that are necessary for their
effector function. Directed killing of infected or malignant cells
is the main effector function of activated CD8 Teff cells. This
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cytotoxicity is typically mediated by secretion of cytokines, such
as IFN-y and TNF, the release of cytotoxic granules contain-
ing granzymes and perforin, and/or surface expression of FasL,
which can induce apoptosis of Fas expressing cells. Similar to
CD4 T cells, different subsets of CD8 cytotoxic T (Tc) cells have
been described, including Tcl, Tc2, Tc9, and Tcl7 cells [743],
and a subset of CD8 T cells has been observed that can mediate
help via CD40L [744]. Some effector functions, such as constitu-
tive Granzyme B expression, can be directly analyzed in resting
Tmem, while most cytokines are only produced after reactivation.

To assess cytokine production quantitatively and qualitatively,
intracellular cytokine staining is commonly used. Like CD4 T cells
(See Chapter VI Section 1.2.4. CD4 T cells: effector functions and
antigen-specificity), cytokine production in CD8 T cells is gener-
ally analyzed after in vitro restimulation, either polyclonally using
PMA/Ionomycin or CD3/28 mAb, or in an antigen-specific man-
ner using protein (i.e., purified protein, pathogen lysate, or live
pathogen) or peptide. Of note, antigen-specific restimulation of
CD8 T cells involves stimulating the cells with their cognate anti-
gen presented on MHCI. While complex protein antigen can be
used to efficiently stimulate CD4 T cells, cross-presentation of
exogenous complex protein antigen on MHCI by APCs is a rela-
tively inefficient process in vitro and is generally less suitable for

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

restimulation of CD8 T cells. In contrast, short peptides are very
efficiently loaded onto MHCI (and II) and restimulation with pep-
tides that contain known epitopes is therefore an effective way to
induce and assess CD8 T cell responses. Alternatively, cells directly
infected with bacteria/virus or cell lines expressing MHCI-peptide
conjugates, such as SAMBOK (MEC.B7.SigOVA) [745] or RMA-S,
can be used to stimulate CD8 T cells, as these cells exhibit efficient
presentation of peptide on MHCI.

During stimulation, cells will start to express cytokines and
other effector molecules. To drive the accumulation of these
molecules within the cell and increase the detection of secreted
effector molecules, protein inhibitors like BrefA or monensin are
used during the activation. These protein transport inhibitors are
toxic; thus, it is optimal to limit the time of cell exposure. Typ-
ically, 4-6 h are used to accumulate cytokines like IFN-y, IL-2,
and TNF for detection by staining (Fig. 89a). In addition, BrefA or
monensin can be administered to mice during an active immune
response, with mice euthanized shortly after administration and
immediate analysis of cytokine production directly ex vivo [729].
The advantage of this approach is that it allows measurement of
cytokine production with in situ antigen presentation, which is
more relevant to understanding immune priming in the lymph
node and site of infection.
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Figure 89. Effector molecules produced by murine CD8 T cells (A) Splenocytes of virus-immune mice were stimulated with peptide for 6 h in the
presence of BrefA to identify virus-specific CD8 T cells based on their cytokine expression and degranulation using CD107a (gated on live CD8a*
T cells). (B) Virus-specific CD8 T cells from different tissues were stained Granzyme B (gated on CD8ua™" T cells as in Figure 81, with identification

of transferred OT1 CD8 T cells using congenic markers CD45.1 /CD45.2).

T cells can engage multiple effector mechanisms after activa-
tion. The simultaneous detection of multiple activation markers
or cytokines can aid the detection of low frequency responses,
due to decreased background (Fig. 89A), but it also permits the
assessment of a characteristic known as poly- or multifunction-
ality. Multifunctionality refers to T cells that express more than
one effector molecule or cytokine simultaneously upon stimula-
tion and can be assessed through Boolean gating, processed with
software called Pestle and visualized with software called SPICE.
Alternatively, newer FlowJo plugins such as SPADE analysis and
Cytobank, can facilitate analysis of multiparametric data.

Cytotoxic potential can be assessed directly ex vivo by intra-
cellular staining for cytotoxic proteins such as granzyme B and
perforin. CD8 Teff and some Tmem cells contain vesicles of pre-
formed cytotoxic granules, including granzymes and perforin, that
are detected via intracellular staining directly ex vivo without the
need for stimulation (see protocol, Fig. 89B). This approach is
optimal, as stimulation can cause CD8 T cell degranulation, which
can lead to a reduction in the amount of granzyme B or perforin
per cell and a loss of fluorescence intensity and staining resolution.
Cytotoxic capacity can be directly assessed using in vitro or in vivo
killing assays (see also Chapter V Section 17.8 Cytotoxicity). In
these assays, fluorescently labeled target cells loaded with a target
peptide are mixed at a 1:1 ratio with fluorescently labeled control
cells loaded with an irrelevant peptide. The target/control mix is
either co-incubated in vitro with antigen-specific CD8 T cells at
varying ratios or administered intravenously to immune animals.
A reduction in the relative frequency of target versus control cells
acts as a measure of antigen-specific CD8 Teff cell cytotoxic capac-
ity. Finally, degranulation capacity can also be assessed. When a
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CD8 T cell is stimulated, cytotoxic granules can be released at the
cell surface and lysosomal markers such as CD107a and -b become
transiently accessible at the cell surface before being recycled. To
stain these markers as a measure of degranulation, fluorescently
labeled Abs for CD107a and -b are included during restimulation
and monensin should be used to neutralize lysosomal pH and
prevent protein degradation (Fig. 89A).

To identify, analyze, and track antigen-specific CD8 T cells in
mice, a number of methods previously described in the section
on CD4 Teff cell functions, can be used (see also Chapter VI Sec-
tion 1.2.4 CD4 T cells: effector functions and antigen specificity).
Briefly, antigen-specific CD8 T cells can be identified directly ex
vivo using MHCI tetramers/multimers. CD8 Teff cells can be res-
timulated with cognate antigen and proliferation or cytokine pro-
duction can be used to indirectly identify antigen-specific CD8
T cells. Antigen-specific CD8 T cell responses can also be tracked
using transfer of congenically marked or fluorescently labeled TCR
transgenic CD8 T cells from mouse strains such as OT-I, p14, and
gBT-Iand subsequent challenge with their cognate antigen. During
an ongoing immune response, activation markers such as CD11a
and CD49d [746], as well as markers of proliferation (BrdU or
Ki67) can be used to directly identify antigen-experienced CD8
cells ex vivo.

1.3.5 Step-by-step sample preparation for detection of GrB in murine
CD8 T cells.

® Transfer 1-5 x 10° cells per sample to a 96-well V-bottom plate
® Pellet cells at 500 x g for 5 min at 4°C and remove supernatant.
® Resuspend cells in 50 pL surface stain Ab mix (in FCM buffer).
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® Incubate at 4°C for 15-30 min.

® Wash with 150 uL of FCM buffer, and centrifuge for 5 min at
500 x g at 4°C and remove supernatant.

Resuspend cells in 50 pL of freshly prepared Foxp3 Fixa-
tion/Permeabilization working solution prepared according to

manufacturer’s instructions.
® Incubate at 4°C for 30 min.

® Optional: wash in 150 pL FCM buffer, and pellet cells at 500
x g for 5 min at 4°C, remove supernatant, resuspend in 50 pL

FCM buffer, and store overnight in fridge at 4°C.

® Add 150 uL 1x Foxp3 Perm/wash solution (prepared according
to manufacturer’s instructions), pellet cells at 500 x g for 5 min

at 4°C and remove supernatant.

® Add intracellular Ab stain mix (in Foxp3 Perm/wash solution)

® Incubate at 4°C for 30 min.

® Add 150 pL 1x Foxp3 Perm/wash solution, and centrifuge at

500 x g for 5 min at 4°C and remove supernatant.

® Resuspend in FCM bulffer for analysis on a flow cytometer.

1.3.6 Materials.

® Single cell suspension containing T cells (here material from

LCMV immune mouse)

Flow cytometric phenotyping of cells across species and tissues

eBioscience™ Foxp3 / Transcription Factor Staining Buffer Set
(Thermo Fischer, Cat# 00-5523-00)
FCM bulffer: PBS with 2% FCS

1.3.7 Surface stain mix.

Anti-murine CD8a BUV395 (BD, catalog no. 563786, clone 53—
6.7, dilution 1:200)

Anti-murine CD45.1 FITC (eBioscience, catalog no. 11-0453-
82, clone A20, 1:200)

Anti-murine CD45.2 eF450 (eBioscience, catalog no. 48-0454-
82, clone 104, 1:200)

Anti-murine CD62L BV510 (Biolegend, catalog no. 104441,
clone MEL-14, 1:400)

LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit (Thermo
Fischer, catalog no. L10119, 1:1000)

Diluted in FCM buffer

1.3.8 Intracellular stain mix.

Anti-human granzyme B AF700 (BD, catalog no. 561016, clone
GB11, dilution 1:200) (this Ab is crossreactive with murine
granzyme B)

1.3.9 Summary Table (Table 18).

Table 18. Molecules that discriminate subpopulations of conventional CD8af T cells (identified by expression of CD3 or TCRap, lack of TCRy$ and

CD4, expression of CD8a and CD8b)

1627

TN TEFF (SLEC) TEFF (MPEC) TVM TCM TEM TRM

Surface markers

CD44 lo hi Hi hi hi hi hi

CD62L hi lo Lo hi hi lo lo

CD69 lo int Int hi or lo lo lo hi

CD103 hi or lo hi or lo hi or lo lo lo hi or lo

CD25 lo hi hi lo lo lo

CXCR3 lo hi hi hi hi hi hi

CXCR6 lo int int int int hi

CD127 hi lo hi

KLRG1 lo hi lo lo

CD49d int hi hi lo hi hi hi

CD122 lo lo lo hi int lo

CD49a lo hi or lo hi or lo hi or lo int hi
Intracellular markers to be stained ex vivo

Granzyme B lo hi hi int lo lo int

Perforin lo hi hi int lo lo int
Markers to be stained after restimulation

IFN-g lo hi hi hi hi hi Hi

TNF lo hi hi hi hi hi hi

IL-2 lo hi hi lo hi int int
Intranuclear markers and transcription factors

Bach2 hi int int int lo lo lo

Tbet lo hi hi hi int int int

Bcl-2 lo lo lo hi int int

Eomes lo lo lo hi int int int or lo

Hobit lo lo lo hi
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Figure 90. Unconventional and conventional murine T cells can have overlapping phenotypes. Splenocytes were gated on scatter parameters (see
Figure 81), live, CD3%/CD4" T cells. Staining with CD1d PBS-57 tetramer identifies NKT cells that mainly express CD69.

1.4 Murine tissue resident memory T cells

1.4.1 Overview. Tissue-resident memory T cells (Trm) cells are
noncirculating T cells that form the first line of defense against
reinfection in tissues [747, 748]. They are enriched in barrier tis-
sues, such as the lung, skin, and intestine, but they are also present
in internal organs, such as brain, liver, bone marrow, white adi-
pose tissue, and lymphoid organs. The tissue residency phenotype
was initially described for CD8 T cells, but analogous tissue resi-
dency programs for CD4 T cells and other lymphocyte populations
are currently being defined [749].

1.4.2 Methods to identify and analyze tissue resident T cells. Most
tissue resident T cells are located within a dense network of
parenchymal cells and extracellular matrix. This cellular network
needs to be dissociated to analyze the lymphocytes in a single-cell
suspension by FCM. It is important to note that the isolation pro-
cedure of murine T cells from tissues can have a significant impact
on cell viability and detected phenotype. Enzymes like collagenase
and dispase, which are used to enzymatically dissociate tissue, can
cleave off lineage-defining markers such as CD4 and CD8 [750].
Additionally, tissue dissociation not only causes sheer stress and
destruction, but signals released during the dissociation of tissue
can influence the phenotype, function, and viability of CD4 and
CD8 T cells. For example, activation of the danger receptor P2RX7
by extracellular NAD or ATP, released by dying cells during pro-
cessing, can lead to shedding of surface molecules such as CD62L
and CD27, the masking of CD8p and the induction of cell death in
susceptible cells like Treg, NKT, and Trm cells [751-753]. This is
especially important when T cells are used in functional assays. As
a result, the method of tissue dissociation should be carefully cho-
sen and viability of cell preparations used in FCM should always
be assessed.

In many peripheral tissues, unconventional T cells are
increased and can even dominate (see also Chapter VI Sections
1.7-10), which is important to consider when identifying Trm cell
populations. These unconventional T cells can have overlapping
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expression patterns with conventional TCRaf CD4 and CD8 T cells
for basic surface markers. For example, in liver and spleen, the
CD3* CD4" gate is composed of both conventional TCRaf CD4
T cells and a population of NKT cells with a tissue resident pheno-
type (Fig. 90). Similarly, in the small intestine, the CD3* CD8a*
gate for intraepithelial lymphocytes (IELs) can include conven-
tional TCRap CD8af T cells and CD8aa IELs and y3 T cells. There-
fore, careful selection of the surface markers is key for the correct
identification of target cells, particularly across tissues.

Their location and signals of the local microenvironment deter-
mine the expression profile of T cells. Accordingly, the physiologi-
cally quite diverse parenchyma of tissues can drive a tissue-specific
phenotype Trm and expression of surface molecules might differ
per organ [747]. CD69 is constitutively expressed by many Trm
cells, it is functionally important for their residency and it is there-
fore a commonly used marker for Trm identification (Figs. 86
and 91). The chemokine receptor CXCR6 (Fig. 91), immunoglob-
ulin CD101 and CD49a, the a-chain of the a1B1 integrin (VLA-1),
are also highly expressed on Trm cells in many tissues. CD8 Trm
cells in epithelial and neuronal tissues can also express CD103
(Fig. 91), which is the a-chain of the «EB7 integrin [747]. CD103
is also expressed by a subset of CD8 Tn cells, which makes the
use of CD44 or CD62L essential to discriminate between CD8 Trm
and Tn cells. While the majority of Trm cells throughout different
tissues constitutively express CD69, parabiosis and in vivo label-
ing experiments have highlighted that there are CD69 cells that
reside long-term in tissues [754].

In vivo labeling offers an alternative way of Trm identifi-
cation by providing information about the location of T cells.
During in vivo labeling, fluorescently labeled Abs directed
against CD4, CD8 or pan-T cell markers, such as CD90 and
CD45, are injected intravenously shortly before tissue har-
vest [755]. This brief exposure labels leukocytes in circulation,
which can be used to distinguish between the labeled cells
in the vasculature of a tissue and unlabeled T cells located
within the tissue itself. These unlabeled T cells are therefore
enriched for Trm cells and this approach can be particularly
important when working with highly vascularized tissue such as
the lung.
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Figure 91. Identifying Trm cells. Expression of CD69, CD103, and CXCR6 can be used to identify Trm. Lymphocytes from different tissues of
LCMV-immune mice (d30+ post infection) were isolated and LCMV-specific memory T cells identified as live, CD8ua", tetramer™ (see Figs. 81

and 84).

1.4.3 Step-by-step sample preparation for the analysis of Trm from
the small intestine and the liver.

1.4.3.1 Isolation of intraepithelial lymphocytes from the small
intestine.

® Remove small intestine and store in cold HBSS with 2% FCS
(wash buffer)

® Cut intestine into three pieces and store in HBSS with wash
buffer

® (Clean each piece of intestine on a wet tissue soaked with wash
buffer from fat, remove peyers patches, cut longitudinal and
remove feces, keep intestine wet during the whole time

® Wash two times with 5 mL wash buffer (e.g., six-well plate)

® Cut into pieces of 1 cm and transfer to 10 mL wash buffer,
vortex 10 s, pour over cell strainer, and collect tissue pieces,
repeat twice

® Transfer tissue pieces to 20 mL EDTA solution (HBSS, 10% FCS,
5 mM EDTA, 1 mM DTT)

® Incubate 30 min at 37°C in water bath, vortexing every 10 min

® Filter over cell strainer and collect the flow through containing
intraepithelial lymphocytes

® Remaining tissue pieces and be used for the isolation of lamina
propria lymphocytes

1.4.3.2 Isolation of lymphocytes from the liver.
® Remove liver and store in cold PBS with 0.5% FCS
® Remove gall bladder and other connective tissue attached

® Mash liver over cell strainer with PBS with 0.5% FCS using the
plunger of a 3 mL syringe

1.4.3.3 Enrichment of lymphocytes by gradient centrifugation.

® Pellet cells (500 x g, 5 min, 4°C)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Resuspend cells in 5 mL 40% isotonic percoll and overlay to
3 mL 60% isotonic percoll in a 15 mL falcon

Centrifuge 20 min at 800 x g, acceleration 5, deceleration O
(no break)

Remove top layer of fat and tissue cells

® Collect lymphocytes from the interphase
® Wash with PBS with 0.5% FCS

1.4.3.4 Staining of lymphocytes.

Transfer up to 4 x 10° cells to FCM tubes or 96-well V-bottom
plate
Pellet cells (500 x g, 5 min, 4°C)

® Resuspend in 50 pl staining mix, incubate 30 min at 4°C
® Wash cells with PBS with 0.5% FCS and analyze by FCM

1.4.4 Materials.

Wash Medium: HBSS/ 2% FCS

EDTA Medium: HBSS 10% FCS mix, 5 mM EDTA, 1 mM DTT
PBS

Percoll (GE, 17-0891-01, density 1,13 g/ml, prepare isotonic
90% Percoll by mixing with 10x or 20x PBS, dilute with PBS to
60% and 40%)

Surface stain mix (in PBS with 0,5% FCS):

o Anti-murine CD8a BUV395 (BD, cat # 563786, 53-6.7,
1:200)

o  Tetramer (D GP33 PE, R. Arens, LUMC)

o Anti-murine CD69 PeCy7 (eBioscience, cat # 25-0691-82,
H1.2F3, 1:200)

o  Anti-murine CD62L BV510 (Biolegend, cat # 104441,
MEL-14, 1:400)

o Anti-murine CD103 PerCpCy5.5 (BD, cat # 563637,
M290, 1:200)

o  LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit
(Thermo Fischer, cat # 1L10119, 1:1000)
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1.4.5 Pitfalls and Top tricks.

® Know the cells you study: Correct selection of markers for iden-
tification and exclusion of other cell populations is key to avoid
misclassification.

® Sample processing can affect detection of your markers, cell
viability, and the outcomes of functional assays.

1.5 Immune senescence (aging) in murine T cells

1.5.1 Overview. Aging leads to loss of immune functionality with
a well-documented impact on adaptive immunity, and in particu-
lar the T cell lineage [756]. Such changes have shown similarities
in humans and mice. Therefore, this chapter will focus on the
phenotyping of T cells in models of aging in mice.

1.5.2 Introduction. To study immune aging in mouse models,
we need to consider the overlaps and the differences between the
aging process in mice and humans. Such differences may be reflec-
tions of intrinsic differences between the two species (e.g., in lifes-
pan, body mass, telomere length, or telomerase activity [757]), or
of the fact that humans are observed in the context of environmen-
tal exposures of the real world, whereas mice are typically studied
in controlled and sterile environments of SPF facilities. Therefore,
long-term exposure of mice to ubiquitous environmental microor-
ganisms may reflect natural aging processes better than their main-
tenance in sterile environments [758, 759]. When working with
mice, 18 months of age or older is considered truly aged [760],
as many mouse strains survive longer than 600 days in standard
SPF housing [761]. While 3-month-old young mice have high fre-
quencies of naive T cells in blood and lymphoid tissue, the relative
frequency (Fig. 92) and absolute counts of naive T cells decline
substantially with age as the thymus involutes. In contrast, the
frequency (Fig. 92) and counts of memory T cell subsets, partic-
ularly more differentiated populations, increase with age as the
collective history of antigenic encounters makes a mark on the
aging host.

Phenotyping of naive and memory T cell subsets by FCM
relies on a combination of markers that are acquired or lost
during T cell differentiation, from naive and memory to termi-
nally differentiated T cells [762]. Some markers that are used
to identify naive and memory T cell subsets in humans such as
CD45RA [762] are not suitable for phenotyping murine T cell
subsets, mainly because they do not allow reasonable sepa-
ration in discrete positive and negative fractions. As a result,
markers such as CD44 and CD62L or CCR7 are used in mice
to identify naive (TN), central memory (TCM), and effector
memory (TEM)/effector (TEFF) subsets, as well as KLRG1 and
CD127, which are used to identify memory precursor effector
cells (MPEC) and the short-lived effector cells (SLEC) popula-
tions, as described previously (See Chapter VI Section 1.1 Murine
CD4 and CD8 T cells, Section 1.4 Murine tissue resident memory
T cells).
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In addition to these classical T cell subsets, we can assess senes-
cence markers in T cells. Some surface markers used in humans
such as CD57, the lack of CD28 and the re-emergence of CD45RA
expression, do not translate into mice. Telomere length is also
commonly assessed in humans as an indicator of cellular age and
replicative senescence, sometimes by flow cytometric methods,
but this approach is limited in mice as telomeres are relatively
long, meaning that telomere erosion may not be a major driver
of immune ageing [757]. However, senescent T cells in mice do
exhibit increased expression of NK cell related markers, such as
KLRG1, and the loss of CD27, allowing us to robustly separate
memory subsets and more terminally differentiated populations in
mice (Fig. 93). Senescent T cells in mice and humans both exhibit
an increase in phosphorylated yH2Ax subunits in the cytosol as an
indicator of increased ATM kinase activity, increased DNA dam-
age, and a DNA-damage senescence phenotype [739, 763].

Accordingly, for analysis of ageing phenotypes in mice, one
should profile the differentiation status of the overall T cell
population and assess senescence markers in these subsets, but
the exact method of T cell phenotyping may differ depend-
ing on the experimental context and infection history of the
mice.

1.5.3 Step-by-step sample preparation.

1.5.3.1 Sample collection and RBC lysis.

1. Collect a defined volume of blood (up to 75 uL) using
a heparinized hematocrit capillary and dispense it into
an Eppendorf tube containing 300 pL of HBSS-EDTA
buffer.

2. Remove 75 plL for absolute blood cell counting and process
as indicated in Section 12.1.3.2.

Proceed with the remaining blood in HBSS as indicated
below.

3. Centrifuge for 5 min at 700 x g at 4°C.

4. Aspirate supernatant and resuspend pellet in 600 pL of dis-
tilled water. Immediately thereafter (max 5-10s), add 200 pL
of 4x PBS and briefly mix by pulse vortexing.

5. Centrifuge for 5 min at 700 x g at 4°C.

6. Aspirate most of the supernatant (leave approximately
100 pL), resuspend cells in the remaining volume and transfer
into a 96-well plate.

7. Centrifuge for 3 min at 700 x g at 4°C.

8. Flick off the supernatant and resuspend pellet in 150 pL of dis-
tilled water using a multichannel pipette. Immediately there-
after (max 5-10 s), add 50 uL of 4x PBS with a multichannel
pipette and mix thoroughly by pipetting. Discard tips between
rows to avoid carryover cell contaminations.

9. Centrifuge for 3 min at 700 x g at 4°C

10. Flick off supernatant and proceed with antibody staining as
described in previous chapters (see Chapter IV Section 2.5.
Erythrocyte lysis).
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Figure 92. Gating strategy used to define TN, TVM, TCM, and TEM CD8 T cell subsets in naive mice, using splenocytes from naive SPF 3 month
old and 18 month old C57BL/6] mice. (A) Gating strategy, where cells are gated on singlets, lymphocytes, live, dump-, CD8" T cells, and then (B)
CD44 versus CD62L then CD49d or (C) CD44 versus CD49d to define the populations indicated in the key. Frequencies indicate the frequency of

indicated subsets within the CD8 T cell population.

1.5.3.2 Absolute cell counts. Lymphocyte counts per volume
of blood can be obtained using automated hematology analyzers
according to manufacturer’s guidelines. For measurements using
VETSCAN HMS5 (Abaxis), a minimum of 75 pL of HBSS-EDTA
diluted blood (see 12.1.2.1) is transferred to an Eppendorf tube
and acquired. Absolute values are calculated in relation to the
volume of blood and HBSS-EDTA:

Cr =G, (VT/VB) s

where C, is the real count of blood cells, C, is the count observed in
the analyzer, V; is the volume of the blood in the acquired sample,
and V7 is the total volume of the blood with HBSS-EDTA at the
time of acquisition. Alternatively, absolute number of cells in a
stained sample can be determined using FCM counting beads (e.g.,
Precision Count Beads, BioLegend) according to manufacturer’s
protocol.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1.5.4 Materials. Media and buffers: HBSS-EDTA: HBSS 5mM
EDTA; Staining buffer: Phosphate buffered saline (PBS) 2% (v/v)
FBS;

Antibodies for uninfected mice: Dump-FITC (anti-B220 (clone
RA3-6B2), CD11c mAb (clone HL3), CD11b mAb (clone M1/70),
anti-F4/80 (clone BM8), anti-NK1.1 (clone PK136)), Brilliant
Ultraviolet 395 CD8a mAb (clone 53-6.7), Alexa Fluor 647
CD49d mAb (clone R1-2), PE-Cy7 CD44 mAb (clone IM7),
Brilliant Violet 605 CD62L mAb (clone MEL-14); Cell Viability
Stain: LIVE/DEAD Fixable Near-IR Dead Cell Stain (Molecular
Probes)

Antibodies for infected mice: FITC CD11a mAb (clone M17/4),
PE CD122 mAb (clone TM-B1), APC CD27 mAb (clone LG.3A10),
APC-eFluor 780 CD3e mAb (clone 17A2), Pacific Blue CD62L
mAb (clone MEL-14), anti-KLRG1-Brilliant Violet 510 (clone
2F1/KLRG1), Brilliant Violet 650 CD4mAb (clone GK1.5), Bril-
liant Violet 785 mAb CD44 mAb (clone IM7), Brilliant Ultraviolet
395 CD8a mAb (clone 53-6.7); Cell Viability Stain: 7-AAD
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Figure 93. Gating strategy used to define naive, memory and TTDE CD8 T cell subsets in aged chronically infected mice (applies also to
Figs. 95and 94). FCM analysis of the peripheral blood of 8-month-old C57BL/6] mouse experimentally infected for 6 months with 10° PFU of a

chronically persistent g-herpesvirus, murine cytomegalovirus (MCMV).

Flow cytometer: Experiments were performed on an LSR
Fortessa (BD Bioscience) equipped with laser excitation lines of
360, 405, 488, 561, and 640 nm and the following filter config-
uration: 386,/23(365) for BUV395; 450/50(405) for Pacific Blue;
525/50(405) for BV510, 655/40(405) for BV650; 785/60(405)
for BV785; 525/50(488) for FITC; 685/35(488) for 7-AAD;
585/15(561) for PE; 780/60(561) for PE-Cy7; 670/14(640) for
APC; 710/40(640) for Alexa700; and 780/60(640) for APC-
eF780.

1.5.5 Data analysis.

1.5.5.1 Identification of T cell subsets in aged, uninfected mice.
Naive aged mice that are held in a Specific Pathogen Free (SPF)
facility will have had limited antigenic exposure. Using the clas-
sical markers, CD44 and CD62L, for defining naive and memory
subsets in peripheral blood and lymphoid tissue, naive mice exhibit
a clear shift with age in T cell subset frequencies, with a decrease
in the naive subset and an increase in memory subsets. Of note,
this shift in frequency with age is driven by a marked decrease
in naive T cell numbers, particularly CD8 T cells, while memory
cell numbers increase more modestly, consistent with their limited
antigenic exposure.

As described previously (See Chapter VI Section 1.1 Murine
T cells), TN cells are CD44~CD62L" and TEM (and TEFF) cells
are CD44"CD62L~ cells but, for CD8 T cells, the CD44"CD62L*
population contains both TCM and virtual memory (TVM) cells
(Fig. 92 and Table 19). Cells must be stained with CD49d to dif-
ferentiate between TCM and TVM cells, with CD49d™ denoting
antigen-experienced TCM cells and CD49d"° denoting antigen-
inexperienced but cytokine-exposed TVM cells. This distinction

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

becomes important in ageing research as the proportion of CD8
T cells that are TVM cells increases markedly with age (Table 19)
and these cells have been misclassified in the past as TCM cells
[738]. In addition, TVM cells express high levels of CD122 and
NK cell markers, both of which increase with age and would oth-
erwise be misattributed to TCM cells [739, 764]. An additional
feature of aging in mice is that the expression level of CD44 on TN
cells increases, not to become CD44" but TN cells become pre-
dominantly CD441" (Fig. 92). This may indicate that the average
post-thymic age of aged TN cells is increased or that aged TN cells
are exposed to the inflamed aged environment, which is driving
modest activation and increased CD44 expression.

1.5.5.2 Identification of T cell subsets in aged chronically
infected mice. Upon infection, particularly infection with persis-
tent pathogens, T cell populations progress more rapidly toward
an aged phenotype, with more terminally differentiated subsets
and increased expression of senescence markers (Fig. 95 and refer-
ence [758]). Therefore, a shorthand for the progression of immune
aging phenotypes is given by the frequency and absolute counts of
KLRG17CD27~ Terminally Differentiated Effector T cells (TTDE).
A common strategy to define naive cells is to combine CD44 and
CD62L staining, where CD44~ CD62L" cells are considered naive.
Some commonly used mouse strains (e.g., BALB/c) show a poor
separation of naive from memory cells based on the CD44 marker
so an improved separation of naive CD8 T cells may be achieved
by combining CD44 and CD11a labeling, where CD44-CD11a'°
correspond to naive cells, although neither of these markers alone
robustly separates naive from primed cells (Fig. 93). In addition,
CD122, which is expressed on TVM and TCM cells, but not on TN

Wwww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1457-1973

CD8 T cells
naive memory TTDE
L TEM TCM
104 0 {16 16.5 El
wi )
o 108 1.
S °lsl 1%l Ileal Isol I[85l |o
0102 10% 104 108 0102 10% 104 105 0102 10% 104 105

CD62L-PacBlue

Figure 94. FCM analysis of CD122 and CD62L expression in naive,
memory, and TTDE CD8 T cell subsets (pre-gated according to the gat-
ing strategy shown in Fig. 93) in the peripheral blood of 8 month old
C57BL/6] mouse experimentally infected for 6 months with 10® PFU of
MCMV.

cells, can be used in combination with CD62L to more efficiently
separate naive cells from other subsets (Fig. 94).

Table 19. Summary table of aged CD8 T cell subpopulations in naive mice

Flow cytometric phenotyping of cells across species and tissues

is quite different to humans, where pathogen exposure accumu-
lates over the lifespan.

Aged mice can accumulate age-related abnormalities, such as
tumors, or they can overgroom, which can lead to skin abrasions
and infections. This can lead to immune activation in aged mice,
so many researchers exclude mice with overt abnormalities from
analyses.

TVM cells are selectively retained with increasing age and are
often misidentified as TCM cells. Including CD49d in staining pan-
els enables identification of TCM cells as distinct from TVM cells.

Aged leukocytes can be more sensitive to physical manipu-
lation, especially RBC lysis, so make sure to time this reaction
carefully.

1.5.7 Summary tables.

Percentage of CD8 T cells

Subset of CD8 T cells Phenotype In young mice In aged mice
Naive CD441° CD62L* (CD49d!o/int) 70-85% 30-40%
Virtual memory, TVM CD44M CD62L+ CD49d® 10-15% 20-40%
Central memory, TCM CD44M CD62L+ CD49dM 5-10% 10-15%
Effector memory, TEM (and effector, TEFF) CD44b cD62L° (CD49dM) 2-5% 20-30%
Table 20. Summary table of aged CD8 T cell subpopulations in chronically infected mice

Subset of CD8 T cells Phenotype

Naive

Central memory, TCM, and virtual memory, TVM
Effector memory, TEM

Terminally Differentiated Effector, TTDE

CD11al° CD44l° CD27+ KLRG1- CD62L+ CD122-
CD11ah cD44M CD27+ KLRG1- CD62L+ CD122+
CD11aM CcD44M CcD27+ KLRG1- CD62L- CD1227°
CD11ahi cD44M CD27- KLRG1*+ CD62L- CD122-

It is important to emphasize that phenotyping for immune
aging will necessarily require concurrent measurements of abso-
lute lymphocyte counts per milliliter of blood. Namely, lowered
percentages, but not absolute counts of naive cells may also be
observed due to expansions of TTDE population in persistent her-
pes viral infections [758], but this does not impair immune pro-
tection against infections [765]. In conclusion, a combination of
six markers (CD11a, CD44, CD27, KLRG1, CD62L, and CD122)
allows the distinction between TN, TCM/TVM, TEM, and TTDE
T cell populations in chronically infected mice (Table 20), with a
robust identification of age-related losses of naive cell populations
and increases in terminally differentiated CD8 T cells, matching
functional changes in aging humans.

1.5.6 Pitfalls and Top Tricks. When working with aged mouse
models, consider that mice will be housed in SPF conditions, which

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1.6 Murine Foxp3* regulatory T cells

1.6.1 Overview. Tregs are a subset of CD4" T cells that have
fundamental functions in the maintenance of immune homeosta-
sis and peripheral tolerance, among others. Treg cells can be found
in almost any tissue including primary lymphoid organs (thymus,
bone marrow), secondary lymphoid organs (spleen, lymph nodes,
Peyer’s patches) as well as various non-lymphoid tissues (e.g.
intestine, skin, lung, liver, fat). Importantly, the Treg cell popula-
tion is extremely heterogeneous and consists of numerous, highly
specialized subsets that vary tremendously between the different
organs and tissues. In this section, guidelines for widely accepted
FCM-based phenotyping strategies for murine Treg cells in both
lymphoid organs and selected non-lymphoid tissues will be pro-
vided, and particular emphasis will be laid on markers for the
identification of Treg cell subsets.
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Figure 95. FCM analysis of KLRG1 and CD27 expression on total
CD44McD11aM CD8 T cells (pregated according to the gating strategy
shown in Fig. 93) in the peripheral blood of 15-month-old (BALB/c x
DBA/2) F1 mice experimentally infected for 9 months with 10 PFU of
a nonpersistent virus, Western Reserve vaccinia virus (VACV), or 10°
PFU of a chronically persistent f-herpesvirus, murine cytomegalovirus
(MCMV) compared to uninfected littermate mice (MOCK).

1.6.2 Introduction. Treg cells were originally described as CD4™
suppressor T cells constitutively expressing CD25, the a-chain of
the IL-2 receptor complex [766]. Yet, precise identification of
Treg cells by CD25 expression turned out to be difficult as CD25
is also induced on many effector T cell subsets upon activation.
Thus, the discovery of the transcription factor Forkhead box pro-
tein 3 (Foxp3) as the lineage-defining factor for Treg cells was
a breakthrough in Treg cell-based research [767, 768]. Impor-
tantly, Foxp3 does not only serve as a marker for the more pre-
cise identification of Treg cells, but it was also shown to support
Treg cell function [767, 768] through the maintenance of Treg-
cell-specific gene expression signatures [769]. The physiological
importance of Foxp3 can be further emphasized by mutations in
the Foxp3 gene, resulting in the development of fatal autoimmune
diseases like the lymphoproliferative scurfy phenotype in mice or
the IPEX-syndrome (immune dysregulation, polyendocrinopathy,
enteropathy, and X-linked inheritance) in humans [770-772].
The Foxp3™ Treg cell population can be roughly catego-
rized into two subpopulations based on the site of their devel-
opment: Some Foxp3™' Treg cells are already generated within
the thymus and thus named thymus-derived Treg cells (tTreg
cells) [773]. These tTreg cells are complemented by peripher-
ally induced Treg cells (pTreg cells), which convert from naive
Foxp3~ CD4" T cells preferentially at mucosal sites [774]. A
number of proteins like Helios, Neuropilin-1 (Nrp-1), or RAR-
related orphan receptor gamma (RORyt) were suggested to dis-
tinguish between tTreg and pTreg cells [775-778], yet their usabil-
ity particularly under inflammatory conditions has been ques-
tioned [779-781]. Importantly, accumulating evidence suggests
that the Foxp3™ Treg cell population is not homogeneous and
that co-expression of additional transcription factors, such as T-
box transcription factor TBX21 (T-bet), GATA binding protein 3
(Gata-3), RORyt, or IFN regulatory factor 4 (Irf4), is required
for the acquisition of unique functional properties within highly
specialized Treg cell subsets [782]. The frequency of murine
Foxp3™ Treg cells in both lymphoid organs and non-lymphoid
tissues fluctuates considerably between individual mice and is
influenced by multiple factors including genetic background, age,

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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gender, microbiota composition, nutrition, inflammation, and
infection.

1.6.3 Treg cells in murine lymphoid organs.

1.6.3.1 Treg cells in the murine thymus. After CD4 lineage
decision, some CD4 single-positive (SP) thymocytes, upon TCR
stimulation, can develop into CD25"Foxp3™ tTreg cells through
two distinct developmental programs involving CD25%Foxp3~
and CD25Foxp3™ Treg cell precursors (Fig. 96) [773]. Recent
data suggest that the two distinct developmental programs are
both required for the generation of a comprehensive Treg cell
repertoire [783]. CD25"Foxp3™ tTreg cells can be further subdi-
vided into subsets with different maturity based on CD69 and also
CD24 expression (Fig. 96), which is known to correlate inversely
to the maturity of CD4SP and CD8SP thymocytes [784].

Step-by-step sample preparation of Treg cells from the thymus

Protocol: Isolation and analysis

Sacrifice 6-10 weeks old animals.

Expose thorax.

Remove thymus completely with forceps.

Place thymus on a 100 pm strainer.

Use a syringe plunger to dissociate thymus in the presence of

FCM buffer.

Centrifuge cell suspension for 5 min with 300 x g at 4°C.

® Aspirate supernatant and resuspend cellular pellet with FCM
bulffer.

® Filter cell suspension with a 30 pm strainer and count cell

number.
Surface and intracellular staining

® Transfer 2 x 10° cells to a 5 mL FCM tube.

® Centrifuge cell suspension for 5 min with 300 x g at 4°C.

® Aspirate supernatant and resuspend cellular pellet with 100 puL
Live/Dead fixable buffer (1:1000 diluted), keep cell suspension
in the dark at 4°C for 30 min.

® Add 500 uL FCM buffer and centrifuge cell suspension for 5 min
with 300 x g at 4°C.

® Aspirate supernatant and resuspend cellular pellet with 100 pL
FCM buffer with diluted surface Abs, anti-mouse CD16/CD32,
and rat IgG, keep cell suspension in the dark at 4°C for 30 min.

® Add 500 uL. FCM buffer and centrifuge cell suspension for 5 min
with 300 x g at 4°C.

® Aspirate supernatant and resuspend cellular pellet with 100 pL
Fixation/Permeabilization working solution, keep cell suspen-
sion in the dark at 4°C for 30 min.

® Add 500 uL 1x Permeabilization buffer and centrifuge cell sus-
pension for 5 min with 300 x g at 4°C.

® Aspirate supernatant and repeat the above step.

® Aspirate supernatant and resuspend cellular pellet with 100 pL
1x Permeabilization buffer with intracellular Abs, anti-mouse
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Figure 96. Phenotyping of Treg cells from the murine thymus. Gating strategy to identify Treg cells in the thymus. From all events, lymphocytes
can be distinguished by their FSC/SSC properties (gate G0). After lymphocyte gating, doublets are excluded twice (gates G1 and G2), followed
by exclusion of dead or autofluorescent cells (gate G3). From G3, CD4SP thymocytes (gate G4) are gated, from which two Treg cell precursors
(G5 and G6) and thymic Treg cells (G7) can be identified. Thymic Treg cells (G7) and CD4SP thymocytes (G4) can be subdivided into two subsets
of CD24hehCDE9+ immature (G8 and G10) and CD24%™1°WCDE9~ (G9 and G11) mature cells. Figures are based on thymocyte isolations from
Foxp3ECFPCreERT2ROSA26YFP mice.

CD16/CD32 and rat IgG, keep cell suspension in the dark at
4°C for 30 min.

Add 500 pL 1x Permeabilization Buffer and centrifuge cell
suspension for 5 min with 300 x g at 4°C.

Aspirate supernatant and repeat the above step.

Resuspend cellular pellet with 200 pL 1x Permeabilization
Buffer, and cell suspension can be used for immediate anal-
ysis.

Materials: See 1.6.3.3: Isolation and analysis of Treg cells from

murine lymphoid organs

©

Pitfalls: Isolation and analysis of Treg cells from thymus

The CD4SP gating is critical. On the one hand, CD4SP gating
needs to be strict; otherwise, contamination from CD4~CD8~
double-negative (DN) cells could substantially increase the fre-
quency of CD25"Foxp3~ Treg cell precursors. Yet, the CD25
expression level within DN thymocytes is much higher than
within CD25"Foxp3~ Treg precursors. On the other hand,
Treg cells have lower CD4 expression compared to their
CD4*"Foxp3~ Tcon counterpart. Thus, too strict gating can neg-
atively influence the frequency of Treg cells among CD4SP cells
(Figure 96).

2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mediastinal lymph nodes are located in proximity to the thymus
and can swell under inflammatory conditions. When removing
thymi from mice with local inflammation, particular caution
has to be paid to avoid “contamination” of the thymus material
with mediastinal lymph nodes.

Top tricks: Isolation and analysis of Treg cells from thymus

A substantial portion of Treg cells found within the thymus
are Treg cells recirculating from the periphery [785]. These
recirculating cells can be identified as CCR6TCCR7~ cells [786],
or more easily when using RAG®™ reporter mice. Only recently
developed tTreg cells are RAGS™ positive, while recirculating
Treg cells are RAGS™ negative.

® Not only af™ T cells but also y3™ T cells and NKT cells develop

within the thymus. An extra dump panel for NK1.1" and
TCRy/3" cells results in higher specificity.

® Thymi will shrink upon aging. 6-10 weeks mice are most com-

monly used to study thymocytes. Younger or older mice may
result in lower numbers of Treg cells for analysis or sorting.

® Sacrificing mice with cervical dislocation can result in bleed-

ing into the thoracic cavity. Washing the blood-stained thymus
with PBS containing 30 uM EDTA removes the “contaminating”
blood.
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Summary Table

Treg cells in the murine thymus

T cell population Phenotype/subphenotype

CD4*tCD8~
CD4*tCD8  CD25"Foxp3~

G4: CD4SP thymocytes

G5: CD25"Foxp3~ Treg cell
precursors

G6: CD25 Foxp3™ Treg cell
precursors

G7: Thymic Treg cells

G8: Immature thymic Treg
cells

G9: Mature thymic Treg cells

CD4*tCD8 CD25 Foxp3™

CD4+CD8 CD25"Foxp3*

CD4+CD8 CD25"Foxp3*
CD69tCD24bigh

CD4+CD8 CD25"Foxp3*
CD69~ CD24dim/low

G10: Immature thymic CD4T  CD4"CD8~ CD69+CD24high
T cells

G11: Mature thymic CD4"
T cells

CD4+tCD8~ CD69~ CD24dim/low

1.6.3.2 Treg cells in murine spleen and lymph nodes. The fre-
quency of murine Foxp3™ Treg cells among CD4" T cells usually
ranges from 10% to 20% in secondary lymphoid organs such as
spleen, skin-draining lymph nodes, and mesenteric lymph nodes
(Fig. 97). The Treg cell population in any secondary lymphoid
organ is a mixture of tTreg and pTreg cells, and Helios staining
is most frequently used to discriminate tTreg (Foxp3*Helios™)
and pTreg (Foxp3*Helios™) cells (Fig. 97). On a functional
basis, murine Treg cells in secondary lymphoid organs can be
subdivided into CD62L*CD44  naive-like and CD62L~CD44"
effector/memory-like Treg cells. In comparison to Foxp3~ conven-
tional CD4™ T cells (Tcon cells), Treg cells in secondary lymphoid
organs display a higher frequency of cells with a CD62L~CD44"
effector/memory phenotype (Fig. 97).

Step-by-step sample preparation of Treg cells from spleen and
lymph nodes

® Sacrifice animals.

® Expose abdominal cavity.

® Remove spleen, skin-draining lymph nodes (axillary, brachial,
and inguinal lymph nodes), and mesenteric lymph nodes with
forceps.

® Place spleen, skin-draining lymph nodes, and mesenteric lymph
nodes on a 100 pm strainer separately.

® Use a syringe plunger to dissociate spleen and lymph nodes in
the presence of FCM buffer.

® Centrifuge cell suspension for 5 min with 300 x g at 4°C.

® Step for spleen only: Aspirate supernatant and resuspend
splenocytes pellet with 1 mL 37°C prewarmed erythrocyte lysis
buffer and incubate for 3 min at room temperature (RT). Add
9 mL FCM buffer and centrifuge cell suspension for 5 min with
300 x g at 4°C.

® Aspirate supernatant and resuspend cellular pellet with FCM
buffer.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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® TFilter cell suspension with a 30 um strainer and count cell
numbers.

Protocol: Surface and intracellular staining

® Same as described in Treg cells in thymus section.

Materials: See 1.6.3.3: Isolation and analysis of Treg cells from
murine lymphoid organs

Pitfalls: Isolation and analysis of Treg cells from spleen and
lymph nodes

® Properly collecting lymph nodes requires practice. Taking out
fat instead of lymph nodes is one common mistake. Thus, for
practicing it is easier to use young mice with lower body fat
content.

® Erythrocyte lysis of spleen samples before staining is mandatory
to avoid high background staining or clogging of the cytometer.

Top tricks: Isolation and analysis of Treg cells from spleen and
lymph nodes

® Inspect collected lymph nodes in FCM buffer before dissociating
them. Lymph nodes should sink, while fat pads float.

® Besides Helios, Nrp-1 is a commonly used maker to distinguish
tTreg and pTreg cells. As Helios Nrp-1~ Treg cells in mesen-
teric lymph nodes are mainly RORyt", this marker was also
claimed as a good tool to identify pTreg cells within the intesti-
nal system.

® For the sorting of intact Foxp3™* Treg cells for the collection
of RNA, various Foxp3 reporter mouse lines can be used to
avoid the fixation and permeabilization during the intracellular
staining.

® Stimulation of CD4™ T cells before staining will result in down-
regulation of CD3¢ and CD4, which could complicate the gat-
ing (Fig. 97). Alternatively, CD90 instead of CD3e can be
used.

Summary Table:

T cells in spleen and lymph nodes

T cell population Phenotype/subphenotype

G4: CD4™" T cells CD4*CD3et
G5: Tcon cells CD4*CD3s*Foxp3~
G6: Treg cells CD4*"CD3¢+Foxp3™

G7: tTreg cells

G8: pTreg cells

G9: effector/memory
Treg cells

G9: effector/memory
Tcon cells

CD4*"CD3¢e+Foxp3tHelios™
CD4*CD3¢+Foxp3tHelios™
CD4"CD3¢e+Foxp3tCD44TCD62L™

CD4*CD3e*Foxp3~CD44TCD62L~
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Figure 97. Phenotyping of Treg cells from
murine spleen and lymph nodes. (A) Gat-
ing strategy to identify Treg cells in the
spleen. From all events, lymphocytes can
be distinguished by their FSC/SSC prop-
erties (gate GO). Based on GO, doublets
are excluded twice (gates G1 and G2)
followed by exclusion of dead or aut-
ofluorescent cells (gate G3). From G3,
CD4"CD3e" T cells (gate G4) are gated,
from which Foxp3* Treg cells (gate G6)
and Foxp3~ Tcon cells (gate G5) can
be further identified. From G6, Helios™
tTreg (gate G7) and Helios™ pTreg cells
(gate G8) are gated. Finally, a staining
for CD62L and CD44 on Treg cells (gate
G6, blue) and Tcon cells (gate G5, orange)
are shown together, with CD62L~CD44"
effector/memory cells being gated (gate
G9). (B and C) Gating strategy to identify
Treg cells in skin-draining lymph nodes
(B) and mesenteric lymph nodes (C). Gates
as described in panel A. Figures are based
on spleen and lymph node isolations from
wild type mice.
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1.6.3.3 Materials. Isolation and analysis of Treg cells from
murine lymphoid organs

FCM buffer:

® 1x PBS (Gibco, #10010-056)
® 0.2% Albumin from bovine serum (Sigma-Aldrich, #SI A3912-
100G)

Erythrocyte lysis buffer:
® (0.01 M KHCO3, 0.155 M NH4CL, 0.1 mM EDTA

LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit, for UV excita-
tion (Thermo Fisher, #1.23105)

Foxp3 Fix/Perm Buffer Set (Thermo Fisher eBiosciences, #00-
5523-00)

100 pm strainer (Greiner Bio, #542070)

30 um strainer (Partec, #04-0042-2316)

Antibodies
Dilution Antibody Manufacturer
1:100 CD3t APC-Cy7 (145-2C11) BioLegend
1:1000 CD4 HV500 (RM4-5) BD
1:1000 CD8a APC-Cy7 (53-6.7) BioLegend
1:200 CD25 BV711 (PC61.5) BioLegend
1:1000 CD44 PE-Cy7 (IM7) BioLegend
1:1000 CD62L FITC (MEL-14) eBioscience
1:1000 CD69 PE-Cy5 (H1.2F3) BioLegend
1:400 Foxp3 eFluor660 (FJK-16S) eBioscience
1:100 Helios PacificBlue (22F6) BioLegend
1:400 Rat IgG (11.5 mg/ml) JacksonImmuno
Research
1:400 Anti-mouse Bioxcell
CD16/CD32(1mg/ml)
Mice

Foxp3FOFPCreERT2ROSA26YFP mice (C57BL/6 background) and
wild-type (WT) mice (BALB/c background) were bred under SPF
conditions in isolated, ventilated cages (Helmholtz Centre for
Infection Research, Braunschweig, Germany).

Cytometer
BD LSR Fortessa™ 5-laser cytometer (UV, Violet, Blue, Yellow-
Green, Red)

Analysis
FlowJo Version 10.5.3 (Windows 10)

1.6.4 Treg cells in murine non-lymphoid tissues. ~Apart from their
fundamental immune regulatory function, Treg cells perform
highly specialized functions in non-lymphoid tissues [787]. They
have been shown to support tissue homeostasis and regenera-
tion, ranging from regulating metabolic parameters in the adi-
pose tissue [788-790] to potentiating tissue repair, e.g. in skeletal
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muscles [791] or lung tissue [792]. In addition, Treg cells in non-
lymphoid tissues can manipulate tissue precursor cells to maintain
tissue homeostasis. For example, Treg cells can promote oligo-
dendrocyte progenitor cell differentiation and, thereby, myelin
regeneration in the central nervous system [793]. In the skin,
Treg cells promote hair follicle regeneration by augmenting hair
follicle stem cell proliferation and differentiation [794]. Several
publications identified the epidermal growth factor receptor lig-
and amphiregulin as a key factor of tissue Treg cells to maintain
homeostasis or induce tissue regeneration in a diverse set of tis-
sues, including lung, muscle, and brain [791, 792]. All data show
that these noncanonical Treg cell functions to directly or indirectly
promote organ homeostasis and tissue repair warrant a new def-
inition of Treg cells: Treg cells are not only regulatory as their
historic name implies, but subpopulations of Treg cells residing
in non-lymphoid tissues are tissue-supporting and have ability to
promote tissue regeneration. Recently, Treg cells residing in non-
lymphoid tissues were studied on an epigenetic and transcriptional
level, and a subset of Treg cells expressing the marker KLRG1 and
the IL-33 receptor ST2 was identified [795]. This subset of tissue-
resident Treg cells expressing ST2 was termed tisTregST2. This
population can be found in every organ and tissue analyzed so
far, vigorously increases in number upon IL-33 treatment in vivo,
and is dependent on the transcription factor Batf [795, 796].
TisTregST2 cells are strongly Th2-like biased (among others, high
expression of Gata-3) compared to other Treg cell populations
or Tcon cells found in the same tissue, and express the epider-
mal growth factor receptor ligand amphiregulin in high amounts
[795].

In the following, we describe the isolation and characterization
of these tisTregST2 cells from different murine organs, including
liver, skin, adipose tissue, lung, and colon.

1.6.4.1 Treg cells in murine liver. ~Step-by-step sample prepa-

ration: Isolation and analysis of Treg cells from liver

® Sacrifice animals.

® Expose thorax as well as abdominal cavity.

® Open inferior vena cava and inject PBS-filled syringe into
left ventricle of heart and flush with >10 mL PBS to clear
body circulation; liver should change from red color to
pale.

® Remove whole organ including right, left, caudate, and
quadrate lobes.

® Place pieces on metal strainers, add 5 mL liver digestion buffer
and cut liver lobes into small pieces as shown in Fig. 98A. A
syringe plunger is used to mash liver, and the metal strainer and
Petri dish can be flushed with additional 5 mL of liver digestion
buffer to collect all remaining cells and fragments.

® Digest sample for 25-40 min on a rotating shaker in incubator
(37°C) or in horizontal-shaking water bath preheated to 37°C.

® Add 50 mM EDTA-PBS to a final concentration of 2 mmol/L
and incubate for 2 min.

® Centrifuge for 5 min with 300 x g at RT.
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® Remove supernatant and resuspend cellular pellet in 10 ml of
40% Percoll-PBS solution; use a 5 mL pipette to dissociate pellet
completely.

® Use pipetting aids to slowly and carefully place 10 mL of 80%
Percoll-PBS beneath cell suspension to establish a two-phase
system as shown in Fig. 98B. It is helpful to turn off the electric
force in the pipet aid to slowly release the 80% Percoll-PBS.

® Centrifuge for 20 min with 2000 x g at 4°C, acceleration off,
deceleration off. If successful, hepatocytes will float on top of
gradient and can be removed via aspiration. The middle phase
contains immune cells and should be collected in a separate
tube, while the pellet contains RBCs and other cell types and
can be discarded (Fig. 98B).

® Dilute middle phase with PBS to a volume of 50 mL.

® Centrifuge for 5 min with 300 x g at 4°C. Cellular pellet con-
tains lymphocyte fraction and, following RBC lysis, can be used
for immediate analysis or sorting.

Materials: See 1.6.5: Isolation and analysis of Treg cells from
murine non-lymphoid organs
Pitfalls: Isolation and analysis of Treg cells from liver

® Incomplete perfusion of the animal will result in RBC contam-
ination. Fast experimental protocols and fast animal handling
are required. Do not forget to open the vena cava prior to flush-
ing the circulation with PBS.

® Poor recovery after mashing step with large livers: add more
digestion buffer to completely wash filter mesh. Do not use
medium or PBS to wash filter mash since collagenase levels will
be diluted.

® Gradient setup fails and poor lymphocyte recovery after gra-
dient centrifugation: Slowly add 80% Percoll to solution and
use a pipetting aid without acceleration/deceleration to avoid
mixing 40% and 80% solutions. Handle tubes carefully to avoid
mixing both phases. Carefully balance the centrifuge to avoid
imbalance or rotor damage.

® Low CD4" T cell content (<0.5%) in final preparation: Avoid
collecting cellular pellet after gradient centrifugation since it
contains unwanted cells. Completely remove top layer contain-
ing hepatocytes.

Top tricks: Isolation and analysis of Treg cells from liver

® If you analyze animals <12 days of age, the liver can be mea-
sured without the need of gradient centrifugation.

® Even after complete perfusion, an RBC contamination can
occur. Perform RBC lysis to deplete red blood cells.

® Ifyou are unsure about the phases after gradient centrifugation
(top: hepatocytes; middle phase: lymphocytes and other cells;
pellet: other cells), harvest each phase and perform a T-cell
staining to calculate your yield.

® Stain for CD45 to discriminate bone marrow-derived cells such
as T or B cells from other cell types.
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Summary Table

Treg cells in murine liver and murine spleen

T cell population Phenotype/subphenotype

GS5: Liver Tcon cells CD8 CD19 MHCII~CD4*CD3¢™
CD25"Foxp3~

G6: Liver Treg cells CD8~CD19-MHCII~CD4"CD3e™
CD25*Foxp3™

G7: Liver tisTregST2 cells ~ CD8~CD19 MHCII~CD4"CD3¢e™

CD25"Foxp3+KlrgltST2"

Gata-3*

G5: Spleen Tcon cells CD8~CD19~MHCII-CD4"TCRB™
CD25"Foxp3~

G6: Spleen Treg cells CD8~CD19~MHCII~ CD4*"TCRB™"
CD25"Foxp3+

G7: Spleen tisTregST2 cells CD8 CD19~MHCII~CD4"TCRB*

CD25*Foxp3*Klrgl*ST2+
Gata-3"

1.6.4.2 Treg cells in murine skin. ~Step-by-step sample prepa-

ration: Isolation of Treg cells from skin with or without
GentleMACS®

® Sacrifice animals.

® Animals older than 10 days require hair removal via a small

animal electric shaver.

Treat shaved skin with commercially available hair removal
creme and incubate for 3 min at RT.

Wash off hair removal creme with tap water and try to remove
any remaining patches of hair.

Separate hair-free skin from dorsal surface tissue and place in
10 mL skin digestion buffer.

Cut into small pieces either in a 50 mL tube or directly in the
GentleMACS® C tube as shown in Figure 99A.

When using the GentleMACS®, the sample can be incubated
using the program “37_C_Multi_H” for 90 min.

When digesting manually, the sample is digested for 60 min on
a rotating shaker in the incubator (37°C) or in a shaking water
bath preheated to 37°C.

Place sample on a metal strainer located in a petri dish and
use a syringe plunger to dissociate remaining tissue pieces (see
Fig. 99B).

Filter sample via a 100 pm filter unit (Fig. 99C).

Centrifuge for 5 min with 300 x g at RT.

Filter sample via a 70 pm filter unit.

Centrifuge for 5 min with 300 x g at RT.

Filter sample via a 40 pm filter unit.

Centrifuge for 5 min with 300 x g at RT.

Stain sample for analysis or cell sorting.

Materials: See 1.6.5: Isolation and analysis of Treg cells from

murine non-lymphoid organs

Pitfalls: Isolation and analysis of Treg cells from skin
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® Filter clogged during filtration: Remove hair completely, either

by shaving or hair removal cream. Repeat hair removal if
patches of hair remain.

Filter clogged during filtration: Filter samples sequentially as
listed in Fig. 99C.

In case of abnormally high lymphocyte content/low Treg cell
percentage (<15%): Possible lymph node contamination. Avoid
collecting inguinal lymph nodes during separation of skin tissue
from dorsal surface tissue. A typically-sized patch of skin from
the back of a >100 day old animal contains not more than
5000-10 000 Foxp3™ Treg cells when applying the proposed
method, and Foxp3*' Treg cell frequency of CD4" T cells is
usually above 40%.

GentleMACS® mechanical failure or tube squeaking sounds:
Cut skin into very small pieces using sharp scissors. When using
thick skin patches or large (>2 g) amounts of skin, recut skin
tissues during incubation on the GentleMACS® machine. Use
more skin digestion buffer or distribute skin among more C
tubes if required.

Being unable to find lymphocytes: It is sometimes tricky to
identify lymphocytes during flow cytometric analysis of skin.
Use gating strategy provided in Fig. 99D to identify T cells. If in
doubt, use additional T-cell markers (other than CD4) to clearly
identify the T-cell population, such as TCR-B, CD45, or CD90.
Be aware that CD4 staining is weak if you use the protocol
described above. It is helpful to use an autofluorescence-free
channel with high staining index (such as PE or APC) for CD4
staining.

Poor sort purity or contamination with skin keratinocytes after
sorting: Use a double-sort approach (yield and four-way-purity)
to avoid contaminating sample with skin-resident cells. See top
tricks for more details.

Machine clogging or no events: Wash machine and filter sample
again and re-acquire. Keep sample cool at 4°C and continuous
rotation (300 rpm).

Top tricks: Isolation and analysis of Treg cells from skin

We were unable to perform pre-enrichment using magnetic
beads for murine skin-based samples. Still, because of the very
low frequency of Foxp3™ Treg cells as well as the high viscosity
of the resulting cell mixture in murine skin samples, enrichment
would be beneficial to decrease sorting and measurement time.
Sorting bulk skin Treg cells can lead to poor recovery of cells
(low “sort efficiency”) and, based on the parameters of the sort-
ing instrument, also to contamination with skin keratinocytes
(aggregates with immune cells). Therefore, we propose a two-
step sorting protocol: first, a pre-enrich sort (sort strategy:
“yield”) where target cells are sorted into FCM buffer. Second,
the sample is re-acquired and sorted again with high purity
(sort strategy: “purity” or “4-way-purity”). Using this strategy,
skin samples can be sorted at high speed without losing many
target cells.

For flow cytometric analysis, samples should be filtered again
immediately before acquisition. If acquisition takes more than
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5 min, the sample should be filtered again to avoid a clogging
of the instrument. Samples should be cooled at 4°C to avoid
clogging.

® Fixing samples will generally increase the sample flow through
cytometers. Be careful when setting your FCS/SSC voltages to
include your target cells. Include a positive staining control
(e.g., splenocytes) to validate the panel and antibody staining
before acquiring skin cells.

Summary Table: T cells in murine skin

T cell population Phenotype/subphenotype
G5: Skin Tcon cells CD8~CD19~MHCII~ CD4!°" TCRp+
CD25~Foxp3~
G7: Skin tisTregST2 CIDS*CD19*MHCII*CIDélk’WTCRﬁ+
cells CD25"Foxp3*tKlrgl*ST2*Gata-3"

1.6.4.3 Treg cells in murine fat tissue. Step-by-step sample
preparation: Isolation of Treg cells from fat

® Sacrifice animals.

® Excise abdominal/epididymal fat pads (male mice) and move
into 10 ml fat digestion buffer in a 50 ml tube. Avoid collecting
the gonads.

® Cut fat pads into small pieces with scissors and digest for 40-45
min on a rotating shaker in the incubator (37°C) or in a shaking
water bath preheated to 37°C.

® Add EDTA-PBS to a final concentration of 2 mmol/L and incu-
bate for 2 min.

® Centrifuge for 5 min with 300 x g at RT.

® Remove supernatant containing fat cells and lipids and perform
erythrocyte lysis as described in spleen section.

® Stain sample for FCM or cell sorting (Fig. 100A).

Materials: See 1.6.5: Isolation and analysis of Treg cells from
murine non-lymphoid organs
Pitfalls: Isolation and analysis of Treg cells from fat

® Little abdominal/epididymal fat depots in abdominal cavity:
Animals might be too young (<10-12 weeks), sick, or fasting.
Gonadal fat depots increase with age, and so does the lym-
phocyte recovery. Gender also influences fat, with male mice
having larger depots.

® Abnormally low Treg cell frequency: Animals might be too
young. Frequency and total number change with age and/or
disease. In general, older animals have more Treg cells in their
abdominal/epididymal fat depots.

® Filter clogged and abnormal big pellet after digestion: Be care-
ful not to include gonads in your digestion. When using old
animals with large gonadal fat depots, use 20 mL of fat diges-
tion buffer per animal.

Top tricks: Isolation and analysis of Treg cells from fat

Wwww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1457-1973

® Qlder animals harbor bigger fat depot, and, in general, a higher
frequency and total number of Treg cells can be expected. Use
retired breeding animals for fat isolation.

® Treg cells from gonadal fat express Gata-3, while Tcon cells
express T-bet. This can serve as a quality control to detect con-
taminations.

Summary Table

T cells in fat

T cell population Phenotype/subphenotype

G5: Fat Tcon cells CD8~CD19 MHCII~ CD4*TCRRTCD25~
Foxp3~

CD8~CD19~MHCII~CD4"TCRBTCD25"
Foxp3™

CD8~CD19~MHCII~ CD4*TCRB*CD25*
Foxp3*tKlrgl*ST2*Gata-3"

G6: Fat Treg cells

G7: Fat tisTregST2
cells

1.6.4.4 Treg cells in murine lung tissue. Step-by-step sample

preparation: Isolation and analysis of Treg cells from lung

® Sacrifice animals.

® Expose thorax as well as abdominal cavity.

® Open inferior vena cava and inject PBS-filled syringe into right
ventricle of heart and flush with >10 mL PBS to clear the lung
circulation; lung should change from reddish to colorless.

® Excise lungs and move into 10 mL lung digestion buffer using
a 50 ml tube.

® Cut lungs into small pieces with scissors and digest for 30-45
min on a rotating shaker in the incubator (37°C) or in a shaking
water bath preheated to 37°C.

® Filter lungs via a 100 pm filter unit into a new 50 mL tube.
Add PBS or DMEM to wash filter and use a syringe plunger to
dissociate all tissue pieces.

® Centrifuge for 5 min with 300 x g at RT.

® The cellular pellet contains lymphocyte fraction and can be
resuspended buffer in 500 uL. MACS® buffer following filtra-
tion.

® Add 20 pL Fc-blocking reagent (e.g., Miltenyi #130-092-575)
and incubate for 5 min at 4°C

® Add 5 pL CD25 mAD (e.g., Biolegend clone PC61) or CD4 mAb
(e.g., Biolegend clone RM4-5) and incubate for 10 min at 4°C.

® Add 500 pL. MACS® buffer (when using 1.5 mL tube) or 10 mL
MACS® buffer (when using 15 mL tube).

® Centrifuge for 4 min with 800 x g at 4°C.

® Add 50 pL of magnetic-labeled beads in 500 uL. MACS® buffer
and incubate for 10 min at 4°C.

® Add 500 pL. MACS® buffer (when using 1.5 mL tube) or 10 mL
MACS® buffer (when using 1 mL tube).

® Centrifuge for 4 min with 800 x g at 4°C.

® Filter sample and load onto primed magnetic column.

® Collect eluted cells and stain for sorting or analysis (Fig. 100B).
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Materials: See 1.6.5: Isolation and analysis of Treg cells from
murine non-lymphoid organs
Pitfalls: Isolation and analysis of Treg cells from lungs

® Incomplete perfusion of the animal will result in RBC contam-
ination. Fast experimental protocols and fast animal handling
are required. Do not forget to open the vena cava prior to flush-
ing the circulation with PBS.

® Blood in the thoracic cavity: Do not use cervical dislocation to
avoid bleeding into the thoracic cavity. Rupture of the thoracic
vessels will make the perfusion more difficult.

® High CD25 or CD4-negative fraction following column-based
enrichment: Use Fc-blocking reagents and perform the proce-
dure at 4°C to avoid unspecific binding to beads and columns.

Top tricks: Isolation and analysis of Treg cells from lungs

® Be aware of the thymus. The thymus is located in the apex of the
heart and in relatively close proximity to the lung tissue; avoid
rupturing the thymus to avoid thymocyte contamination. If in
doubt, use CD4 and CD8 staining in separate channels to iden-
tify CD4*tCD8* thymocytes. There are almost no CD4+tCD8*
cells in lung tissue, but they are the majority of cells in the
thymus.

® Be aware of the mediastinal lymph nodes. Lymph node contam-
ination can be identified by a strong decrease in the proportion
of lung tisTregST2 cells (lymph node: <1 %; lung: >10 %) and
a general increase in total T and B cell numbers.

Summary Table: T cells in the murine lung

T cell population Phenotype/subphenotype

G5: Lung Tcon cells CD8~CD19~MHCII~ CD4*TCRB*CD25~
Foxp3~

CD8~CD19~MHCII~CD4TTCRBTCD25"
Foxp3*

CD8~CD19~MHCII~CD4"TCRBTCD25"
Foxp3*Klrgl*tST2*Gata-3*

G6: Lung Treg cells

G7: Lung
tisTregST2 cells

1.6.4.5 Treg cells in the murine colon tissue. ~Step-by-step sam-
ple preparation: Isolation and analysis of Treg cells from colon

with lamina propria dissociation kit and GentleMACS®

® Sacrifice animals.

® Expose abdominal cavity and excise colon from appendix to
rectum; it is usually filled with feces (Fig. 101A).

® Remove feces and open colon longitudinally (Fig. 101B).

® Cut colon into 1 cm pieces (Fig. 101B) and wash three times
with predigestion buffer as described in the methods section
of the Miltenyi lamina propria dissociation kit (Miltenyi #130-
097-410).

® Digest samples in a GentleMACS® C tube with respective col-
lagenase mixture for 25 min.

® Filter sample on a 100 um filtration unit and mash using a
syringe plumber.
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® Use more PBS to flush the filter and the C tube.

® Centrifuge for 5 min with 300 x g at RT.

e Filter and transfer cells to 1.5 mL tube and in 500 pL MACS®
buffer.

® Add 20 pL Fc-blocking reagent (e.g., Miltenyi #130-092-575)
and incubate for 5 min at 4°C

® Add 5 pL CD4 mAb (e.g., Biolegend clone RM4-5) and incubate
for 10 min at 4°C.

® Add 500 pL. MACS® buffer (when using 1.5 mL tube) or 10 mL
MACS® buffer (when using 15 mL tube)

® Centrifuge for 4 min with 800 x g at 4°C.

® Add 50 puL of magnetic-labeled beads in 500 pL. MACS® buffer
and incubate for 10 min at 4°C.

® Add 500 pL MACS® buffer (when using 1.5 mL tube) or 10 mL
MACS® buffer (when using 15 mL tube).

® Centrifuge for 4 min with 800 x g at 4°C.

® TFilter sample and load onto primed magnetic column.

® Collect eluted cells and stain for sorting or analysis

Materials: See 1.6.5: Isolation and analysis of Treg cells from
murine non-lymphoid organs
Pitfalls: Isolation and analysis of Treg cells from colon

® Few T cells in colon of young animals: T cell seeding starts
from day 10-15 after birth. Younger animals have no detectable
Foxp3™ Treg cell population in the colon.

® Column is clogged: use a large column (LS) for positive selec-
tion of T cells from colon.

® Poor CD25 staining: Use a tested clone for this protocol (e.g.,
Miltenyi clone REA568) or stain for Foxp3 intracellularly to
identify Treg cells.

Top tricks: Isolation and analysis of Treg cells from colon

® Feces can be removed from the intact colon by carefully squeez-
ing the colon with forceps.

® After each 20-min-digestion step in the incubator, the sam-
ple is vortexed. Filters can be reused until they are fully
clogged.

Summary Table

T cells in colon

T cell population Phenotype/subphenotype

G5: Colon Tcon cells CD8 CD19 MHCII-CD4+tTCRB*CD25~
Foxp3~

CD8 CD19 MHCII-CD4*tTCRBTCD25"
Foxp3™

CD8~CD19~MHCII~CD4"TCRBTCD25"
Foxp3*tKlrgl*ST2*Gata-3*

G6: Colon Treg cells

G7: Colon tisTregST2
cells

As a reference, the tissue staining panels (Figs. 98-101)
were applied also on a spleen sample (Fig. 98D) from
the same animal. The population in gate G7 (tisTregST2:
CD8~CD19~MHCII-CD4*TCRB*CD25*Foxp3*Klrgl*ST2* Gata-
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3%) comprises less than 2% of all Treg cells found in lymphatic
organs. Non-lymphoid tissues showed a clear enrichment for
the tisTregST2 population, with organ to organ variation (liver:
26.4%, skin: 95.3%, abdominal/epididymal fat: 48.4%, lung:
11.5%, colon: 17.2% of all Foxp3™ Treg cells isolated from the
individual tissues) (Figs. 98-101). The frequency and number
of tisTregST2 cells is dependent on the age of the analyzed
animals. For example, the frequency of tisTregST2 cells in
abdominal/epididymal fat tissue can vary depending on the age
of the animals, with older animals showing higher frequencies.
In 20-30 weeks old male mice, the frequency of tisTregST2 cells
among all Treg cells isolated from the abdominal/epididymal fat
depot can be up to 95%.

1.6.5 Materials: Isolation and analysis of Treg cells from murine
non-lymphoid tissues.

FCM staining buffer

® Base medium 1x PBS
® 1% FBS

MACS® isolation buffer

® Base medium 1X PBS
® 1% w/v BSA (Sigma-Aldrich #A4503)
® 1 mM EDTA (Roth #X986.2)

EDTA-PBS 50 mM

® Base medium 1x PBS
® 50 mM EDTA (Roth #X986.2)

Liver digestion buffer (10 mL per digestion)

Base medium DMEM (Gibco #41965)

1 mg/mL collagenase type IV (Sigma—-Aldrich #C5138)
20 pg/mL DNAse I (Roche #11284932001)

5 mg/mL BSA (Sigma-Aldrich #A4503)

40% Percoll solution

® Base medium DI water
® 40% Percoll (GE Healthcare #17-0891-01)
® 1% PBS (from 10x PBS Gibco #14200-067)

80% Percoll solution

® Base medium DI water
® 80% Percoll (GE Healthcare #17-0891-01)
® 1% PBS (from 10X PBS Gibco #14200-067)

Skin digestion buffer (10 mL per digestion)

Base medium DMEM (Gibco #41965)

4 mg/mL collagenase type IV (Sigma—-Aldrich #C5138)
10 ug/mL DNAse I (Roche #11284932001)

2% FBS
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Fat digestion buffer (10 mL per digestion)

® Base medium DMEM (Gibco #41965)

® 1 mg/mL collagenase type II (Sigma-Aldrich #C6885)

® 20 pg/mL DNAse I (Roche #11284932001)
® 20 mg/mL BSA (e.g., Sigma A4503)

Figure 98. Isolation and analysis of
Treg cells from murine liver and spleen.
(A) Image of liver tissue pre-cut (left)
and after cutting (right) in a metal
sieve. After cutting, a syringe plunger
can be used to disseminate the tis-
sue. (B) Image of the preparation of a
liver suspension in the Percoll gradi-
ent (left). The bottom phase consists
of 80 % Percoll-PBS, the top phase of
40 % Percoll-PBS and the digested liver
cells. On the right, a representative
image of a sample after centrifugation
is shown. Three layers can be discrim-
inated: a top layer consisting mainly
of hepatocytes, the middle layer with
target cells, and a bottom layer with
unwanted cells. (C) Gating strategy to
identify tisTregST2 cells in liver. From
all events, a CD4-gate to identify T cells
can be drawn (gate GO). In the plot,
the smaller color-coded plots indicate
expression of CD3e in the same SSC-A vs
CD4 plot. Presence of CD3¢* cells in the
GO gate can be appreciated. Based on GO,
lymphocytes can be identified by their
FSC/SSC properties (gate G1). Next, dou-
blets are excluded (gate G2) as well as
unwanted, dead or autofluorescent cells
(gate G3). From G3, CD4"CD3¢" T cells
(gate G4) are gated, from which Treg
cells (gate G6) and Tcon cells (gate G5)
can be identified. Finally, Klrgl*ST2"
tisTregST2 (gate G7) are gated from Treg
cells (gate G6). A staining of Gata-3,
shown in the histogram, exemplifies
the expression of this marker in liver
Tcon cells (gate G5, orange, dotted line),
liver Klrgl*ST2" tisTregST2 cells (gate
G7, red), and liver Klrgl=ST2~ Treg cells
(gate G8, blue). In (D), the same gat-
ing strategy as described for liver is
applied to a spleen sample. In both tis-
sues, CD4*+Foxp3*Klrgl*ST2*Gata-3high
tisTregST2 cells can be identified with
the proposed gating strategy. CD3s or
TCRp antibodies can be used. Figures are
based on liver digestions and spleen iso-
lations from Foxp3P™® GFP animals.

Lung digestion buffer (10 mL per digestion)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Base medium DMEM (Gibco #41965)

1 mg/mL collagenase type IV (Sigma-Aldrich #C5138)
20 pg/mL DNAse I (Roche #11284932001)

5 mg/mL BSA (e.g., Sigma A4503)

GentleMACS® C tube (Miltenyi #130-096-334)
Lamina Propria Dissociation Kit (Miltenyi #130-097-410)
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Figure 99. Isolation and analysis of Treg cells from murine skin. (A) Representative image of skin tissue in digestion buffer after cutting with
scissors. Cutting can be performed directly in the GentleMACS® C tube. (B) Image of the skin tissue after digestion. The sample is poured onto a
metal mesh and can be dissociated manually using a syringe plunger. (C) Sequential filtration workflow for skin samples. (D) Gating strategy to
identify tisTregST2 cells in skin tissue. From all events, a CD4-gate to identify T cells can be drawn (gate GO). In the plot, the smaller color-coded
plots indicate expression of Foxp3 in the same SSC-A vs CD4 plot. Presence of Foxp3™ cells in the GO gate can be appreciated. Based on GO,
lymphocytes can be identified by their FSC/SSC properties (gate G1). Smaller plot shows FCS/SSC of all events without CD4 pre-gating. Next,
doublets are excluded (gate G2) as well as unwanted, dead or autofluorescent cells (gate G3). From G3, CD4"TCRB™ T cells (gate G4) are gated, from
which Treg cells (gate G6) and Tcon cells (gate G5) can be identified. Finally, Klrgl*ST2" tisTregST2 (gate G7) are gated from Treg cells (gate G6).
A staining of Gata-3, shown in the histogram, exemplifies the expression of this marker in skin Tcon cells (gate G5, orange, dotted line) and skin
Klrgl*ST2" tisTregST2 cells (gate G7, red). Figures are based on skin digestions from Foxp3P™ ¢F animals.

Antibodies

® 1:100 CD8 APC-Cy7 (53-6.7)

® 1:100 CD19 APC-Cy7 (6D5)

® 1:200 MHCII APC-Cy7 (M5/114.15.2)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

MACS® separation columns, size L (Miltenyi #130-042-401)
Anti-biotin ultrapure magnetic beads (Miltenyi #130-105-637)
Anti-PE ultrapure magnetic beads (Miltenyi #130-105-639)
Anti-APC magnetic beads (Miltenyi #130-090-855)

® 1:500 Life/dead €780 (Thermo Fisher eBiosciences #65-0866-

14)

1:100 CD4-PerCP-Cy5.5 or BUV-395 (RM4-5)

1:100 TCRB-BV 510 (H57-597)

1:100 CD25 APC (PC61 for all tissues except colon)
1:20 CD25 APC (REA568 for colon samples)
1:100 IL-33R/ST2 BV 421 (DIH9)

1:100 Klrgl BV 711 (2F1)
1:100 Foxp3 AF488 (FJK-16S)
1:100 Gata-3 PE (16E10A23)
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Figure 100. Isolation and analysis of T cells from the murine fat and lung tissue. Gating strategy to identify Treg cells in fat (A) and lung (B) tissue.
From all events, a CD4-gate to identify T cells can be drawn (gate GO). Based on GO, lymphocytes can be identified by their FSC/SSC properties
(gate G1). Next, doublets are excluded (gate G2) as well as unwanted, dead or autofluorescent cells (gate G3). From G3, CD4* TCRB™ T cells (gate G4)
are gated, from which Treg cells (gate G6) and Tcon cells (gate G5) can be identified. Finally, Klrgl*ST2" tisTregST2 (gate G7) are gated from Treg
cells (gate G6). A staining of Gata-3, shown in the histogram, exemplifies the expression of this marker in Tcon cells (gate G5, orange, dotted line),
Klrgl*ST2" tisTregST2 cells (gate G7, red), and Klrgl~ST2~ Treg cells (gate G8, blue). Figures are based on lung and fat digestions from Foxp3PT® GFP

animals.
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Figure 101. Isolation and analysis of Treg cells from the murine colon tissue. (A) Image of colon tissue after excision. The appendix is still attached
(leftimage) and should be removed (right image). (B) Image of the colon tissue after cleanup (left). Feces have been removed and the colon has been
cut longitudinally. The colon is then cut into 1 cm pieces (right) and can be washed. (C) Gating strategy to identify Treg cells in colon tissue. From
all events, a CD4-gate to identify T cells can be drawn (gate GO). Based on GO, lymphocytes can be identified by their FSC/SSC properties (gate G1).
Next, doublets are excluded (gate G2) as well as unwanted, dead or autofluorescent cells (gate G3). From G3, CD4"TCRB™ T cells (gate G4) are gated,
from which Treg cells (gate G6) and Tcon cells (gate G5) can be identified. Finally, Klrgl*ST2" tisTregST2 (gate G7) are gated from Treg cells (gate
G6). A staining of Gata-3, shown in the histogram, exemplifies the expression of this marker in Tcon cells (gate G5, orange, dotted line), Klrgl*ST2*
tisTregST?2 cells (gate G7, red), and Klrgl-ST2~ Treg cells (gate G8, blue). Figures are based on colon digestions from Foxp3P™ CP animals.

Foxp3 Fix/Perm Buffer Set (Thermo Fisher eBiosciences #00-
5523-00)

Mice

Foxp3®F»PTR mice (C57BL/6 background) were bred in the
animal facility of the Regensburg University Hospital.

Cytometer

BD LSR Fortessa™ 5-laser cytometer (UV, Violet, Blue, Yellow-
Green, Red)

BD LSRII™ 3-laser cytometer (blue-red-violet)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Analysis
BD Flowjo™ Version X (10.5.3 Mac OS)

1.7 Murine y3 T cells

1.7.1 Overview. In this section, we discuss the specific require-
ments to analyze y3 T cells by FCM. This includes general recom-
mendations, an overview of the specific tools available to study y3
T cells by FCM, a detailed protocol to stain for a specific subset of
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v3 T cells, and a point-by-point protocol to isolate and analyze y3
T cells from mouse ear skin. Protocols to isolate y3 T cells (and ap
T cells) from the mouse intestine are given in a subsequent related
section.

1.7.2 Introduction. y8 T cells develop in the thymus together
with af T cells but rearrange a different T-cell receptor (TCR)
consisting of a TCR-y and TCR-3 chain (see also Chapter VI Section
1.15 Human y3 T cells). These TCRyS are not MHC restricted,
thus their antigen recognition does not rely on CD4 or CD8 co-
receptors, although the majority of mouse intestinal intraepithelial
v8 T lymphocytes (y8 ilELs) express the CD8ao dimer. Mouse y3
T-cells comprise significantly different populations, and these y3
T-cell subsets are typically grouped by the variable y-chain (Vy)
segments employed by their TCRy3 [797]. Alternatively, y8 T-cell
subsets may also be grouped according to y3 T-cell tissue location
or with respect to y8 T-cell function [798, 799].

1.7.3 y38 T cells in peripheral lymph nodes. FCM of y8 T cells is
technically not different to FCM of af T cells. However, y3 T cells
are up to 100-fold less frequent than af T cells in blood and
secondary lymphoid organs and therefore their detection faces
the usual challenges connected to identifying rare cell types, i.e.,
make sure to include all real y8 T cells but avoid false positive
events due to autofluorescence and unspecific staining. On the
other hand, y3 T cells can make up the majority of lymphocytes in
tissues such as the skin and the small intestinal epithelium.

1.7.3.1 Step-by-step sample preparation. A dedicated step-by-
step sample preparation protocol to obtain single cell suspensions
from peripheral lymphoid organs is described in the murine Treg
section (Chapter VI Section 1.6 Murine Foxp3+ regulatory T cells).
Briefly, lymph nodes are collected and mashed through a cell
strainer or similar and filtered through or a piece of gaze (pore
size 70-100 pm) before adding FcBlock and staining with specific

mAbs.

1.7.3.2 Materials/ Specific tools for FCM of y3 T cells. There
are a number of mAb clones available for detection of y5 TCR
using specific Vy and V8 segments. Below is a list of commercially
available mAb clones (Table 21). However, be aware that several
conflicting nomenclatures exist for mouse (and human) Vy and
V3 segments, which can be misleading even for insiders to the
field. Please check online resources such as the IMGT website
(http://www.imgt.org) for further explanation. Here, we use the
so-called Heilig/Tonegawa nomenclature [800], while suppliers
like BD Bioscience or BioLegend utilize the Garman nomenclature
[801].

Two additional important, but not currently commercially
available mAb clones are F2.67 directed against Vy7 by Pablo
Pereira (Institute Pasteur, Paris, France) [802], and the clone
17D1 directed against Vy5 from Bob Tigelaar (Yale University,

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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New Haven, USA) [803]. Later, Christina Roark and colleagues
found that 17D1 was cross-reactive to Vy6 under certain condi-
tions, see below [804].

1.7.3.3 Data analysis. Practically, faithful detection of y3
T cells is warranted by gating on the lymphocyte area in the FSA
versus SSA plot, gating out doublets, exclusion of dead and auto-
fluorescent cells, followed by a positive gate according to the two
parameters expression of y3 TCR, best clone is GL3 [805] and
CD3¢ in the same plot (Fig. 102A). If the experimental design and
equipment allow further parameters, it is advisable to gate out of
T cells (clone H-57) and eventually B cells (CD19 mAb) prior to
the GL3 versus CD3e gate (Fig. 102B).

1.7.3.4 Pitfalls/top tricks. Furthermore, the Tcrd-H2BeGFP
reporter mouse [806], JAX Stock No. 016941, can serve to detect
y8 T cells independent of TCR expression on the cell surface
(e.g., after TCR downregulation following strong TCR activation
in vitro). Note that for visualizing y3 T cells in secondary lymphoid
organs or other tissues containing a large excess of af T cells over
y8 T cells in microscopy applications, the use of F1 heterozygotes
from Tcrd-H2BEGFP mice and Tcra”~ (B6.129S2-Tcratm1Mom/J,
JAX Stock No. 002116) will genetically exclude highly fluorescent
false-positive cells. In FCM applications it is sufficient to counter-
stain for TCRB (Figure 103).

Notably, these Tcrd-H2BeGFP reporter mice were used to
demonstrate that in vivo application of the mAb clones GL3 and
UC7-13D5 does not lead to a depletion of y3 T cells, but rather
renders them invisible for flow cytometric detection due to TCR
downregulation [807]. However, a new genetic knock-in model
for diphtheria toxin-mediated conditional y3 T cell depletion will
circumvent these problems [808].

1.7.4 Intracellular cytokine staining for IL-17-versus IFN-y-
producing y3 T cells.

1.7.4.1 Introduction.
subsets of y8 T cells; namely IFN-y- and IL-17-producing y3 T cells,
develop and act as pre-activated effector cells. In particular, a
combination of the the surface markers CD27, CD44, and Ly6C can
be used to indirectly discriminate between those subsets without
intracellular cytokine staining [809-811].

Recent studies suggested that discrete

1.7.4.2 Step-by-step sample preparation. For Intracellular
cytokine staining, isolated cells are first stimulated ex vivo with
PMA (50 ng/mL, Calbiochem) and Iono (2 pg/mL, Invitrogen)
together with Brefeldin A (1 pg/mL, Sigma) for 3 h at 37°C,
Next, stimulated cells are stained against extracellular surface
molecules. After fixation with BD Cytofix/Cytoperm solution for
20 min on ice and permeabilization with BD Perm/Wash buffer
for 10 min on ice according to the manufacturer’s protocol (BD

Fixation/Permeabilization Solution Kit), cells are stained for intra-
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Table 21. List of commercially available mAb clones directed against mouse Vy and V3§ segments

Target

Garman nomenclature Heilig/Tonegawa Non-exclusicve list of

(used by BD/Biolegend) nomenclature Clone Supplierer(s)

pan y3 TCR GL3 many sources

pan y5 TCR UC7-13D5 BD Biosciences, Biolegend
pan y8 TCR REA633 (recombinant GL3) Miltenyi

Vy3 Vy5 536 Biolegend and BD Biosciences
Vy1.1/Cr4 Vyl 2.11 Biolegend, BD Biosciences
Vy1.1/Vy1.2 Vyl/ Vy2 4B2.9 Biolegend

Vy2 Vy4 UC3-10A6 Biolegend, BD Biosciences
Vsl TS8.2 Abcam

V6.3 C504.17C Biolegend

V86.3/2 8F4H7B7 BD biosciences

V4 GL2 Biolegend and BD Biosciences
V4 REA372 (recombinant GL2?) Miltenyi

cellular cytokines for 45 min on ice, washed once with PBS, and
analyzed.

1.7.4.3 Data analysis. Surface staining against CD27, CD44,
and Ly6C serves to discriminate activated y3 T cells with
an IL-17-producing effector phenotype (CD44M8h+CD27-) or
with an IFN-y-producing effector phenotype (CD44"8b/ntCD27+)
(Fig. 104).

1.7.5 Isolation of lymphocytes from mouse ear skin.

1.7.5.1 Introduction. The skin as well as several mucosal tis-

sues such as the intestine harbor strong and thick walls on their

surface, which are composed of different layers. Hence, isola-
tion of lymphocytes from these tissues warrants elaborated pro-
tocols. The skin consists of two primary layers, the keratinized
epidermis on the surface and the beneath dermis. In mice, lym-
phocytes of both, epidermal and dermal layers, can be prefer-
ably isolated from ear skin according to the following protocol
(Figure 105).

1.7.5.2 Step-by-step sample preparation and Materials.

- Separate dorsal and ventral sites of the ears
- Remove the cartilage from the ventral sites
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Figure 102. Representative gating strategy for ys T cells among live peripheral lymph node cells. (A) Representative contour plot for direct gating
of y8 T cells. (B) Representative contour plots for exclusion of af T cells before gating y8 T cells.
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Figure 103. Representative gating strategy for the identification of genuine y3 T cells in pLN based on the H2BeGFP fluorescence in Tcrd-H2BeGFP
mice and counterstaining with anti-TCRf.

- Place the tissue (4 separated halves) in one 2 mL Eppendorf - Dissociate the remaining tissue by sucking up and down the sam-
tube containing 1900 puL digestion medium and cut it into small ple through an approximately 1-2 cm long 19G syringe needle
pieces - Filter the sample through a Cellstainer (70 pm) and separate

- Digest medium: RPMI (1810 pL)+ 2 mg/mL Col IV (Wor- lymphocytes by density gradient centrifugation using Percoll-

thington) (40 pL of 100 mg/mL) + 187.5 pg/mL DNAsel gradients (40% and 70% Percoll solutions)

(Roche) (150 pL of 2.5 mg/ml)
- Incubate at 37°C, 1400 rpm, 75 min in an Eppendorf Ther-

moMixer
- Add EDTA, final concentration approx. 37.5 mM (+150 uL 0.5 1.7.5.3 Data analysis. The skin harbors a high amount of
M EDTA) lymphocytes. While af T cells are barely present in the mouse
- Incubate for additional 15 min at 37°C, 1400 rpm (Ther- skin, the vast majority of lymphocytes are y3 T cells. y8 T cells
moMixer) localized in the epidermis (dendritic epidermal T cells (DETC))
can be easily distinguished from y3 T cells present in the dermis
A gated on 5 T cells (see Fig.2) B gated on y5 T celis (see Fig.2)
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Figure 104. Dot plots show strategies to identify IL-17- versus IFN-y-producing y8 T cells. y3 T cells from pLN of Tcrd-H2BeGFP mice were gated as in
Fig. 103 above. (A and B) Intracellular cytokine staining in correlation to CD44 (A) and CD27 (B) surface marker expression. (C and D) Representative
analyses of y3 T cells from pLN of Tcrd-H2BeGFP mice correlate CD27, CD44, and Ly6C surface staining to expression of Vy4 and Vy6.
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Figure 105. Preparation of ear skin. Schematic illustration of prepar-
ing ear skin for subsequent isolation of lymphocytes after enzymatic
digestion of the tissue.

due to their high TCR expression levels as detected by GL3 and
CD3 staining in (Figure 106).

1.7.6 The auxiliary Ab-assisted direct staining of Vy6™ y8 T cells.

1.7.6.1 Introduction. Vy6™ y3 T cells solely develop in embry-
onic thymus before birth, and later persist as long-lived self-

Eur. J. Immunol. 2019. 49: 1457-1973

renewing lymphocytes in the skin dermis and in many mucosal
tissues such as the uterus or the tongue [812]. Vy6' y3 T cells
recently sparked a lot of interest because they rapidly produce
IL-17 and thus contribute to bacterial homeostasis and clear-
ance, but also enhance autoimmunity and inflammatory diseases
[813, 814]. The detection of Vy6™ y3 T cells requires a combined
staining of GL3 together with the unconjugated rabbit 17D1 IgM
Ab followed by a secondary staining with labeled anti-rabbit IgM.
A validated staining protocol for the identification of Vy6™t y3
T cells works as follows.

1.7.6.2 Step-by-step sample preparation and Materials.

Prepare single cell suspension

Block cells with 5% Fc receptor block

Stain cells in antibody mix with extracellular
surface markers and GL3 diluted in PBS
containing 3% FCS and 4mM EDTA, hre
called FCM buffer

Add unconjugated 17D1 (final dilution 1:25)
and mix thoroughly (for example: add 4pl
of 17D1 to 100ul cell suspension)

Wash cells with flow cytometry buffer

Stain cells with labeled secondary anti-IgM
Antibody

diluted in FCM buffer

Wash cells with flow cytometry buffer

5 min on ice
15 min on ice

30 min on ice

30 min on ice

1.7.6.3 Data analysis.
only stains Vy6* y3 T cells in combination with GL3, but also

Importantly, in skin, clonel7D1 not
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Figure 106. Representative gating strategy of murine ear skin lymphocytes stained with DAPI, anti- CD45, TCRap (H57), y8 TCR (GL3), and CD3 to
detect dermal y3 T cells (CD3*+ and GL3*) and epidermal y8 T cells (DETC, CD3M, and GL3M).

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Wwww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1457-1973

Flow cytometric phenotyping of cells across species and tissues

A pLN
250K 250v] 250K ]
200K 20074 20064
ot
150K 1504 95.0 150K4 93.0 ]
100K, 100+ 100%4 "
< o o 99.2
- 3 -
] 5 71 w i L % o a il
¢ SOK 100K 150K 200K 2SOM L] SN 100« 150K 200K TS0M SO« 100K 150K 200K  2SOX ] SOK 100K 150K 200K 250K
FSC-A FSC-W SSC-W FSC-A
=}
R 1% ':s.I w1 29.4
>g L)
:- T Q
! e 124
: il
[= @ 4 -
o Gt O A
o w 1ot ] [t it ‘o
yd TCR-FITC yd TCR-FITC
B ear skin
250K, 2] PEOH- 5
3
95.9 o . " 83.9
1500 97.3 ; ey
II'JZ.D\--
L‘) Sivd
w
P PR P P et e o 20k 18k 200 F ST SR e s
FSC- FS(-E:WM cacberiic SSE—V‘T i i FSC-A et Figure 107. Representative gating
strategies of Vy4't (red) and Vy6"
] T 9.63[epidermal 1044 17.3 (green) y8 T cells in peripheral lymph
” E . U Y nodes (pLN) (A) as well as epidermal
o ] o' i ot Vy5* y8 T cells (red) and dermal Vy4+
9 . a ¥ -'.-if:jermal and Vy6™ y8 T cells (blue) in ear skin (B)
o O, %'“ D 1o ) @ GL3*CD3* y3 T cells among TCRR™ cells
f-_) o o of “ g i were separated into different yd subsets
nE 8 ) > by staining with anti-Vy4 as well as
2 G- BBRSE Rolr daeer X T I (i SR 17D1 followed by conjugated anti-IgM
yd TCR-FITC y8 TCR-FITC Vy6/ Vy5-PE to detect Vy6+/Vy5+ 5 T cells.

recognizes the Vy5 gene segment expressed in dendritic epidermal
T cells (DETC). However, dermal Vy6" y3 T cells and epidermal
Vy5T y8 T cells can be easily distinguished because of the very
high TCR levels levels in Vy5* y3 T cells leading to bright GL3 and
CD3 staining. The epidermis solely contains Vy5™* y3 T cells, while
the dermal compartment comprises high frequencies of Vy4* and
Vy6™ y3 T cells (Fig. 107).

It follows that an additional counterstaining of 17D1% skin
T cells with a specific anti-Vy5 mAb clone 536, see Table 21, would
further help to discriminate between dermal and and TCR"g" epi-
dermal T cells (Fig. 107B and not shown). In contrast, peripheral
lymph nodes lack Vy5* y8 T cells. While Vy6™ y8 T cells only
represent a small population in peripheral lymph nodes, a large
proportion of y§ T cells are Vy4+ y3 T cells and Vy6-Vy4~ y3 T cells
(mainly Vy1™ T cells).

1.8 Murine NKT cells

1.8.1 Overview. Murine natural killer T (NKT) cells were orig-
inally defined by their co-expression of surface markers charac-

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

teristic for T cells (i.e., the TCR) and NK cells (e.g., NK1.1 in
C57BL/6 mice) [815, 816]. This chapter focuses on the pheno-
typic characterization of so-called murine invariant iNKT cells,
which express an invariant Val4Ja18 TCRa chain and a lim-
ited set of TCRB chains with a preference for VB8, VB7, and
VB2 [817, 818]. iNKT cells recognize lipids, such as a-galactosyl
ceramide (aGalCer), in the context of the nonclassical MHC
molecule CD1d [819]. As a consequence, iNKT cells can be unam-
biguously identified by surface staining using CD1d tetramers
loaded with aGalCer or its derivatives, such as PBS-57 [820, 821]
(Fig. 108). Subphenotyping of developmental stages in the thy-
mus and effector subsets based on surrogate surface markers and
key transcription factors is described.

1.8.2 Introduction. Development of iNKT cells diverges at the
CD4"CD8* double-positive stage of T-cell development. Selection
of iNKT cells is mediated by cortical thymocytes rather than epithe-
lial cells. Similar to other unconventional T cells, iNKT cells are
selected by strong TCR signals in a process referred to as agonist
selection [822]. iNKT cells, with the notable exception of some
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1651 =



W 1652

Andrea Cossarizza et al.

A thymus
unenriched

SSC-A

CD1d-PBS-57-APC

Ty

FSC-A "TCRB-APC-Cy7

"FSC-A

B thymus

enriched
- 1
5 I~
< & G
(6] o w
2 5] o]
| =
S (=5

" FSC-A

TCRp-PerCP-Cy5.5

tissue-resident subsets, express and are dependent on the proto-
typical transcription factor for innate-like T cells, PLZF (encoded
by Zbtb16) [823, 824]. Intrathymic development of iNKT cells
has originally been described to progress through four pheno-
typically distinct stages (stage 0-3), characterized by differen-
tial expression of the surface markers CD24, CD44, and NK1.1
(in C57BL/6 mice) as well as cell size [825-827] (Fig. 109A).
More recent studies showed that stage 3 iNKT cells represent
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Figure 108. (A)Basic gating strategy for murine
thymic iNKT cells. (B) Basic gating strategy
for thymic iNKT cells following magnetic-bead
enrichment. Sample was additionally stained
with Zombie Aqua viability dye and Abs against
lineage markers. Numbers adjacent to gates
indicate frequency of parent population.

long-term resident cells in the thymus [828, 829]. The thymus of
young adult C57BL/6 mice contains around 3-6 x 10° iNKT cells,
corresponding to an overall frequency of 0.3-0.5% of all
thymocytes.

More recently, iNKT cells have been categorized into functional
subsets based on expression of type 1, 2, or 17 cytokines [830]
(Fig. 109B). Like their conventional T-cell counterparts, NKT1
cells are characterized by expression of the transcription factor

P P T S

CD122-PE

1: 84

CD4-PerCP

a—

Figure 109. Murine thymic iNKT cell
populations. (A) Magnetic-bead
enriched iNKT cells from C57BL/6 mice
were additionally stained with anti-
bodies against CD44, NK1.1, and CD24.
The upstream gating strategy is shown
in Fig. 108. (B) Magnetic-bead enriched
iNKT cells from C57BL/6 mice were
additionally stained intracellulary with
Abs against PLZF, T-bet, and RORyt.
The upstream gating strategy is shown
in Fig. 108. (C) Magnetic-bead enriched
iNKT cells from C57BL/6 mice were
additionally stained with antibodies
against CD122 and CD4. Numbers
adjacent to gates indicate frequency
of parent population. The upstream
gating strategy is shown in Fig. 108.
Boldface SO, S1, S0/1, S2, S3 adjacent to
gates indicate developmental stages.
Boldface p, 1, 2, and 17 adjacent to
gates indicate NKTp, NKT1, NKT2, and
NKT17 subsets, respectively.
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Figure 110. Murine peripheral iNKT cell populations. (A) Magnetic-bead enriched iNKT cells from C57BL/6 mice were additionally stained intra-
cellulary with Abs against PLZF, T-bet, and RORyt. The upstream gating strategy is analogous to that shown in Fig. 108. (B) Magnetic-bead enriched
iNKT cells from C57BL/6 mice were additionally stained with Abs against CXCR3 and CD4. Numbers adjacent to gates indicate frequency of parent
population. The upstream gating strategy is analogous to that shown in Fig. 108. Boldface 1, 2, and 17 adjacent to gates indicate NKT1, NKT2, and

NKT17 subsets, respectively.

T-bet, NKT17 cells express RORyt, whereas NKT2 cells are most
frequently characterized by absence of expression of both tran-
scription factors while simultaneously expressing very high levels
of PLZF (See Chapter VI Section 1.1 Murine T cells). The proto-
typic type 2 transcription factor GATA-3 is variably expressed in
all iNKT cells and cannot be employed for discrimination of NKT2
cells. As a consequence, in the thymus PLZF" NKT cells contain
both, precursors (NKTp) and NKT2 cells. These cells can be further
distinguished by differential expression of CCR7 (NKTp) and PD-1
(NKT2) [828]. Notably, relative proportions of the three NKT sub-
sets vary widely between mouse strains with BALB/c mice showing
a strong bias towards NKT2 cells in the thymus, whereas thymi
in C57BL/6 mice predominantly contain NKT1 cells [830]. To cir-
cumvent intracellular staining for transcription factors, discrimi-
nation of NKT-cell subsets can also be achieved by analysis of sur-
face expression of CD4 and CD122 (thymus) (Fig. 109C) or CXCR3
(periphery) (Fig. 110C).

Outside the thymus, iNKT cells can be found in lymphoid and
as tissue-resident cells in non-lymphoid organs with distinct sub-
set composition for each organ (for review [831, 832]). In mice
(but not humans) up to 40% of all mononuclear cells in liver
constitute iNKT cells [815, 821]. The vast majority of these cells
are of the NKT1 type. Upon stimulation iNKT cells rapidly produce
large amounts of cytokines essentially according to their transcrip-
tion factor profile with the notable exception of IL-4, which can
be produced by NKT1 and NKT2 cells. Similar to other uncon-
ventional T cells, iNKT cells are considered innate-like, because
they can be stimulated both by cognate ligand via the TCR and
in a non-cognate manner through LPS or cytokines like IL-12 and
IL-18 [833, 834]. Whereas stimulation through the TCR results
in rapid release of multiple cytokines, non-cognate stimulation
results mostly in production of IFN-y.

NKT cells serve a vast variety of functions shaped by their
distinct tissue distribution (reviewed in ref. [831, 835]. Thus,
NKT cells may protect from infection in lung and liver, but may
exacerbate inflammatory conditions and asthma. Although being
comparatively rare in intestinal tissues, NKT cells contribute to
tissue homeostasis and to shaping the intestinal microbiota. Other
roles in tissue homeostasis comprise regulation of T-cell develop-

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ment and egress from the thymus through IL-4 as well as pro-
tective functions in type 1 diabetes and graft-versus-host disease
[836].

1.8.3 Step-by-step sample preparation. Cell isolation: Single-cell
suspensions of whole lymphoid organs (thymus, spleen, lymph
nodes) are generated by crushing organs through a 70 um fil-
ter. RBCs are lysed (spleen only) using Qiagen RBC Lysis Solu-
tion according to the manufacturer’s instructions. For lympho-
cyte isolation from the lung and liver, mice are euthanized and
liver/lungs are immediately perfused with PBS. Lymphocytes
are then isolated using standard procedures for solid organs or
using commercially available kits, for instance as described in
ref. [837].

Surface staining: Following incubation with Fc block (anti
mouse CD16/32, clone 2.4G2) cells are stained using APC-
conjugated CD1d-PBS-57 or CD1d-unloaded (background control)
tetramers for 30 min at room temperature in FCM buffer [838].
Cells are washed once in FCM buffer followed by Ab staining for
surface markers for 10 min at 4°C. In order to minimize back-
ground, it is pivotal to perform lineage exclusion by staining for
the following markers: B220, CD19, CD11b, CD11c. Dead cells
are excluded using the Zombie Aqua Fixable Viability kit as per
manufacturer’s instructions (Biolegend).

Magnetic-bead Following CD1d-PBS57-APC
tetramer staining, iNKT cells may be enriched using anti-APC
magnetic microbeads following the manufacturer’s instructions
(Miltenyi Biotec). See also Chapter IV Section 1.4 Magnetic pre-
enrichment for high-resolution detection and analysis of rare cell

enrichment:

populations.

Intracellular staining: To analyze transcription factor expres-
sion, magnetic-bead-enriched CD1d-PBS-57 tetramer™ cells from
lymphoid organs are stained for surface markers and viability
as described above. Samples are then fixed and permeabilized
using the Foxp3/Transcription Factor Staining Buffer Set (eBio-
science) as per the manufacturer’s instructions, following which,
cells are stained for intracellular transcription factors for 30 min
or overnight.
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1.8.4 Materials.

FCM buffer: PBS, 3% FCS

RBC lysis buffer (Qiagen)

Zombie Aqua Fixable Viability kit (Biolegend)

anti-APC magnetic microbeads (Miltenyi Biotec)
Foxp3/Transcription Factor Staining Buffer Set (eBioscience)

Tetramers: Mouse CD1d-PBS-57-APC (NIH tetramer core
facility, Atlanta, USA)
Unloaded mouse CD1d-APC (NIH tetramer core
facility, Atlanta, USA)
Antibodies: CD16/32 mAb (clone 2.4G2)

CD19 mAb (clone 6D5)
Anti-B220 (clone RA3-6B2)
CD11b mAb (clone M1/70)
CD11c mAb (clone N418)
Anti-TCRB (clone H57-597)
CD4 mAb (clone GK1.5)
Anti-NK1.1 (clone PK136)
CD44 mAb (clone IM7)

CD24 mAb (clone M1/69)
Anti-PLZF (clone Mags.21F7)
Anti-T-bet (clone 04-46)
Anti-RORyt (clone Q31-378)
Anti-CXCR3 (CD183, clone CXCR3-173)
CD122 mAb (clone TM-b1)

1.8.5 Pitfalls. Simultaneous staining of cells with tetramer and
anti-TCRB is possible. However, due to distinct staining conditions,
it may result in different staining intensities. CD24 Ab staining is
sensitive to EDTA. Distribution of iNKT cell subsets varies between
organs and also between mouse strains. For instance, in liver
iNKT1 cells constitute the predominant iNKT cell subset, whereas
mesenteric lymph nodes predominantly contain iNKT2 cells [839].
Furthermore, BALB/c mice display a strong bias towards iNKT2
cells when compared to C57BL/6 mice [830].

1.8.6 Top tricks.
Therefore, for some downstream analyses it is advisable to per-
form enrichment using magnetic beads (see also Chapter IV Sec-
tion 1.4 Magnetic pre-enrichment for high-resolution detection
and analysis of rare cell populations). We and others have found

iNKT cells are a rare population of T cells.

that differences in frequencies of iNKT cells in mouse strains with
iNKT cell deficiency, such as miR-181a/b-1-deficient mice, com-
pared to wild-type mice are essentially retained upon enrichment
via tetramers [840]. The underlying reason remains elusive but
may be attributed to lower affinity of tetramers when compared
to Ab—antigen interaction. We and others have employed Rag-GFP
reporter mice to delineate developmental progression of iNKT cells
in the thymus. Such a mouse model may help to further resolve
NKT cell precursors and mature NKT cell populations in the thy-
mus [828, 841].

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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1.8.7 Summary table.

Murine NKT cell Phenotype/subphenotype

population

(TCRBTCD1d PBS-

57/aGalCer

tetramer™)
Thymus

Stage 0 CD44 NK1.1-CD24hipschi

Stage 1 CD44 NK1.1-CD24°FsCle

Stage 2 CD44" NK1.1-

Stage 3 CD44"NK1.1F

NKT1 CD122+PLZF°T-betRORyt™

NKT2 CD122-CD4+PLZFMT-

bet"RORyt PD-1*CCR7-

NKT17 CD122-CD4 PLZF™T-bet RORyt+
Periphery

NKT1 CXCR3"PLZFT-bet*RORyt™

NKT?2 CXCR3~CD4"PLZFMT-bet RORyt™

NKT17 CXCR3-CD4 PLZFT-bet RORyt"

1.9 Murine mucosal-associated invariant T (MAIT) cells

1.9.1 Overview. Murine mucosal-associated invariant T cells
(MAIT) share many features with iNKT cells. They express a semi-
invariant TCR comprised of an invariant Va19Ja33 TCRa chain,
preferentially paired with VB6 and VB8. MAIT cells recognize
vitamin B metabolites, such as 5-(2-oxopropylideneamino)-6-D-
ribityl-aminouracil (5-OP-RU), in the context of the nonclassical
MHC molecule MHC class I-related protein 1 (MR1) [842]. Despite
their virtually simultaneous discovery with NKT cells, understand-
ing of MAIT cell biology is substantially more limited for two main
reasons [843, 844]: (i) MAIT cells are rare in mice and (ii) MR1-
tetramer reagents have only recently been developed [845, 846]
(Fig. 111). This section describes the characterization of MAIT cell
subsets based on MR1-tetramers, surface markers, and key tran-
scription factors. In addition, magnetic-bead based enrichment of
MAIT cells is described.

1.9.2 Introduction. The study of MAIT cells in mice is of
profound interest, mostly because MAIT cells constitute a very
abundant population in various human tissues, comprising
almost 10% of all blood T cells and 20-40% of all liver T cells
(See also Chapter VI Section 1.17 Human mucosal-associated
invariant T (MAIT) cells). In contrast, in C57BL/6 mice, thymus
contains only around 5000 MAIT cells, corresponding to 0.002%
of all thymocytes. Comparably low frequencies are also found in
peripheral lymphoid organs.

Intrathymic development of MAIT cells shares some similar-
ities with that of NKT cells: MAIT cells are selected on cortical
CD47CD8" double-positive thymocytes. They progress through
phenotypically distinct precursor stages (stages 1-3) characterized
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by differential expression of CD24 and CD44 [847] (Fig. 112A).  those of NKT1 and NKT17 cells, respectively [832]. MAIT cells
Development of MAIT cells depends on the transcription factor  also display a large degree of tissue residency in non-lymphoid
PLZF and miRNA, in particular miR-181a/b-1 [840, 841, 847].  organs [832] (Fig. 112B). In addition to these similarities between
These similarities are further underscored by characterization of =~ MAIT cells and iNKT cells, there are a number of critical differ-
T-bet*RORyt MAIT1 and T-bet"'RORyt" MAIT17 cell transcrip-  ences. MAIT cell development is characterized by a later onset
tomes, which within matching tissues are virtually identical to  of PLZF expression at developmental stage 3 only, whereas at
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Figure 112. Thymic MAIT cell populations. A) Magnetic-bead enriched MAIT cells from C57BL/6 mice were additionally stained with antibodies
against CD44 and CD24. Upstream gating was performed as shown in Fig. 111. B) Magnetic-bead enriched MAIT cells from C57BL/6 mice were
additionally stained intracellulary with antibodies against PLZF, T-bet and RORyt. Numbers adjacent to gates indicate frequency of parent popu-
lation. Upstream gating was performed as shown in Fig. 111. Boldface S1, S2, S3 adjacent to gates indicate developmental stages. Boldface 1 and
17 adjacent to gates indicate MAIT1 and MAIT17 subsets, respectively.
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least some NKTp already express high levels of PLZF [828, 847].
Furthermore, no MAIT2 cells have been described and the ratio
between MAIT1 and MAIT17 cells is geared toward the latter,
whereas NKT1 cells are more abundant than NKT17 cells. It
remains an open question whether MAIT cells undergo agonist
selection in a similar manner as NKT cells.

Analysis of in vivo function of MAIT cells in immunity is com-
promised by their scarcity in mice. In addition, many Va19Ja33
TCRa™ T cells in Va19Ja33 TCR transgenic mice lack expression of
PLZF, indicating that they do not represent true MAIT cells [846].
These obstacles may be overcome by employing B6-MAIT®5T con-
genic mice that contain high frequencies of MAIT cells due to
increased usage of Val9 in TCR gene rearrangements [848].
This mouse model revealed that MAIT cells alleviated urinary
tract infections. MR1-deficient mice are more susceptible to a
broad range of bacterial infections (for review see ref. [849]).
Given that MAIT cells have also been implicated in clearance
of viral infections suggests that antigen-independent stimula-
tion via cytokines, such as IL-12 and IL-18, is also possible, in
keeping with their innate-like nature and overall similarity to
iNKT cells.

1.9.3 Step-by-step sample preparation.

1.9.3.1 Cell isolation.
phoid organs (thymus, spleen, lymph nodes) are generated by
crushing organs through a 70-pm filter. RBCs are lysed (spleen
only) using Qiagen RBC Lysis Solution according to manufac-
turer’s instructions. For lymphocyte isolation from the lung and
liver, mice are euthanized and liver/lungs are immediately per-

Single-cell suspensions of whole lym-

fused with PBS. Lymphocytes are then isolated using standard
procedures for solid organs or using commercially available kits
for instance as described in ref. [837]. It is advisable to pool cell
suspensions from at least three animals to obtain sufficient cell
numbers for analysis.

1.9.3.2 Surface staining. Following incubation with Fc block
(anti-mouse CD16/32, clone 2.4G2) cells are first stained using
APC- or PE-conjugated MR1-5-OP-RU or MR1-6-FP (background
control) tetramers for 40 min at room temperature in FCM buffer
[850]. Cells are washed once in FCM buffer followed by Ab stain-
ing for surface markers for 10 min at 4°C. In order to minimize
background, it is pivotal to perform lineage exclusion by staining
for the following markers: B220, CD19, CD11b, and CD11c. Dead
cells are excluded using the Zombie Aqua Fixable Viability kit as
per manufacturer’s instructions (Biolegend).

1.9.3.3 Magnetic-bead enrichment. Due to the scarcity of
murine MAIT cells in typical laboratory strains it is strongly
advised to bead-enrich MAIT cells prior to downstream analy-
sis. Bead enrichment should be performed in between tetramer
staining and staining for additional surface markers. Single-cell
suspensions are stained with biotinylated CD19 mAb and anti-
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B220 Abs. B cells are then depleted using streptavidin microbeads
as per the manufacturer’s instructions (Miltenyi Biotec). Follow-
ing MR1-5-OP-RU-APC tetramer staining, MAIT cells are enriched
using anti-APC magnetic microbeads following the manufacturer’s
instructions (Miltenyi Biotec). See also Chapter IV Section 1.4
Magnetic preenrichment for high-resolution detection and analy-
sis of rare cell populations.

1.9.3.4 Intracellular staining. To analyze transcription fac-
tor expression, magnetic-bead-enriched MR1-5-OP-RU tetramer*
cells from lymphoid organs are stained for surface markers and
viability as described above. Samples are then fixed and perme-
abilized using the Foxp3/Transcription Factor Staining Buffer Set
(eBioscience) as per the manufacturer’s instructions, followed by
antibody staining for 30 min or overnight.

1.9.4 Materials.

FCM buffer: PBS, 3% FCS

RBC lysis buffer (Qiagen)

Zombie Aqua Fixable Viability kit (Biolegend)

streptavidin microbeads (Miltenyi Biotec)

anti-APC magnetic microbeads (Miltenyi Biotec)
Foxp3/Transcription Factor Staining Buffer Set (eBioscience)

Tetramers: Mouse MR1-5-OP-RU-APC/-PE (NIH
tetramer core facility, Atlanta, USA)
Mouse MR1-6-FP-APC (NIH tetramer core
facility, Atlanta, USA)
Antibodies: CD16/32 mAb (clone 2.4G2)

CD19 mAb (clone 6D5)
Anti-B220 (clone RA3-6B2)
CD11b mAD (clone M1/70)
CD11c mADb (clone N418)
Anti-TCRB (clone H57-597)
Anti-NK1.1 (clone PK136)
CD44 mAb (clone IM7)

CD24 mAb (clone M1/69)
Anti-PLZF (clone Mags.21F7)
Anti-T-bet (clone 04-46)
Anti-RORyt (clone Q31-378 or B2D)

1.9.5 Pitfalls.
ulation, rendering subset analysis prone to errors based on back-
ground staining (see Chapter V Section 1 Rare cells—General
rules). This difficulty is exacerbated in the analysis of genetically
modified mice with developmental defects in the MAIT cell lin-
eage. To minimize background, it is pivotal to include lineage

MAIT cells constitute an extremely rare cell pop-

markers in a dump channel and/or enrich prior to downstream
analysis. B cells in particular show a high degree of nonspecific
binding of the MR1 tetramer (both 5-OP-RU and 6-FP loaded).
Simultaneous staining of cells with tetramer and anti-TCRB is pos-
sible. However, due to distinct staining conditions it may result in
different staining intensities. CD24 antibody staining is sensitive
to EDTA.
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1.9.6 Top tricks. In order to overcome problems associated with
low frequencies of MAIT cells, it is generally recommended to
enrich for MR1-5-OP-RU-tet™ cells for subset analysis whenever
possible; see also Chapter IV Section 1.4 Magnetic pre-enrichment
for high-resolution detection and analysis of rare cell popula-
tions. Notably, it has been demonstrated that magnetic-bead-
based enrichment via tetramers essentially retains differences
between wild-type frequencies and reduced MAIT-cell frequencies
observed in genetically modified mice [841, 847]. The underly-
ing mechanism remains unclear, but may be related to the rel-
ative inefficiency of tetramer-based enrichment, which in turn
may be due to lower affinity of tetramer when compared to
antibody-mediated binding. Furthermore, it is absolutely essen-
tial to exclude non-T lineage cells, most notably B cells, during
gating to limit background staining. It is also advisable to include
nonbinding MR1-6-FP tetramers as background controls. Finally,
for exact quantitation of MAIT cells, dual tetramer staining using a
combination of MR1-5-OP-RU-APC and PE labeled tetramers may
help to reduce background [841]. We and others have employed
Rag-GFP reporter mice to delineate developmental progression of
MAIT cells in the thymus. Such a mouse model may help to further
resolve MAIT cell precursors and mature MAIT cell populations in
the thymus [828, 841].

1.9.7 Summary table.

Murine MAIT cell population
(Lin"TCRB*MR1-5-OP-RU

Phenotype/subphenotype

tetramer™)

Thymus
stage 1 CD24"+CD44 CCR7 PLZE~
stage 2 CD24CD44 CCR7+PLZF~
stage 3 CD24CD44+CCR7-PLZFM
MAIT1 T-bettRORytl
MAIT17 T-bet"RORyth

Periphery
MAIT1 T-bettRORytl
MAIT17 T-bet"RORyth

1.10 Murine intestinal intraepithelial T cells
1.10.1 Overview. In this section, we describe protocols to isolate
and analyze murine intestinal intra-epithelial lymphocytes (ilELs)
and lamina propria lymphocytes (LPLs) by FCM. In particular, the
protocol ilEL isolation and most of the subsequent flow cytometric
analysis applies similarly to af and y3 ilELs, which are very similar
cell types.

1.10.2 Introduction. The intestinal epithelium constitutes one
of the greatest surface barriers in mammals and is in continu-
ous contact with the (gut luminal) environment. Composed by
a mucosa, the intestine wall is made up of primary two layers,
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namely a one cell layer epithelium and the underlying lamina pro-
pria [851, 852]. In addition, the mouse small intestine contains
five to seven Peyer’s patches in anti-mesenteric position, which are
excised and removed during the protocol below, and numerous
smaller aggregates of immune cells called cryptopatches and iso-
lated lymphoid follicles, which will be largely included within the
fraction of lamina propria lymphocytes. Continuously exposed to
environmental cues and highly susceptible for pathogen assault,
the intestine bears sophisticated and complex immune cell net-
works specific to each of the compartments [853]. In order to study
the immune cells resident in both compartments of the murine
intestine, a refined isolation of intra-epithelial lymphocytes (IELs)
and lamina propria lymphocytes (LPLs) is advised according to
the following protocols.

1.10.3 Step-by-step sample preparation of lymphocytes from the
mouse small intestine.

1.10.3.1 Isolation of IELs.

1. Preheat the IEL isolation medium at 37°C at the water bath
(a) IEL isolation medium: 1 mM DTT + 10 pM KN-62
(stock at 50 mM) [854] + complete T cell medium (35
mL/sample)
(b) Complete T cell medium—RPMI 1640 + 10% FBS +1%
Penny-strep + 1% NEAMM +0.1% B- mercapto-ethanol
+ 1%HEPES 1M +1% Sodium Pyruvate
2. Harvest Sl into ice cold PBS
3. Flush the intestine with ice cold PBS with a syringe and a
gavage needle until it’s clean.
4. Carefully remove fat and the Peyer’s patches
5. Open longitudinally and clean it again in a petri dish in ice
cold PBS. Transfer it to a 50 mL falcon tube (nl) in ice with
PBS
6. Vortex the tubes to further clean the intestine
7. Transfer the tissue to a new clean 50 mL falcon (n2) con-
taining 10mL of the pre-warmed IEL isolation medium. Note
that some protocols recommend to cut the small intestine into
smaller pieces (sized 0.5-2 cm), which may help to avoid the
formation of knots or clews.
8. Shake the tube in the vortex for 30seconds
9. Incubate the 50 mL falcon tubes at 37°C and 220 rpm for 15
min. (inside plastic beakers—4-5 tubes—or in a falcon tube
support fixed to the shaker plate)
10. After incubation vortex each tube for 10 s
11. Transfer the solution to a new 50 mL tube (n3) containing
~15-20 mL of ice cold complete T cell medium. If you prefer
to cut the small intestine into pieces (see point 6), than you
should use a cell strainer here to retain the tissue.
12. Repeat steps 5-9 for two more times (using the same tube -
n2).
13. Wash the intestine one last time with 10 mL of cold com-
plete T cell medium and a kick vortex. Transfer the wash
to the respective tubes (n3). For the LPL isolation keep the
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intestines in a falcon tube on ice and proceed with the LPL ~ 20. Centrifuge the samples for 10 min at 1250 rpm 4°C
protocol. 21. Proceed to staining

14. Centrifuge the tubes (n3) at 1250 rpm for 10 min at 4°C

15. Aspirate the supernatant

16. Resuspend the pellet in 4mL of the 40% Percoll in complete
T cell medium (5 mL per sample) and transfer to a 15 mL

1.10.3.2 Isolation of LPLs.

1. Prewarm the Digestion Medium in the water bath at 37°C

tube (a) Digestion medium: DNAse I 125 ug/mL (stock 10
. o .
17. Wash the 50 mL tube with 1 mL of the 40% Percoll solution mg/mL) + Collagenase D 250 pg/mL (stock 50 mg/mL)

and transfer to the same 15 mL tube + Complete T cell Medium (32 mL/ sample)

. After line 12. on IEL isolation protocol transfer the intestines
into a petri dish and cut the tissue into smaller pieces with
curved scissors (=0.1cm).

. Transfer the intestine to a 50 mL tube (n4) containing the
10mL digestion medium (at 37°C).

18. Under lay the 80% Percoll in complete T cell medium (3 ml 2
per sample) and centrifuge the tubes at 2400 rpm for 30min
at RT (1 up and 1 down)

19. Remove the waste on top and recover the pinkish/white ring 3
in-between the two phases. Place it in another falcon contain-
ing 3-5 mL of the complete T cell medium or MACS® Buffer
and top it up to 5mL
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Figure 114. Representative gating strategy and analysis of A TCRap™ murine small intestine intraepithelial lymphocytes (IEL) and B lamina propria

(LPL). After isolation, lymphocytes were stained with Zombie (Live/Dead - Biolegend), CD45 (104- Biolegend), Tcrfs (REA318 - Miltenyi), TCRy/s (GL3
- Biolegend), CD8a (53-6.7- Biolegend), CD8B (YTS156.7.7 - Biolegend) and CD4 (GK1.5 - Biolegend).
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10.
11.

12.

13.

14.

15.
16.

Just like for the IEL isolation protocol: Incubate the 50mL
falcon tubes at 37°C and 220 rpm for 15 min. (inside plastic
beakers—4-5 tubes or in a falcon tube support fixed to the
shaker plate)

After incubation, with a plastic transfer-pipet pipet up and
down the solution containing the intestine.

With the same transfer-pipet transfer the solution and filter it
through a 70um cell strainer placed on new 50mL tube (n5)
containing ice cold complete T cell Medium + 100uL of 4mM
EDTA.

Collect the tissue in the cell strainer and repeat the procedure
in steps 2-5, two more times (using the same tube n4).
After filtering the last time, with a syringe lid (green) smash
the pieces of tissue left behind in the strainer adding some
more 4°C complete T cell medium.

Centrifuge the tubes (n5) at 1250 rpm for 10 min at 4°C
Aspirate the supernatant

Resuspend the pellet in 4 mL of the 40% Percoll solution in
complete T cell medium (5 mL per sample) and transfer to a
15 mL tube

Wash the 50 mL tube with 1 mL of the 40% Percoll solution
and transfer to the same 15 mL tube

Under lay the 80% Percoll solution in complete T cell medium
(3 mL per sample) and centrifuge the tubes at 2400 rpm for
30 min at RT (1 up and 1 down)

Remove the waste on top and recover the pinkish/white ring
in-between the two phases. Place it in another falcon contain-
ing 3-5 mL of the complete T cell medium or MACS® Buffer
and top it up to 5 mL

Centrifuge the samples for 10 min at 1250 rpm 4°C

Proceed to staining

1.10.4 Materials.

1.10.4.1 Reagents.

Dithiothreitol (DTT) (Sigma-Aldrich, cat # 43816)
KN-62 — Selleckchem, cat. number: S7422

RPMI 1640 (Gibco, cat # 11875093)

FBS (Sigma, cat # F7524)

Penny-strep (Gibco, cat #: 1514-122)

MEM Non-Essential Amino Acids solution (MEM NEAA) 100X
(Gibco, cat # 11140050)

Bmercapto-ethanol (Sigma, cat # M3148)

HEPES (Sigma, cat # H0887)

Sodium Pyruvate (Gibco, cat # 11360-039)
Percoll (GE Healthcare, cat # 17-0891-01)

PBS 1x (Gibco, cat # 1419-09)

DNAse (Roche, cat # 11284932001)

Collagenase D (Roche, cat # 1108886601)

EDTA (Roth, cat # 8043.4)

MACS® Buffer — PBS 1X, 3% FBS, 5mM EDTA
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1.10.4.2 Antibodies.

Catalog

Antigen Company Clone number
CD45.2 Biolegend/ 104/104-2 109836/

Miltenyi 130-103-787
CD4 Biolegend GK1.5 100453
CD8ua Biolegend 53-6.7 100742
CD8f3 Biolegend YTS156.7.7 126615
TCRR Miltenyi REA318 130-104-811
TCRS Biolegend GL3 118120
V4 BD Bioscience GL2 745116
V36.3 eBioscience C504.17C 555321
Vyl Biolegend 2.11 141108
Vvy4 Biolegend UC3-10A6 137706
Vy7 provided by P. F2.67 -

Pereira: Institut

Pasteur, Paris,

France
Viability dye Biolegend - 423102

(Zombie)

1.10.5 Data analyses of mouse ilELs and LPLs. The intestinal
mucosa harbors lymphocytes, which are responsible not only for
its protection but also to maintain integrity. Scattered along the
intestinal epithelia IELs are a heterogeneous population of T cells.
Distinguished by their development and origin, IELs can be divided
in two populations: the “natural” and the “induced” IELs. Derived
from conventional a} T cells expressing CD4 (TCRa3TCD4") and
classical CD8af molecules (TCRaff*CD8aR ™), “induced” IELs relo-
cate in the intestine mucosal tissue after cognate antigen engage-
ment in the periphery and accumulate over time [853]. On the
other hand, “natural” IELs differentiate in the thymus and charac-
terized by their TCRs ability to recognize self-antigens. Composed
of both y38 T cells and af T cells the large majority of “natural” IELs
express the homodimer CD8aa but neither CD4 or CD8af [855]
(Figs. 113A and 114A). Moreover, acquisition of surface markers
during development such as CD103 (aE integrin), a4p7 and CCR9
ensure homing and tissue residency of IELs [856]. In addition,
“natural” CD8aa™ IELs display a chronically activated phenotype
which can be translated by the expression of some activation mark-
ers such as CD69, CD122, and CD44 [857].

Interestingly, y3 T cells homing in the small intestine display a
biased expression of TCRy chains according to their localization.
While y3 IELs are mostly Vy7™, y3 T cells that home in the y§ LPLs
express a broader variety of TCRy chains (Figure 113) [797, 802].

Whereas the small intestine epithelium is enriched in “uncon-
ventional” CD8ua™ y3 T cells, approximately 60% of all lympho-
cytes (Figure 114A), the lamina propria is mostly composed of
conventional a3 T cells expressing CD8af3 and CD4 (Figure 114B)
[855]. Thereby, frequencies of CD4" af T cells within the ilEL
preparation, and CD8aa™ ol T cells within the LPL preparation
serve as reliable indicators of the level of unavoidable cross con-
tamination during the isolation process.

Wwww.eji-journal.eu

1659 &



W 1660

Andrea Cossarizza et al.

1.10.6 Pitfalls.

Be cautious to not exceed the incubation times point 8 (IEL) and
point 3 (LPL) as this would decrease viability and yield of the
protocols.

1.10.7 Top tricks.

Adding the KN-62 reagent is helpful to support the viability of the
cells once isolated, but does not increase the yield.

Do not omit the DTT or try to replace it with beta-mercaptoethanol.

Some IEL isolation protocols suggest to use HBSS medium, which
we did not find helpful as compared to RPMI-based complete
T cell medium.

Follow advises to pre-warm the isolation and digestion media and
to use chilled PBS for cleaning the intestine.

1.11 Human CD4 and CD8 T cells

1.11.1 Overview. The use of FCM allows for high resolution
delineation of T cell heterogeneity. Different features of the
remarkable heterogeneity of memory, but also seemingly naive,
T cells can be addressed depending on the questions raised. T cell
heterogeneity can be delineated by addressing surface markers
or intranuclear transcription factors indicative for differentiation
stages, chemokine receptors to address homing capacities, and
production of cytokines to assess functional stages. Depending on
the resolution required for monitoring T cell heterogeneity best is
to combine multiple of these aspects.

1.11.2 Introduction.
pathogen attack. Microbes and viruses lurk in the environment

The body is under constant threat of

and are evolutionary adapted to seize every opportunity to invade
the system. The network of cells that make up the immune system
works tightly together to protect against novel but also persis-
tent pathogens. If pathogens manage to get through the body’s
physical barriers the first line of immunological defense is made
up of innate immune cells. Innate cells are rapidly activated by
pathogen-associated molecules in a nonantigen specific way. As
a consequence, innate cells can react equally well to a variety of
pathogens. Simultaneously, innate cell activation also paves the
way for the second line of immunological defense by presenting
antigen processed peptides, which primes the adaptive phase of
the T-cell response. After priming in the secondary organs, T cells
migrate to the affected tissue where they execute cytotoxicity and
other effector functions. In addition, antigen-specific T-cell mem-
ory is formed. T-cell immunity is complex and there are an increas-
ing number of subsets defined by differentiation stage, function,
and cellular location. In the last decades, FCM proved itself to be
the key technology to study heterogeneity among human T-cell
subsets. However, as the options for multicolor FCM panel design
emerged due to technical innovation, this went hand-in-hand with
the increasing complexity to define T-cell subsets. As new T cell
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Table 22. A four-dimensional model to address T-cell differentiation
stages

Subset Expression

Number Name CD27 CD45RA CCR7 CD28
1 TN + + + +

2 TCM + - + +

3 Early + - - +

4 Intermediately  + - - -

5 Early-like - - - +

6 TE RA- - - - -

7 TE RA+ - + - -

subsets are defined at increasing rates, it is virtually impossible
to be complete. Hence, in this section we will review the best-
established cellular markers that can be measured to shed light on
these complexities.

Conventional human T cells are a subpopulation of lympho-
cytes that can be characterized by the expression of a T-cell recep-
tor (TCR), through which they can recognize peptides presented
in the context of HLA-molecules. The conventional TCR is com-
posed of a transmembrane alpha- and beta-chain heterodimer that
is embedded in the cell membrane in combination with the CD3
protein complex. In the thymus, T cells mature and develop into
two main cell lineages of CD4" and CD8* single positive T cells
that are released as naive cells, bearing either an af-TCR or y$-
TCR, into the circulation (Fig. 115). The lack of expression of
any of these markers identifies a third fraction of T cells in the
periphery. These so called double-negative T cells (DN) are a
legitimate component of the immune system but remain poorly
understood [858]. In the periphery, large numbers of naive T cells
(TN) survey the secondary lymphoid tissues and blood for cognate
antigen. In response to antigen exposure, TN start to proliferate
and differentiate rapidly into large numbers of effector and mem-
ory precursor T cells. Following pathogen clearance, the majority
of effector cells die while the memory precursor cells develop into
long-lived memory T cells [696, 859]. Although the precise model
of T-cell differentiation has not been fully deciphered, two mod-
els, progressive versus asymmetric differentiation, are currently
discussed that explain how T cells diversify into effector and mem-
ory subsets. Despite this discussion a consensus was reached about
markers that define naive and memory T-cell subsets [860]. Mark-
ers that can be used to phenotypically differentiate both CD4*
and CD8" TN, effector, and memory cells are two of the four iso-
forms of the CD45 family. While TN and effector T cell (TE RA+)
express the CD45RA molecule, both the central memory (TCM)
and the effector type RA- (TE RA-) cells preferentially express
CD45R0 and lack CD45RA, CD45RB, and CD45RC. To identify
TN the CD45RA marker should be combined with minimally one
additional marker. Markers that can be used include the L-selectin
CD62L, which guides T cells to the lymph nodes. Expression of
this marker can only be honestly assessed using freshly isolated
cells, as cryopreservation results in a profound decrease of CD62L
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Peripheral blood ratios of CD4" and CD8" T cells vary from donor to donor. A normal CD4:CD8 ratio is between 1 and 2. Low frequencies of double
negative CD37CD4~CD8™ cells are common and contain populations of NKT cells.

expression [861]. In addition the homing marker CCR7, costimu-
latory molecules CD27 and CD28 and adhesion molecule CD31 are

will be small populations of naive-like but differentiated T cells
not accounted for that require the use of specific additional mark-

used to define TN. Although the preferred marker to identify TN
appears redundant it is important to realize that little differences
may be observed by using different markers. Furthermore, there

ers to be identified among naive T cells. These include regulatory
CD4™ T cells (Treg), stem cell memory T cells (Tsem), and virtual
memory T cells (TVM) [862].
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to backbone described in Figure 115.
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Figure 117. Adhesion, chemokine and cytokine receptor expression identify up to eight functional subsets within the human CD4" memory pool.
Peripheral blood derived CD4" T cells can be divided between naive, cytotoxic, and eight different T-helper subsets based on the surface expression
of (A) CCR4, CCR6, CXCR3, CXCR5, CX3CR1, CD28, and CD161 and (B) production of IFN-v, IL-4, IL-10, IL-17, IL-21, and IL-22. For detection cells were
stimulated with Ionomycin and PMA in the presence of BFA and MN. Phenotyping and gating of T cells in peripheral blood according to backbone

described in Fig. 115.

Table 23. Gating on naive T cells

Subset Expression
Number Name CD27 CD45RA CCR7 CD28
8 Naive CD4  + + + +

1.11.3 CD4 T-cell differentiation. To date, the most appreci-
ated model to define CD4*" T-cell differentiation stages relies
on the differential expression of adhesion and chemokine recep-
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tors (Fig. 117A, Tables 23 and 24). Naive CD4" TN can be rec-
ognized by the mutual expression of CD45RA and CD27 com-
bined with a bright CCR7 staining. Below we describe a model
by which eight different antigen-experienced CD4" T cell sub-
sets can be distinguished. Type 1 helper (TH1) cells are critical
for cell-mediated immunity as they produce vast amounts of the
anti-viral IFN-y (Fig. 117B, Table 25). TH1 cells can be identi-
fied by the expression of CXCR3, which guides these cells to the
infected tissues. Other chemokine receptors expressed by TH1 are
CCR5 and CXCR6 [863]. While TH1 cells are critical for cell-
mediated immunity, CD4" TH2 cells are traditionally considered
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Figure 118. Effector CD8" T-cell differentiation during acute infection using KLRG1 and CD127. In humans four different effector populations can
be identified during acute infection based on the expression of KLRG1, CD127, CD45RA, and CD27. Phenotyping and gating of T cells in peripheral
blood according to backbone described in Fig. 115.

to support activation of other leucocytes such as B cells and are =~ CRTH2 [864]. TH2 can be further distinguished by the variable co-
associated with the production of the cytokines IL-4, IL-5, and  expression of other chemokine receptors including CCR3, CCR6,
IL-13 (Fig. 117B, Table 25). However, latest insights suggest that =~ CCR8, and CCR10 [865]. Caution is required when using CCR4
TH2 are not the principal B helper cells but are crucial for IL-  as expression is shared by TH17 and TH22 cells. Differentiation
5 mediated activation of eosinophils. TH2 cells are enriched in  of T cells into TH1 and TH2 subsets is controlled in a bipha-
the CCR4 positive fraction and some express the surface marker  sic model by the transcription factors T-bet and GATA binding

Table 24. Identification of CD4" T cell subsets by surface marker expression

Subset Expression

Number Name CCR6 CD161 CXCR3 CCR4 CCR10 CCR3 CD28 CX3CR1 CXCR5
1 TH1 - + -

245 TH2 - - +

4 THO + + - +

345 TH17 + + - +

4 TH17/TH1 + + + -

245 TH22 + - + +

6 Cytotoxic CD4 - +

5 Tfh +
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Figure 119. T-cell subsets as identified by intracellular staining of transcription factors and cytolytic molecules. Peripheral blood derived CD3"
T cells are divided between CTL and Ty cells. (A) CTL can be identified by the mutual expression of GZMB and Perforin. (B) CTL but also Ty1 cells
can be identified within the CD8 and CD4 lineage by the expression of T-bet and further divided by the expression of Eomes. (C) Hobit expression
strongly correlates with T-bet expression in CD8* T cells. (D) Treg cells can be identified among the CD257CD4" T cells by the expression of FoxP3
and Helios. Phenotyping and gating of T cells in peripheral blood according to backbone described in Figure 115.

protein 3 (GATA3) [720, 866]. T-bet has been shown to antagonize (Fig. 117B, Table 25); multiple functions have been attributed
GATA-3, the master regulator differentiation and maintenance of  to the IFN regulatory factor 4 (IRF4) driven TH9 cells of which
TH2 cells [867]. In recent years, TH subsets have been identified  a significant fraction expresses CCR3, CCR6, and CXCR3 [868],
that differ from the traditional TH1 and TH2 subsets by the prefer-  and the pro-inflammatory TH17 cells play an important role in
ential production of IL-9 (TH9), IL-17 (TH17), and IL-22 (TH22)  pathogen clearance of extracellular pathogens at barrier sites. In
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Figure 120. Detection of cytokine production and degranulation after stimulation of T cells. Peripheral blood T cells were stimulated for 4 h with
Iono and PMA or medium control in the presence of BFA and MN. (A) Stimulated CD8" and CD4" T cells were stained for expression of IFN-y
and IL-2. (B) TNF-a production was captured in combination with degranulation of stimulated CD8" T cells as detected by capture of CD107.
Phenotyping and gating of T cells in peripheral blood according to backbone described in Fig. 115.
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Table 25. Identification of CD4" T cell subsets by cytokine production

Subset Expression

Number Name IL17A  IL21 IFNy [IL22 1IL10 IL4
4 Thl - - +

1 Th2 - +

2 Th17 +

7 regTh17  + - +

8 TH17/TH1 + + -

5 Th22 - + -

3 Tfh - + -

6 Treg - - +

humans, TH17 cells can be identified by the mutual expression
of CCR6, and CD161 [869]. The TH17 lineage can be further
divided into more or less cytotoxic subsets based on the selective
expression of CXCR3 (TH17/TH1) and CCR4, respectively [870].
Several studies have demonstrated that a fraction of TH17 can
also secrete IFN-y besides IL-17 [870-872] (Fig. 117B, Table 25).
These cells are generally referred to as TH17/TH1 cells. More
recently a third subset of TH17 was characterized that harbored
regulatory T cell features. These cells can be identified by the
production of IL-10, which can be also produced by subsets of
TREG, referred to as Type 1 regulatory (TR1) cells, and rare
effector CD4 T cells (Fig. 117B) [873-876]. Differentiation of
TH17 cells is driven by the expression of RAR-related orphan
receptor y t (RORyt) which controls IL-17 transcription [721].
In addition, the skin-homing TH22 cells appeared to be regu-
lated by the aryl hydrocarbon receptor (AHR) transcription factor
and can be identified by the mutual expression of CCR6, CCR4,
and CCR10 [877, 878]. Finally, a decade ago a specific subset of
TH cells was discovered that resided in B-cell areas of follicular
regions in secondary lymphoid tissues. Consequently, these cells
were named follicular helper cells (TFH) and are identified by the
constitutive expression of the chemokine receptor CXCR5. Since
their discovery multiple TFH and TFH-like circulating cells have
been characterized based on the expression of programmed cell
death protein 1 (PD-1), CXCR3, CCR6, and the secretion of IL-21
(Fig. 117B, Table 25) [879]. TFH differentiation is orchestrated by
the transcription factor B-cell lymphoma 6 (BCL6) and is elemen-
tary for the activation of B cells in germinal centers and are there-
fore crucial for the induction of humoral immune responses [880].
The relationship between follicular BCL6+ TFH and circulating
TFH-like cells is still largely unclear. Finally, CD4* T cells can
also directly mediate viral clearance and suppress tumor growth
through cytotoxic function. Loaded with cytotytic molecules such
as Granzyme B and perforin these cells can be identified by the
surface expression of the Fractalkine receptor CX3CR1 and the
lack of CD28 (Fig. 117A, Table 24) [881].

1.11.4 CD8* T-cell differentiation. ~Several markers are proposed
in combination with CD45RA/RO to precisely define phenotypi-
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cally different CD8* T-cell subsets. Among these markers is CD27,
a member of the TNF receptor family that promotes survival of
T cells, CCR7, a chemokine receptor that mediates LN homing,
and the co-stimulatory molecule CD28, which is required for
T-cell activation and survival (Fig. 116, Table 22) [882-885].
mAbs directed against these markers are widely available and
conjugated to plenty of different fluorescent dyes that enables
broad application in various multicolor phenotyping panels. The
4D model to address T-cell differentiation stages starts with TN
(CD27tCD28"CCR7+CD45RA™). After priming TN differentiate
through early-differentiated (CD27*CD28"CCR7~ CD45RA"),

early-like (CD27-CD28"CCR7 CD45RA), and inter-
mediately differentiated (CD27+CD28~ CCR7 CD45RA™)
T cells to give rise to TE RA+ (CD27 CD28 CCR7~
CD45RA"), TE RA- (CD27 CD28 CCR7 CD45RA™) and

TCM (CD27+CD28*"CCR7+CD45RA™) cells. TE RA- are memory
cells that in contrast to TCM lack constitutive expression of CCR7.
In healthy individuals without any clinical signs of viral infection,
from now on referred to as steady state, naive and early differenti-
ated type form the most abundant circulating CD8* T-cell subsets.
In humans that are chronically infected with Cytomegalovirus
(CMV) or HIV the effector type RA+ also contributes substantially
to the CD8* T cell compartment composition. Similar phenotypic
heterogeneity exists in the CD4" T cell compartment although
subdivisions of differentiation stage based on the expression of
CD28 and CCR?7 are not generally recognized. However, although
effector type CD4™ T cells are virtually absent during steady state,
increasing evidence suggests that cytolytic CD4" T cells play an
important role during infections and these cells are appreciated
to lack CD28 expression [881, 886].

In multiple well established models of CD8" T cell differen-
tiation during acute infection, expression of the IL-7 receptor a-
chain (CD127) is used to discriminate between the short-lived
effector cells (SLEC) and the memory-precursor effector cells
(MPEC) [887]. Although mice and human differ significantly in
life span and pathogen encounter, immune cell gene expression
demonstrated high similarities [888, 889]. In humans, the com-
bined use of these markers is less established and combinations of
different markers have been used to define T-cell differentiation
during acute infections. In combination with the cell-surface mark-
ers CD45RA and CD27, the human equivalent of MPEC cells can
be identified by an increased expression of CD127 that goes hand-
in-hand with a decreased expression of the killer cell lectin-like
receptor G1 (KLRG1) (Fig. 118). In addition, the human equiv-
alent of SLEC can be identified by the selective expression of
KLRG1. In contrast to the bi-phasic model in mice, the major-
ity of the human effector CD8" T-cell compartment consists of
double positive effector cells (DPEC). In addition, low number of
early effector cells (EEC) can be identified that lack both CD127
and KLRG1 expression. Although these markers can be used to
define distinct subsets in the circulation and lymph nodes during
the acute phase and in “steady state” in humans [890], it remains
to be elucidated to what degree these populations are functionally
comparable between both species.
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1.11.5 Transcriptional regulation of human T-cell differentiation.
The relationship between phenotype and function has been sub-
ject of much investigation. Although the association between the
above mentioned surface markers and T-cell function are mostly
well established, ultimately not all phenotypically similar T cells
share the same cell fate and effector response. The emerging com-
plexity among T-cell subsets and their potential to elicit a plethora
of effector functions require a more thorough characterization of
each subset that would reflect its function. The actual regulator of
T-cell development and function is the circuitry of transcription
factor expression. Complex interactions of transcription factors
drive expression of target genes that ultimately determine T cell
functionality and many use opposing mechanisms to counter-
regulate each other [741]. Multicolor FCM is the preferred
method of choice to detect low frequent T-cell subsets with differ-
ential transcription factor expression within heterogeneous T-cell
populations. As these factors bind to DNA, they are concentrated
in the nucleus. To allow Abs to reach their nuclear epitopes
T cells need to be fixated and permeabilized. There is a variety of
commercial kits and procedures available to accommodate these
stainings. Permeabilization may induce cell shrinkage and loss of
surface marker staining intensity and protocols should therefore
be validated and optimized. Generally the FSC and SSC voltage
are amplified for intracellular protein staining. The CD8" T-cell
lineage is enriched for cytolytic cells (CTL) that are very effective
in direct lysis of infected target cells. During chronic infections
CTL-like cells can also be detected among the CD4* lineage. These
cells can be recognized by the expression of Granzyme B (GZMB)
and Perforin that are stored in acidic lysosomes (Fig. 119A). Differ-
entiation of CTL, but also TH1 differentiation was demonstrated
to be regulated by expression of the T-box transcription factor
Tbx21 (T-bet) [732]. While T-bet drives terminal differentiation of
effector T cells, expression of a second T-box transcription factor,
Eomesodermin (Eomes), enables TH1 cells to generate memory
with a certain degree of redundancy (Fig. 119B) [885, 891]. In
addition, Eomes expression can also be used to define a subset
of Treg cells, referred to as TR1 cells that lacks FoxP3 expression
and produces IL-10 [875, 876]. Recently, the zinc finger protein
ZNF683 (Hobit) was identified as a transcriptional regulator of
CD8* and CD4™" effector type T cells in humans and the lack of
CD28 (Fig. 117A) [892, 893]. Expression of Hobit strongly corre-
lates with T-bet and regulates production of IFN-y (Fig. 119C). To
prevent immune-mediated pathology by ongoing effector function
and unrestricted expansion of CTL and TH1 cells, the stimulatory
activities of these subsets are counterbalanced by natural and
induced Tregs. These suppressor cells are CD4™ T cells, exert their
modulatory function by direct interaction with target cells, by
the secretion of immunosuppressive cytokines such as TGF-f and
IL-10 and by increasing the consumption of IL-2. Two lineages of
Treg cells can be distinguished in humans. Both express the IL-2
receptor alpha chain (CD25) and the transcription factor forkhead
box 3 (FoxP3) and can be distinguished by the expression of the
transcription factor Helios [767, 768, 894] (Fig. 119D). Although
in mice the expression of Helios is used to identify natural and
peripheral induced Treg cells, that developed in the thymus
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or periphery, respectively [775], this model is controversial in
humans.

1.11.6 Human T-cell effector function.
subsets on basis of cytokine production usually in vitro stimula-

To define specific T-cell

tion is required. Since cytokines are not preformed, their levels
are typically low in resting cells. Accumulation of cytokines within
the ER is achieved by adding an inhibitor of protein transport to
stimulated cells. The two most frequently used inhibitors are Mon-
ensin (MN) and Brefeldin A (BFA). The choice of protein transport
inhibitor is very important as they can have differential effects on
surface and intracellular protein expression after stimulation. For
example, BFA will help to maximize the capture of TNF-a, IFN-y,
and IL-17 but blocks the surface expression of the T-cell activation
marker CD69 (Fig. 120A). In addition, MN maximizes the detec-
tion of the T-cell degranulation marker CD107 (Fig. 120B). After
polyclonal stimulation of T cells cytokines are produced with dif-
ferent kinetics. For most cytokines a stimulation and accumulation
period of 4-6 h is optimal. However, for several cytokines such as
IL-10 and IL-12 the production kinetics are relatively slow and
up to 24 h stimulation may be required for optimal detection. As
both MN and BFA are toxic, exposure of stimulated cells should be
limited. Consequently, for the longer stimulations (>6 h) MN and
BFA may be added during the last 4-6 h. MN was demonstrated
to be less toxic and can be added for periods up to 24 h. When
there is no prior knowledge regarding the specific cytokines that
will be produced by the stimulated T cells, expression of activation
induced markers can be considered. Both CD4" and CD8* T cells
depict CD69 and HLA-DR expression as early as 4 h after stimula-
tion. Other markers like the CD8* biased 4-1BB (CD137) and the
CD4" T-cell biased CD40L (CD154) peak at 24 h after stimulation.
One problem with defining T-cell phenotypes after stimulation is
the internalization of TCR and the CD4 and CD8 coreceptors. This
will result in a decreased staining intensity for CD4, CD8, and
especially CD3, which makes it more difficult to define T cells.
By either staining the cells before stimulation or by intracellular
staining of these markers, this problem can be circumvented.

1.11.7 Step-by-step sample preparation.

1. Freezing PBMC

1. Isolate PBMC from heparinized blood or buffy coat by using
Ficoll or lymphoprep according to manufacturer’s protocol.

2. Collect the PBMC in 50 mL tubes.

3. Add washing medium up to 50 mL and centrifuge for 10
min at 500 x g at room temperature.

4. Aspirate supernatant, resuspend pellet in 50 mL washing
medium and centrifuge for 10 min at 250 x g at room
temperature.

5. Aspirate supernatant, resuspend pellet in 35 mlL washing
medium and centrifuge for 10 min at 250 x g at room
temperature.

6. Resuspend in 1-2 mL of thawing medium and put on ice.
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10.

11.
12.

13.

Count cells and adjust concentration to 10—25 x 106
cells/mL.

Prepare a similar amount of freezing medium and put on
ice.

Make sure your cells, cryovials, and freezing medium are
cold before freezing.

Add drop by drop, while gently shaking, 1 mL of freezing
medium for every mL of cell suspension.

Transfer 2 mL of the cell suspension to each vial.

Freeze the cryovials by using a Mr. Frosty (Nalgene), Cool-
Cell (Corning), or a freezing apparatus at —80°C for a
period of four to 24 h.

Store the vials until further use in liquid nitrogen.

2. Thawing PBMC

. Thaw the vials by gently shaking in a 37°C water bath,

until little ice remains.

Transfer the contents of the vial to a 50 mL tube.

Add drop by drop, while gently shaking, 18 mL of cold
thawing medium.

Let the cell suspension rest for 20 min and centrifuge for
10 min at 500 x g.

Aspirate supernatant, resuspend pellet in 50 mL washing
medium and centrifuge for 10 min at 250 x g at 4°C.
Aspirate supernatant, resuspend pellet in desired volume
of FCM buffer (for surface and intracellular stainings) or
culture medium (for stimulations) and count cells.

3. Surface staining

10.

Transfer up to 2 x 106 PBMC to a 96-well round buttom
plate (Greiner BioOne).

Centrifuge the plate at 390 x g at 4°C for 3 min.

Aspirate supernatant and resuspend cells by gently vortex-
ing the plate.

Add 30 pL FCM buffer containing a pretitrated appropriate
amount of tetramer for each well (prepare 1x extra).
Incubate for 30 min at 4°C, shaking, protected from light.
Meanwhile prepare surface staining (including the
live/dead exclusion dye) in a total volume of 30 pL. FCM-
buffer for each well (prepare 1 x extra).

Add 30 pL surface staining mix, without washing the cells,
directly into the well and incubate for a further 30 min at
4°C, shaking, protected from light.

Add 150 pL FCM buffer and centrifuge at 390 x g at 4°C
for 3 min.

Resuspend cells by gently vortexing the plate.

Add 100 pL FCM buffer, and analyze by FCM cell sorting
in the desired format, or continue with the intracellular
staining protocol.

Note: Always use appropriately titrated Abs and tetramers,

which is usually “not” the concentration suggested by the supplier.
The ins and outs of titrating Abs can be found in the ref. [608].
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4. Intracellular stainings of transcription factors and cytolytic
molecules

10.

After surface staining add 200 pL Fixation/Permeabilization
buffer.

Gently resuspend the cells by pipetting up and down three
times.

Incubate for 20 min at 4°C, shaking, protected from light.
Centrifuge for 5 min at 700 x g at 4°C.

Aspirate supernatant and resuspend cells in 200 puL. FCM
buffer and centrifuge for 5 min at 700 x g at 4°C.
Aspirate supernatant and resuspend cells by pipetting up
and down 3 times in 50 pL of the intracellular staining mix
prepared in Permeabilization Buffer.

Incubate 30 min at 4°C, shaking, protected from light.
Add 150 uL Permeabilization Buffer to each well and cen-
trifuge for 5 min at 700 x g at 4°C.

Aspirate supernatant and resuspend cells in 200 pL Perme-
abilization Buffer and centrifuge for 5 min at 700 x g at
4°C.

Aspirate supernatant and resuspend cells in 100 pL. FCM
buffer and analyze by FCM cell sorting in the desired for-
mat.

5. Cytokine staining

®

10.
11.

12.

13.
14.

. Transfer PBMC into suspension culture flasks (690 190,

Greiner) at 1 x 106 cells/mL in culture medium (flask
standing upright, or 45° tilted depending on volume) and
rest them overnight in a 37°C 5% CO, incubator.

Transfer cells to a 15 mL tube and centrifuge for 10 min at
500 x g at room temperature.

Aspirate supernatant, resuspend cells and add 1 mL of cul-
ture medium.

Count the cells and adjust concentration to 10-20 x 106
cells/mL.

Add 100 uL control mix to the correct wells of a non-
tissue culture treated 96-well round bottom plate (3788,
Corning).

Add 100 pL stimulation mix to the correct wells of the
96-well plate.

Then add 100 pL cell suspension.

Incubate for 4 h in a 37°C 5% CO, incubator.

Put plate on ice for 15 min after incubation.

Centrifuge plate for 5 min at 700 x g at 4°C.

Aspirate supernatant, resuspend cells in 200 uL. FCM buffer
and centrifuge plate again for 5 min at 700 x g at 4°C.
Aspirate supernatant, resuspend cells in 50 pL. FCM buffer
containing a pretitrated appropriate amount of surface
staining mix.

Incubate for 30 min at 4°C, shaking, protected from light.
Add 150 pL FCM buffer and centrifuge at 700 x g at 4°C
for 3 min.
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Aspirate supernatant and add 100 uL. of Cytofix/Cytoperm
reagent (554722, BD Biosciences) to each well and resus-
pend by pipetting three times up and down.

Incubate for 20 min at room temperature protected from
light.

Add 100 pL FCM buffer and centrifuge at 700 x g at 4°C
for 3 min.

Aspirate supernatant and add 50 pL intracellular staining
mix prepared in 1x perm/wash and resuspend by pipetting
three times up and down.

Incubate for 30 min at 4°C, shaking, protected from light.
Add 150 pL 1 x perm/wash to each well and centrifuge
for 5 min at 700 x g at 4°C.

Aspirate supernatant, add 200 pL 1x perm/wash to each
well and centrifuge for 5 min at 700 x g at 4°C.

Aspirate supernatant and resuspend cells in 100 pL. FCM
buffer and analyze by FCM cell sorting in the desired for-
mat.

Note: Protocol adapted from Lamoreaux et al. [608].

1.11.8 Materials.

6. Monoclonal antibodies

1.

Surface staining:

BD Biosciences: CD4 BUV 395 (SK3), CD45RA BV421
(HI100), CCR7 BUV395 (150503), CD45RA BV650
(HI100), CXCR5 Alexa Fluor R _ 488 (clone RF8B2),
CD25 APC (clone 2A3) CD161 FITC (DX12).

eBioscience: CD3 PE (UCHT1), KLRG1 AF488 (clone
13F12F2), CD4 PerCP-eFluor 710 (clone SK3), CD127
PE-Cy7 (clone eBioRDR5), CD27 APC-eFluor 780 (clone
0323), CD107a FITC (clone H4A3)

Biolegend: CD27 APC-Fire 750 (0323), CCR6 Alexa
Fluor R _ 647 (clone GO34E3), CCR7 BV421 (clone
G043H7), CX3CR1 FITC (clone 2A9-1), CCR4 BV421
(L291H4), CD28 Alexa Fluor 700 (CD28.2), CD127
BV650 (A019D5). R&D Systems: CXCR3 PE (clone
49801)

Sanquin: CD28 FITC (15E8)

Live/dead exclusion dyes: Live/dead fixable dyes (Ther-
mofisher) or Fixable viability dye (eBioscience); we here
use Fixable viability dye eFluor 506 (eBioscience).
Intracellular stainings:

BD Biosciences: IL-4 PE (3010.211), IFNy BUV395 (B27),
granzyme B Alexa Fluor R _ 700 (clone GB11), IL-2
PE (clone 5344.111), IL-10 BV650 (JES3-9D7), TNEF-
a Alexa Fluor R _ 700 (clone MAb11), Perforin BV421
(clone B-D48), Hobit (clone 5A);

eBioscience: 1L-21 eFluor 660 (eBio3A3-N2), Eomes Per-
CPeFluor 710 (WD1928), Helios PE-Cy7 (22F6), IFN-
y APCeFluor 780 (clone 4S.B3), FoxP3 PE (clone
PCH101), T-bet PE-Cy7 (clone 4B10)
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Biolegend: IL-17A BV421 (BL168), IL22 PE (BG/IL22),
Anti-IgM PE (clone ma-69)

7 Flow cytometer

All experiments were performed on a LSR Fortessa flow

cytometer with a 365 nm, 405 nm, 488 nm, 561

nm and 640 nm configuration (BD Bioscience). Filters:

379/34(365) for BUV395; 530/30(488) for FITC or AF488;
665LP(488) for PerCP-eFluor 710; 450/50(405) for BV421;
525/50(405) for BV510, V500 and Fixable viability dye
eFluor 506; 660/20(405) for BV650; 710/40(405) for

BV711; 800/50(405) for BV785; 585/15(561) for PE;

780/60(561) for PE-Cy7; 675/20(640) for APC or AF647;
730/45(640) for AF700; 780/60(640) for APC-eF780 and

APC-FIRE 750.

8 Media and buffers:

Thawing medium:

IMDM
20% (v/v) FCS
0.00036% (v/v) 2-ME

Freezing medium (after addition of DMSO use within 1 h):

IMDM

20% (v/v) FCS

20% (v/v) DMSO
0.00036% (v/v) 2-ME

Washing medium:

HBSS
5% (v/v) FCS
10% (v/v) TRIS-HCL pH 7.0 (as extra buffering)

Culture medium:

RPMI
10% (v/v) FCS

FCM buffer:

Phosphate buffered saline (PBS)

0.5% (w/v) BSA

0.01% (w/v) sodium azide

2mM EDTA pH 8.0 (to prevent clots)
Fixation/Permeabilization buffer (FOX-P3 kit eBioscience)
75% Fixation/Permeabilization Diluent (cat. 00-5223)
25% Fixation/Permeabilization Concentrate (cat. 00-5123)
Permeabilization Buffer (FOX-P3 kit eBioscience)

90% Fixation/Permeabilization Diluent (cat. 00-5223)
10% Permeabilization Buffer (10 x) (cat. 00-8333)

Stimulation mix:

Culture medium

2 pg/mL Ionomycin

20 ng/mL PMA

20 pg/mL BFA

2.8 pLl/mL GolgiStop (BD Bioscience)

wWww.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1457-1973

Control mix:

® Culture medium
20 pg/mL BFA
2.8 pL/mL GolgiStop (BD Bioscience)

1 x perm/wash:

10% 10 x perm/wash (554723 BD Biosciences)
90% ddH20

1.12 Human tissue resident memory T cells

1.12.1 Overview. Resident memory T cells (Tgry) reside in
human tissues, ranging from peripheral organs such as skin to
internal organs such as the liver. These Try are specifically pro-
grammed to remain within these tissue compartments there within
providing protection. Techniques to isolate and identify human
Trm by FCM were developed and verified by multiple research
groups and are described below.

1.12.2 Introduction.
T cells has been identified that is specifically adapted for survival

In the last decade a subset of memory

and function within tissues. These so-called tissue resident mem-
ory T cells (Try) are important for rapid local protection within
tissues and can be identified by a variety of markers, including
adhesion molecules and chemokine receptors. The vast majority
of human T cell knowledge has been based on T cells isolated from
peripheral blood due to the lack of tissue accessibility until recent
years. Both CD8*' and CD4" Try have been identified in human
skin, lung, intestines, salivary glands, bone marrow, brain, spleen,
tonsils, and lymph nodes [895-903]. In mice, the existence of Try
was proven by parabiosis experiments (see Section 1.4 Murine res-
ident memory T cells). In humans, the possibilities of validating
Try are far fewer, but recently the maintenance of Try in the lung
was shown by transplantation [904].

Trm lack the expression of lymph node homing molecule CCR7
and tissue egress molecule S1PR1. Human Try have a mem-
ory phenotype CD45RA~CD45RO* and CCR7-CD27+/~CD28*/~.
The most widely/classical used marker of Try is CD69. CD69 that
inhibits the function of S1PR1 so Try are not attracted to the high
SIP gradient in the blood and lymph and therefore retains T cells
within tissues [905]. It should be noted that in mice it was shown
that CD69 is an imperfect marker of Try as Try lacking CD69 also
exist [906]. However, markers categorizing Tgy within CD69~
T cells in human tissues are yet to be confirmed. Furthermore,
CD69 is a classical activation markers, which should be kept in
mind especially when performing functional assays. Try do not
express other classical activation markers, such as CD25, CD38, or
HLA-DR [895, 897, 902, 907]. An identifier of Try; at mucosal sites
is CD103 (a subunit of aER7 integrin), which helps Tgry dock to
E-cadherin expressing epithelial cells [908]. These Tgry co-express
CD69 and CD103 and are found mainly in the skin, lung, sali-
vary glands, brain, and intestines [899-902]. Try reside in other
tissues, such as the liver and bone marrow, and in these tissues
Try express CD69 but not CD103. Try also express chemokine
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receptors CXCR6, CXCR3, CCR5, and integrin CD49a (a sub-
unit of alpl integrin) throughout the different tissues. CD69*
Try lack the expression of CX3CR1, mainly expressed by effector
T cells.

Try are polyfunctional and rapidly produce cytokines upon
stimulation [900, 901], which can be quantified with in vitro stim-
ulation in the presence of brefeldin A and staining for cytokines
intracellularly. In the skin CD49a identifies CD8" Try poised for
cytotoxic function [909]. This rapid effector function needs to
be tightly controlled in order to protect the tissues where Tgy
reside. Inhibitory receptors PD-1, CTLA-4, and 2B4 are expressed
by Trm [899-901], which may control the effector function of
these Try.

In the recent years, Try have also taken the spotlight in cancer
immunotherapy. The use of tumor infiltrating lymphocytes (TILs)
and Ab immunotherapy were one of the big breakthroughs of
cancer immunotherapy. Further research revealed that the pres-
ence of CD1037CD8" TILs are a positive prognostic marker in
several cancers [910-913]. A subset of TILs in tumors of NSCLC
share the phenotype of Ty in adjacent lung tissue (expression of
CD103, CD69, CXCR6, CD49a) [913, 914]. A proportion of PD-
1** TILs with a Try phenotype also express CXCL13, the ligand of
CXCRS5 [914-916]. Furthermore, tumors consist of tumor-specific
TILs as well as tumor nonspecific T cells so-called bystander
T cells. While tumor-specific TILs express high levels of CD39,
the bystander T cells lack CD39 expression [917].

In order to further unravel the heterogeneity of human Try
Single cell RNA-sequencing platforms should be utilized and the
results obtained from these experiments should be validated by
multicolor FCM and functional assay.

1.12.3 Step-by-step sample preparation.

1.12.3.1 Isolation of human Tgy. The following protocol was
designed for isolating mononuclear cells from various tissues,
including intestines, lung, and tumor tissue, described previously
[895, 918].

1. Cut tissue into small pieces and incubated for 1-2 h at 37°C in
digestion medium while shaking/rolling

2. Dissociate the tissue using gentleMACS® Tissue Dissociator
(Miltenyi)

3. Pass the digested tissue through a flow-through chamber to
achieve a single cell suspension

4. After centrifugation, incubate the samples with 50 pg/mL
DNase for 15 min in a 37°C water bath

5. Toisolate mononuclear cells from the cell suspension, use stan-
dard Percoll density gradient technique

6. Isolated mononuclear cells can be used directly for experi-
mentation or cryopreserved in liquid nitrogen until further
analysis

7. For cryopreservation, resuspend cells in cold FCM buffer and
add the same volume of 2x freeze medium dropwise and take
directly to cryo.
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Figure 121. Gating strategy for human Try. The above gating strategy is shown for human lung tissue Tgry, but similar gating strategies apply
for other tissues. Side (SSC) and forward (FSC) scatter are used to gate on lymphocytes, followed by gating out doublets also using SSC and FSC.
Live/dead marker Near-IR is used to gate out dead cells and CD3 eVolve605 to gate on T cells. To gate out aggregates, CD45RA QDot655 and CD27
PE-CF594 are used. Whether or not this aggregate gating is necessary depends on your antibodies and cells used. To distinguish between CD4"
and CD8* T cells, CD4 BUV737 and CD8 BUV805 are used. The most widely used markers of TRM are CD69 and CD103, which can be stained for on
both CD4* and CD8" T cells

10.
11.

12.
13.

14.

15.

16.
17.

18.

1.12.3.2 FCM staining of human Tgry.

Prepare surface staining mix in FCM buffer

. For staining use 1 x 10°-2 x 10° cells

Add cells to 96-well V-bottom plate and centrifuge (350 x g,
5 min, 4°C)

Remove the supernatant

Resuspend cells in 25-50 pL staining mix per well (amount
depends on number of cells)

Incubate for 15-20 min on ice

Wash cells by adding 150 pL. FCM buffer and centrifuge
(350 x g, 5 min, 4°C)

Remove supernatant

For only surface staining, resuspend in 80-120 uL FCM buffer
(depending on amount of cells) and measure

Cells can also be fixed with a mild fixative (0.5% PFA)

For intracellular stainings, fix cells by resuspending the cells
in 50 puL of fixation solution

Incubate for 30 min on ice

In the meantime, prepare intracellular staining mix in 1x
permeabilization buffer

Wash cells by adding 150 pl. FCM buffer and centrifuge
(550 x g, 5 min, 4°C)

Resuspend cells in 25-50 pL intracellular staining mix per
well (amount depends on number of cells)

Incubate for 30 min on ice

Wash by adding 150 uL 1x permeabilization buffer and cen-
trifuge (550 x g, 5 min, 4°C)

Remove supernatant and resuspend cells in 80-120 uL of
FCM buffer (depending on amount of cells) and measure
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.12.4 Materials.

Medium: RPMI with 20 mM Hepes, 10% fFCS, 1% pen/strep,
1% L-glutamine

Digestion mix: medium, 50 U/mL DNase type I (Sigma—
Aldrich), 300 U/mL collagenase D (Worthington)

DNase (Sigma-Aldrich) (dilute in medium)

Percoll (GE Healthcare)

FCM buffer: 0.5% FCS PBS

PFA: paraformaldehyde

2x Freeze medium: 20% DMSO, 30% PBS, 50% FCS

Fixation solution from Foxp3 Transcription Factor Staining kit
(Thermofisher)

1x Permeabilization buffer from Foxp3 Transcription Factor
Staining kit (Thermofisher)

Flow cytometer: LSR II, LSRFortessa or FACSymphony (BD)

In Table 26 is a list of Abs that can be used to identify human
Tgu, this list is not complete.

Live/dead fixable dead cell dyes (Thermofisher)/Zombie fixable
vialibity kits (Biolegend) should be used in the surface staining
mix to distinguish live cells

.12.5 Data analysis and gating. For analysis of FCM data FACS

Diva (BD) or FlowJo (Tree Star) software should be used. First,
lymphocytes and single cells should be gated, after which the
compensations should be checked. Single stainings should be used
for compensation controls. After the compensations are adjusted
the analysis can continue. General gating includes exclusion of

dead cells using a live/dead fixable dye (in this case Near-IR from

Thermofisher) and gating on CD3* cells to distinguish T cells.
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Table 26. List of useful antibodies for identifying human Trm

Flow cytometric phenotyping of cells across species and tissues

Species Epitope Clone Company Fluorochrome
Human CD3 UCHT1 BD BUV661, BUV395
Human CD4 SK3 BD BUV737

Human CD8 SK1 BD BUV805

Human CD69 FN50 BD BUV395, BV421
Human CD28 CD28.2 BD BV605

Human CD103 Ber-ACT8 BD FITC

Human CD49a SR84 BD PE

Human TNFa Mab11 BD FITC, PeCy7
Human CD45RA HI100 BD BUV563

Human CD25 2A3 BD PE, BV605

Human GZMB GB11 BD AF700, AF647
Human CD137 4B4-1 Thermofisher AF647, PeCy7
Human CD4 S3.5 Invitrogen QD705

Human CD3 UCHT1 Invitrogen QD605

Human CD45RA MEM-56 Invitrogen QD655

Human CD3 OKT3 ThermoFisher eVolve605, SuperBright600
Human CD103 B-Ly7 ThermoFisher PE, PeCy7, FITC
Human Eomes WD1928 ThermoFisher eFluor660

Human HLA-DR LN3 ThermoFisher FITC

Human 2B4 eBioDM244 ThermoFisher APC

Human CXCR6 KO041E5 Biolegend APC

Human CCR5 J418F1 Biolegend BV421

Human CD27 0323 Biolegend BV510, BV650
Human CD103 Ber-ACT8 Biolegend AF647, BV711, BV605, BV421
Human CD69 FN50 Biolegend PeDazzle594, AF647
Human Tbet 4B10 Biolegend BV421

Human IFNy 4S.B3 Biolegend eF450, BV785, Pe
Human PD-1 EH12.2H7 Biolegend BV421, PeCy7
Human CTLA4 L3D10 Biolegend PE

Human TNFa Mab11 Biolegend PeDazzle594, BV421

CD3™ T cells should then be separated into CD4* and CD8™ T cells.
The common markers of Ty are CD69 and CD103 (as shown in
Fig. 121), but many more markers have been identified up to now
(described above and listed in Tables 27 and 28).

1.12.6 Pitfalls. Tsolation of T cells from human tissues often
requires enzymatic digestion with collagenases, which can affect
the expression of certain proteins, particularly chemokine recep-
tors, such as CCR6 [920], due to their large structure and multiple
transmembrane domains. This should be kept under consideration
when staining tissues that have undergone enzymatic digestion.
The preferred collagenase used by multiple research groups is col-
lagenase D [895, 899, 901]. Furthermore, cryopreservation can
also affect expression of proteins, such as L-selectin/CD62L. Var-
ious markers of Try are shared between tissues, but it should be
kept in mind that some markers and ratios of certain populations
can vary per tissue compartment. The amount of unconventional
T cells, such as TCR-y8, MAIT cells and NK T cells, should also
be determined, which varies per tissue. If there are significant
amounts of these unconventional T cells, a dump channel should
be applied.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1.12.7 Tips/tricks.

1. Careful panel design is important with more than 10 color
flow
(a) The major problem is the scatter caused by compensation
of some fluorochromes, not per se the amount needed to
compensate
2. Some examples of compensation issues
(a) To use BUV805, BV737, and BV785 in the same panel, BD
FACSymphony is required
(b) BUV661 spills into APC so BUV661 signal should not be
too bright and APC signal should be relatively bright
(c) BUV737 spills into BUV805 so using markers that are
clearly distinct from each other such as CD4 and CD8
is advisable
(d) A lot of compensation is required between BV605 and
BV650
(e) Properly titrating antibodies and not using antibodies at
too high concentrations can significantly help
3. Some tissues suffer from autofluorescence
(a) It can help to keep a Brilliant violet channel empty or
sometimes the autofluorescence can be gated out when
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Table 27. Markers used to identify human Trm

Eur. J. Immunol. 2019. 49: 1457-1973

Marker Expression Functional implication Reference

CD69 + Tissue retention [895-903]

CD103 + (mucosa/skin) Tissue retention [895-897, 899-902]
CD45RA - Memory defining [895-897, 899-902]
CD45RO + Memory defining [895-897, 899-902]
CD27 +/— Co-stimulation [899, 901]

CD28 +/— Co-stimulation [896, 901]

CCR7 - Lymph node homing [895-902]

CD49a + Retention [900-902]

CXCR6 + Recruitment/retention [900-903]

CCR5 + Recruitment/retention [901-903]

CXCR3 + Recruitment/retention [901, 902]

CX3CR1 - Cytotoxic function/endothelial adhesion [900, 903]

IL-7Ra + Homeostasis [896, 900]

PD-1 + Inhibitory [899, 901, 902, 907]
CTLA-4 + Inhibitory [901, 902]

2B4 + Inhibitory [901]

CD101 + (CD8 Trm) Inhibitory [907]

NKG2A + (CD8 Trm) Inhibitory NK receptor [919]

CD9% + (CD8 Trum) Forms inhibitory receptor complex with NKG2A [919]

Eomes - Effector function/effector differentiation [899, 901, 902]
T-bet -/+ Effector function/differentiation/lineage defining [899, 901, 902]
HLA-DR - Activation [907]

CD25 - Activation [895, 897, 902, 907]
CD38 - Activation [907]

Ki67 - Proliferation [897, 902, 907]

two fluorochromes, where no double positive signal is

1.13 Immune senescence (aging) of human T cells

expected, are plotted against each other

4. Isotype controls or FMOs (fluorescence minus one) should be
used if there is only a shift in a population instead of a clear
staining/bimodal populations

5. To avoid aggregates caused by some fluorochromes, the anti-
body mixes can be centrifuged at 1400 rpm for 10 min. After-
wards the aggregates should be pelleted and the antibody mix
should not be pipetted from the bottom of the tube or resus-
pended again.

6. A dump channel may be necessary for unconventional T cells
such as TCR-y8, MAIT cells, and NK T cells and these can be
for example put in the same channel as the live/dead marker
to exclude them

Table 28. Effector molecule expression/production by human Tru

In human aging, the functionality of the adaptive immune sys-
tem diminishes, known as immunosenescence. Immunosenes-
cence leads among others to increased susceptibility to infectious
diseases through diminished responses to pathogens [921]. In
addition, a continual low-grade pro-inflammatory milieu is associ-
ated with aging (inflammaging), which is linked to several aging-
associated diseases with an inflammatory pathophysiology such as
various neurodegenerative [922] and metabolic diseases [923],
leading to increased mortality. There is great interest in the phys-
iology of aging to better understand the aging process and tech-
niques to monitor them. Within the T-cell repertoire, aging is
known to lead to a loss of naive T-cells, with a reciprocal increase
in effector memory T-cells [921]. This process is fueled among
others due to involution of the thymus from adolescence onward.

Marker Expression Function Reference
IFN-y + (upon stimulation) Kill or recruit cells [899-901]
TNF-a + (upon stimulation) Kill or recruit cells [901]
IL-2 + (upon stimulation) Survival/proliferation [900, 901]
IL-17a + (upon stimulation) Extracellular pathogen protection [900]

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 29. Examples of flow cytometry markers used to identify aged T-cells in humans

Marker Expression Functional implication References
Loss of naive cells
CD28 - Co-stimulation [430, 921, 924, 926, 927, 929, 931-933]
CcD27 - Co-stimulation [924, 927, 928, 931]
CD45RA - Memory [925, 928, 930, 931, 933]
CCR7 - Homing to secondary lymphoid organs [924, 931, 933]
CD62L - Homing to secondary lymphoid organs [932]
Decrease in recent thymic emigrants
PTK7 - Tyrosine-kinase [933]
CD103 - Integrin [933]
Increase in senescent cells
CD57 + Terminal differentiation [430, 924, 926, 927, 930, 933]
KLRG1 + Immune checkpoint [924, 927, 931]
HLA-DR + T-cell activation [926]
Loss of mitochondrial function
MitoSOX + Mitochondrial reactive oxidative species [928]
MTG +/— Mitochondrial mass [928]
TMRM + Mitochondrial membrane potential [928]
Impaired autophagy
LC3 - Autophagosomes [427, 430, 928]
LysoID - Lysosomes [430]

This naive T-cells fraction is conventionally studied by FCM using
Abs against a panel of (co-stimulatory) surface antigens such as
CD28 [924]. See Table 29 for examples of commonly used FCM
markers for the identification of aged human T cells. The decrease
of the naive T-cell population is accompanied by an increase of
oligoclonal effector memory populations [925]. This process is
driven by latent viral infections, such as cytomegalovirus (CMV).
Especially in the oldest-old individuals, large proportions of the
T-cell repertoire seems to be occupied by CMV-specific effector
memory T-cells [926]. Therefore, when studying human aging in
T-cells, the CMV seroposivity status of the subject must be taken
into account. Age-associated T-cell dysfunction include replica-
tive senescence that is characterized by the expression of CD57
and KLRG1, which were found to be increased in both CD4 and
CD8* T-cells in the elderly [927]. Other age related processes
include perturbations in T-cell homeostasis and mitochondrial dys-
function, which can both be assessed using FCM. For example, a
recent study found that while mitochondrial mass increased in
CD8" T-cells with age, they exhibited a diminished membrane
potential, indicating a loss of mitochondrial function which was
accompanied by an increase of mitochondrial reactive oxygen
species [928]. Another process, which is known to be vital to T-cell
homeostasis during aging, is autophagy. Lysosomal degradation of
defective proteins and recycling thereof is critical for the home-
ostasis of the metabolically active T-cell. Indeed, in T-cells of older
individuals a decreased (basal) autophagy level was found [430],
with lower levels in effector memory T-cells [929]. Most meth-
ods to quantify changes in autophagy (see Chapter V Section 9:
Autophagy) use immunoblotting (requires a protein quantity that
is not always available in human aging studies) or immunofluo-
rescence imaging (laborious and not high-throughput), however

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

recently several flow-cytometric assays for quantifying autophagy
were developed. These assays require transfection with reporter
constructs which could potentially alter the characteristics of the
cells of interest [427]. To better understand healthy aging, one
approach is to study the offspring of long-lived individuals com-
pared to their partners. Interestingly, the T-cells of offspring pos-
sess higher proportions of naive T-cells [930], lower levels of
senescent T-cells [927], better responses after stimulation with
viral antigens [931] and improved activation-induced autophagic
activity [932]. Finally, markers of T-cell immunosenescence can
be used as biomarkers to monitor lifestyle interventions in the con-
text of human aging. For example, a recent study demonstrated
that high level of physical activity maintains higher levels of naive
T-cells and T-cells with phenotypes of recent thymic emigrants in
the elderly, as compared to inactive elderly [933].

1.14 Human FOXP3* regulatory T cells

1.14.1 Overview. Regulatory T cells (Tregs) are necessary to pro-
tect against autoimmune disease and maintain immune home-
ostasis. Human Tregs are usually defined by high co-expression of
the FOXP3 transcription factor and CD25, as well as low expres-
sion of CD127. Other aspects of their phenotype can vary widely
depending on their state of activation and location throughout the
body. In order to identify human Tregs on the basis of FOXP3
expression, flow cytometric staining protocols need to ensure
effective permeabilisation of both cellular and nuclear mem-
branes. Another consideration is how to differentiate between
Tregs and activated conventional T cells (Tconvs) that tran-
siently express FOXP3 and CD25. In this section, we will discuss
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protocols and key considerations for staining human Tregs in
whole blood, peripheral blood mononuclear cells (PBMCs) and
intestinal biopsies.

1.14.2 Introduction.

1.14.2.1 Human Treg frequencies and distribution. Tregs are
present throughout the human body and their abundance in cir-
culation and tissues is age dependent [907, 934]. For exam-
ple, in early life (i.e., under two years), Tregs (defined as
CD25Me"CD127"°FOXP3+ cells) make up 30-40% of CD4* T cells
in the lung and gut but these proportions decline to 1-10% in
adults [935]. In peripheral blood, Tregs decrease from ~20% of
total CD4™ T cells in infants (i.e., under two years) to ~5% in
healthy adults [935]. However, once adult proportions of Tregs
are reached, their frequencies in blood do not appear to change
with age (from 20 to 75 years; Tregs defined as CD25"8?CD127'o%
cells in this study) and they maintain suppressive capacity
[936, 9371.

1.14.2.2 Human Treg subsets. As in mice, it is generally
accepted that human Tregs can be thymically derived or induced
from Tconvs in the periphery under specific conditions [938]. In
mice, high expression of Helios and low expression of Neuropillin-
1 (Nrp-1) has been proposed to discriminate between thymus
Treg and peripherally-induced Tregs [775, 776]. See also Chap-
ter VI Section 1.6 Murine Foxp3* regulatory T cells. In humans,
however, the validity of these markers is less clear because not
all naive/thymus-derived Tregs express Helios [939] and it has
been reported that this protein can also be expressed by activated
T cells [779]. On the other hand, human Tregs that express high
levels of Helios have a potent suppressive phenotype and are more
stable [940], so it is still useful to monitor its expression. Nrp-1 is
almost undetectable in human peripheral Tregs [941].

Of particular interest is that Tregs subsets can be readily identi-
fied in healthy adults with phenotypes similar to the well-described
CD4" T helper (Th) cell subsets (see also Chapter VI Section
Human CD4 and CD8 T cells). Specifically, Thl, Th2, Thl7,
and Th17.1-cell-like Tregs can be detected in peripheral blood
and identified on the basis of expression of Th-cell-associated
chemokine receptors and/or transcription factors [942]. In con-
trast to Th cell subsets, however, in healthy individuals, Treg sub-
sets typically do not make high amounts of lineage-associated
cytokines (e.g., IFN-y, IL-2, IL-4, IL-13) [943], likely because of
the transcriptional repressor function of FOXP3. An exception is
IL-17: Th17 Tregs co-express FOXP3 and IL-17 yet remain func-
tionally suppressive [944, 945]. Although the relevance of Th-like
Tregs in human disease and homeostasis is an area of intense
investigation, it currently appears that they are tailored to regulate
immune responses driven by their corresponding Th cell subset.
Mechanistically, this could occur by differential homing receptor
expression, thus ensuring that Th-like Tregs co-localize with their
Th cell subset counterparts [946].
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1.14.2.3 Measuring human Tregs by FCM. Identifying human
Tregs using FCM is complicated by the facts that FOXP3 is an
intranuclear marker with a relatively low intensity of expression,
and there is currently no known single marker that is unique to
human Tregs. Moreover, even within Tregs the intensity of FOXP3
expression can change, with naive or resting populations of Tregs
expressing lower levels of FOXP3 than activated Tregs [675, 947].
Hence, accurate separation between Tconvs, resting Tregs, and
activated Tregs can only be done if there is a relatively high
dynamic range of FOXP3 staining and often requires addition of
other makers such as CD45RA. Currently the only way to confi-
dently quantify human Tregs is to use a panel of different mark-
ers and then carry out parallel functional [672], gene expres-
sion [948], and/or epigenetic analyses [949, 950].

In terms of surface phenotype, the best accepted combination
of markers is high expression of the IL-2 receptor a chain (CD25)
and low expression of the IL-7R a chain (CD127) [936, 951].
Importantly this CD25"8"CD127'°" Treg definition can be used
to isolate relatively pure populations of viable peripheral Tregs
in both the memory (CD45RO™") and naive (CD45RA™) compart-
ments. As described above FOXP3, CD25 and CD127 are both
expressed as a continuum, so in order to be confident in gating
strategies, it is essential that there is good separation between low,
medium, and high expressing populations.

An outstanding question is should human Tregs be defined as
CD4" cells that are CD25"8"CD127!°W, CD25"8"FOXP3+, FOXP3+,
or CD25MehCD1271°YFOXP3*. Currently the literature reports
“Tregs” as cells defined by any one of these different variations.
It is therefore critical to consider how studies define “Tregs”
and whether or not the gating strategies used are sufficiently
stringent. On the basis of current knowledge, the most rigor-
ous way to define Tregs is as CD25M&"CD127°"FOXP3* cells.
However, use of FOXP3 is not possible when viable cells are
being sorted and sometimes it may not be feasible to include all
three markers due to instrument limitations. If all three mark-
ers are not possible then at a minimum two should be used,
either CD25M"FOXP3* or CD25"8"CD127'°%. Measuring only
CD25 or only FOXP3 does not provide sufficient resolution on
a dot plot to set an accurate gate. Since Tconvs can also upreg-
ulate CD25 and FOXP3, and downregulate CD127 [947, 952], it
is critical to set gates for all of these markers on resting popu-
lations of T cells, typically using blood cells from healthy indi-
viduals. This is particularly helpful when analyzing Tregs and
Tconvs in tissues where there can be a significant proportion
of activated Tconvs and it thus become important to differenti-
ate between these cells on the basis of the intensity of CD25 and
FOXP3 expression. Addition of other human Treg-associated mark-
ers can help increase confidence in Treg identification in these
settings.

Here, we detail optimized protocols for detecting human Tregs
in whole blood, PBMCs, and intestinal biopsies. We also provide
some tips in Table 30 for staining additional human Treg mark-
ers that are not specifically included in the protocols outlined
and highlight some key differences between mouse and periph-
eral human Tregs. The reader is also referred to our previously
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Table 30. Summary of key functional and phenotypic human Treg markers

Marker Technical notes* References
Functional and/or phenotypic makers of human Tregs
IL-10 Difficult to detect in peripheral Tregs. PMA/Ionomycin stimulation for at [959-961]
least 6 hours is required; staining with the IL-10 capture assay (Miltenyi
Biotech) or other stimuli may give better results. Recommended clone is
JES3-9D7.
LAP and GARP Expression is optimal after 24 h of TCR stimulation. [962, 963]
LAG-3 Low expression on non-activated Tregs. Recommended clone for activated [961, 964, 965]
cells is REA351. Also described as a marker of type 1 regulatory T cells.
PD-1 Levels are increased after activation or with intracellular staining. [966]
AREG Expression is optimal after PMA/Ionomycin stimulation for 4 hours. Works [967]
with FOXP3 buffers. Recommended Ab clone is BAF262 (RnD systems).
CD39 A common single nucleotide polymorphism (SNP) in humans results in low [968-970]
CD39 expression. Individuals who are homozygous for this SNP have
<10% CD39* Tregs compared to ~50% CD39* in heterozygotes or
noncarriers. Clone Al does not block CD39 enzymatic function.
HLA-DR Not expressed on murine Tregs; defines a memory and highly suppressive [971]
population.
CTLA-4; CD152 Due to rapid receptor internalization, staining is improved with intracellular [972, 973]
staining or inclusion of the mAb for a period of time in culture.
Blimp-1 Expression is increased after activation and in the presence of IL-2. [974]
Recommended clone is 6D3.
CD49d In combination with CD127, low level expression of CD49d can be used to [975]
differentiate between activated Tconv and Treg.
Ki67 Marker of cell proliferation. Although anergic in vitro, when tested directly [976]
ex vivo, Tregs show a high proportion of cells expressing Ki67.
Not known to be detectable on human peripheral blood Tregs
CD73 Despite being expressed on murine Tregs, low/no expression of these markers [977, 978]
CD103 (CD73, CD103, ST2, neuropilin-1 and 0X40) has been observed on [935, 979]
ST2 (IL33R) non-activated, peripheral human Tregs in healthy individuals. More [953, 967]
Neuropilin-1 research is needed to asses if these proteins may be expressed on [941, 980]
0X40 tissue-infiltrating Tregs, and/or in various disease/cell activation states [981, 982]

" Technical notes are from our experience and largely unpublished.

published methods for staining human Tregs within omental adi-
pose tissue [953], thymus tissue [954] and using a mass cytometry
platform [955, 956], as well as a review describing a comprehen-
sive comparison of mouse and human Treg markers [957]. The
methods described here are focused on studying Tregs in healthy
subjects. The markers of choice may vary in different disease con-
texts. For example, tumor infiltrating Tregs often have a distinctive
phenotype associated with T cell exhaustion and the addition of
markers such as PD-1 may be beneficial in a FCM panel [958].

The following points are key for analysing human Treg by
FCM:

1. In order to accurately define Tregs, at least two markers must
be used—either CD25 and CD127 or CD25 and FOXP3; use of
all three is optimal. If FOXP3 cannot be used then CD25 must
be used in combination with CD127.

2. To set an accurate FOXP3 gate, a biologically negative popula-
tion (e.g., CD4" Tconvs or CD8" T cells) is required.

3. The selected CD25 mAb and anti-FOXP3 mAbs must be conju-
gated to a bright fluorochrome so that there is good separation
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between mid and high expressing cells (e.g., BB515, PE-Cy7 or
PE).

4. Separation of cells expressing mid and high levels of CD25
and FOXP3 can be enhanced by the use of two monoclonal Ab
clones recognising independent binding epitopes, conjugated
to the same fluorochome.

1.14.3 Staining Tregs from unmanipulated whole blood.

1.14.3.1 Step-by-step sample preparation. In a clinical con-
text, it is desirable to quantify Tregs in unmanipulated whole
blood. In contrast to the more widely used approach of pheno-
typing cryopreserved PBMCs, this method allows quantification of
absolute Treg numbers and avoids variability introduced by cryop-
reservation [983]. Several studies have compared different anti-
human FOXP3 Ab clones, and although there is some debate, there
is a general consensus that the 236A/E7 and 259D clones are opti-
mal [984-988]. The following protocols and associated Ab panels

should be used as a guide; substitution of Ab clones/conjugations
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Figure 122. Gating strategy to quantify
CD25hehCD127'°"FOXP3* Tregs using whole
blood and DuraClone tubes. (A-C) From total
events, single cells were selected and CD45"
lymphocytes were gated based on SSC properties
and CD45 expression. (D) From CD4*CD3* T cells
the CD25MghCD127°% gate was identified. If the
CD25 resolution is adequate then typically there
is a clear separation of this population on a
diagonal axis indicated by the grey dashed line.
(E and F) show the expression of FOXP3* within
the indicated CD25M€hCD127°% or Tconv cells
gates. (G) Identification of CD25ME"FOXP3+ Tregs
from total CD37CD4" T cells (panel C).
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Table 31. DuraClone Treg panel (Beckman Coulter #B53346)

Marker Fluorochrome Clone

CD3 APC-A750 UCHT-1

CD4 PE-Cy7 SFCI12T4D11(T4)
CD25 PE B1.49.9

FOXP3 AF647 259D

Helios PacBlue 22F6

CD39 PC5.5 BA54

CD45RA FITC 2H4LDH11LDB9(2H4)
CD45 KromeOrange J33

CD127** APC-AF700 R34.34

" An additional Ab added in liquid form in step 1. Beckman Coulter,
#A71116

requires titration and testing in combination with the selected
buffer system. Below we present two protocols using reagents
from different manufacturers to quantify Tregs in whole blood.

1.14.3.2 Whole Blood Protocol IA. Staining
CD25M8"CD127"°“FOXP3+ Tregs from whole blood using
pre-formatted DuraClone tubes from Beckman Coulter (Fig-
ure 122).

Beckman Coulter DuraClone tubes are precoated with dried
down Ab cocktails (Table 31), thus reducing pipetting time, and
increasing reproducibility because there is no variation introduced
by day-to-day mixing of wet Ab cocktails. The use of these reagents
is an ideal way to standardize the FCM of longitudinally samples
collected in multi-site clinical trials [983]. Many Beckman-Coulter
Abs are designed for clinical use so they have low lot-to-lot vari-
ation and are thus ideal for use as drop-in Abs with DuraClone
tubes (providing fluorochrome brightness, clone affinity, etc., is
acceptable). For optimal results with these tubes cytometers must
be calibrated with standardized beads to maintain target voltages
over time.

1.14.3.3 Surface and intracellular staining.

1. Add 100 pL of whole blood to the DuraClone Treg tube
(Table 31) and vortex immediately. Add any extracellular
drop in Abs at this step (e.g., we drop in 5 uL of CD127
APC-AF700, Beckman Coulter, #A71116).

2. Incubate for 15 mins at room temperature in the dark.

3. Wash with 3 mL of PBS.

4. Remove the supernatant with a 1 mL pipette followed by a
200 pL pipette.

5. Adjust volume to exactly 100 pL with FBS.

6. Add 10 pL of PerFix-nc reagent buffer 1 (Fixing buffer—
Beckman Coulter, #B31164).

7. Incubate for 15 min in the dark.

8. Add 800 plL of PerFix-nc Buffer 2 (Permeabilization buffer —
Beckman Coulter, #B31165).

9. Incubate for 15 min at RT in the dark.
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10. Centrifuge for 3 min 500 x g and remove only the top 400 pL
of buffer with a 1 mL pipette.

11. Transfer contents from original to Treg Tube 2 and vortex at
high speed for 2 x 4 s.

12. Incubate at room temperature for 60 min in the dark.

13. Wash with 3 mL of PBS, vortex, and incubate at room tem-
perature for 5 mins.

14. Centrifuge at 500 x g for 5 min at room temperature.

15. Decant in one smooth motion and gently blot tube.

16. Vortex for 8 s.

17. Re-suspend the cell pellet in 3 mL of 1x perFix nc buffer 3
(Beckman Coulter, #B31166) and vortex.

18. Centrifuge at 500 x g for 5 min at room temperature

19. Decant supernatant in one smooth motion and gently blot
tube.

20. Vortex the cell pellet for 8 s.

21. Add 350 plL of 1x Perfix-nc Buffer 3 (final volume should be
400 pL as residual volume will be around 50 pL) for data
acquisition.

1.14.3.4 Data analysis. From total events, doublets were
excluded and CD45% lymphocytes were gated based on SSC
properties and CD45 expression (Fig. 122A and B). CD4+tCD3"
T cells were then gated and followed by CD25"8"CD127'°% cells
(Fig. 122C and D). If the CD25 resolution is adequate then typi-
cally there is a clear separation of this population on a diagonal
axis indicated by the grey dashed line (Fig. 122D). The remain-
der of the cells in the CD37CD4" gate were classified as Tconvs
(Fig. 122D). The FOXP3 gate is made on the basis of FOXP3 and
CD25 expression in Tconvs (gated as CD25 cell); i.e., the gate
should be set such that there are very few FOXP3* cells in the
Tconv population (Fig. 122E). This FOXP3 gate is then applied to
the CD25M8"CD127"° cells (Fig. 122F). If CD127 is not used, then
Tregs can be identified as CD25"8"FOXP3 cells (Fig. 122G), but
this population is harder to clearly discriminate.

1.14.3.5 Pitfalls.

1. Ensure that the volume is exactly 100 pL before the fix-perm
buffers are added for optimal transcription factor staining. The
Beckman SOP suggests using 50 uL of whole blood but the
reagents also work well with 100 uL of blood. Use of more
blood allows collection of more cells and thus better quantifi-
cation of rare populations.

1.14.3.6 Top tricks.
1. In step 1, other markers of interest can be dropped in as wet

Abs (e.g., CD127-APC-AF700).
2. Dropping in CD25 mAb M-A251 PE improves CD25 resolution.

1.14.3.7 Whole Blood Protocol 1B. Staining
CD25"8"CD127"°WFOXP3+ Tregs using Ab cocktails (Figure 123).
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