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Abstract

Humanized mice developing functional human T cedlsdogenously and capable of
recognizing cognate HLA-matched tumors are emergiagelevant models for studying
human immuno-oncologin vivo. Here, mice transplanted with human CD3%em cells and
bearing endogenously-developed human T cells foerttan 15 weeks were infected with an
oncogenic recombinant Epstein Barr virus (EBV),aghicg enhanced firefly luciferase (fLuc)
and green fluorescent protein. EBV-fLUC was detaletaone week after infection by non-
invasive optical imaging in the spleen, from wherspread rapidly and systemically. EBV
infection resulted into a pronounced immunologiskéwing regarding the expansion of
CDS8’ T cells in the blood outnumbering the CDBand CD19 B cells. Furthermore, within
10 weeks of infections, mice developing EBV-inducesnors had significantly higher
absolute numbers of CDS8T cells in lymphatic tissues than mice controlligmor
development. Tumor outgrowth was paralleled by psragulation of the programmed cell
death receptor 1 (PD-1) on CD@&nd CD4 T cells, indicative for T-cell dysfunction.
Histopathological examinations amul situ hybridizations for EBV in tumors, spleen, liver,
and kidney revealed foci of EBV-infected cells iaripascular regions in close association
with PD-1" infiltrating lymphocytes. The strong spatio-temglocorrelation between tumor
development and the T cell dysfunctional status gaethis viral oncogenesis humanized

model replicates observations obtained in the aini  setting.



Introduction

In recent years, immunotherapeutic approachesimitiune checkpoint inhibitors showed
unprecedented and long-lasting responses evemaecpatients with advanced disease
Nivolumab, an antibody blocking the programmed deklith receptor (PD)-1, inhibited tumor
immune evasion in patients with relapsed or refngcHodgkin's lymphoma (HL) with
remarkable 87% objective responég8onsequently, a promising rich pipeline of novel
therapeutic antibodies and innovative combinatimrdpies targeting checkpoint molecules
expressed on T cells and/or tumor cells is curydrging developed to abrogate tumor-
induced immunosuppression. A limitation in thisghir@cal field is testing these human-
specific antibodies vivo, since the immune responses obtained in mice mhooman-
primates sometimes do not predict what can be wbden immunologically distinct and
genetically heterogeneous human beings. Theraforelin vivo models suitable for
validating these immunotherapies are warranted@delarate their translation to patients.
Mice reconstituted with a human immune system, addled “humanized mice”, have
emerged in the past decade as an important prieatlplatform forin vivo efficacy testing of
human-specific therapeutic drugsSeveral groups have reported that the use of €D34
human hematopoietic stem cell transplantation (l©HSNto severely immune deficient
mouse strains such as non-obese diabetic/sevet@matimmune deficient (NOBLCID)
IL2rg™" (NSG)*, NOD RagT™" IL2rg™" (NRGY’, ¢, or BALB/c-Rag2"" ll2rg™" (BRG)'

mice resulted in consistent human hematopoieticaftmgent in the bone marrow and
development of human lymphocytes in lymphatic #ssuRemarkably, highly xeno-reactive
human T cells seem to be functionally depletedherthymus, so that endogenously
developing human mature T cells can persist long-fer several months up to nearly a year

after huHSCT with only sporadic occurrence of graitsus-host diseaSe®. Concurrently,



patient-derived tumor xenograft (PDX) cancer mod@ssplanted into NSG mice showed
that thesén vivo models can be predictive of clinical outcomeBDX mouse models
combined with humanized immune systems could fuhable their use for testing
immunotherapies. Recently, Wang et al showed fitat BuHSCT, NSG humanized mice
transplanted with PDX cells matched to a few butatloof the class | human leukocyte
antigens (HLAs) developed tumdfs Moreover, treatment with an anti-PD-1 antibody
(pembrolizumab) showed significant tumor growthilmtion. Inherent limitations of PDX
models surgically grafted into humanized mice ideli) HLA mismatch between stem cell
donor(s) and tumors, and ii) sequential loss ofottiginal tumor microenvironment (TME)
during tumor outgrowth in the mouse. Both problexas be overcome in an vivo model of
virus-induced hematological tumors, where the nmaig cells and the immune system carry
the same HLAs and tissue antigens and the neomaseiopment induces its own individual
TME. Epstein Barr virus (EBV) is a type 1 carcinondbat is directly associated with the
development of human B cell neoplasth€EBYV infection models in humanized mice six to
10 weeks after huHSCT have been described preyidysf, *. Nevertheless, at this early
time point, the human immune reconstitution cossitan insufficient development,
maturation, and egress of human lymphocytes framary lymphatic tissues to the
periphery and it is thus not advanced enough tatevact the virus and explosive outgrowth
of EBV-induced tumors®, *°, ¥, 2 Indeed, one study by Lee et al elegantly sholatithe
timepoint of EBV infection after huHSCT criticalfffected the burden and types of
developing tumors®. Thus, consistent outgrowth of tumors resembliog-RHodgkin
lymphomas (NHL) developed when EBV infection ocedrat eight weeks after huHSCT
(when immature B cells predominated, and T celleevigcking), whereas fewer tumors
developed and resembled the TME of HL when miceeviigfiected 15 weeks after huHSCT

(at the timepoint when T cell development and nedtan can be observed in this model).



These HL-like tumors were histologically more coexpand contained Hodgkin’s Reed-
Sternberg (HRS)-like celfS. These observations by Lee et al suggested déhkeen the
level of reconstitution of the human adaptive imiyim humanized mice and the shaping of
the tumor and, in turn, the establishment of an umasuppressive TME. Here, we
hypothesized that EBV infection and tumor progm@ssn long-term humanized mice would
shape the activation of T cell lineages and indRiDel up-regulation. The data reveal that
most mice infected with EBV 15 to 17 weeks afteiHBCT and analyzed 10 weeks later did
not develop macroscopically detectable tumorsnlewertheless showed a skewed CD8

cell expansion in several lymphatic tissues as @etgwith non-infected mice. In animals
showing tumors caused by EBV infection, an evenensoibstantial expansion of CDBD-1"

T cells was observed in tumor tissues. Histopathobnalyses of adjacent tissue, combined
with EBERIn situ hybridization, characteristically revealed recutneatterns of spatial
organization with foci of EBV infected cells in s association with PD-1nfiltrating
lymphocytes, often in perivascular regions. Thamftong-term humanized mice infected
with EBV demonstrated a range of dynamic and vigsiiaterplay between tumor
development and the immune system in multiple asg&his working model recapitulates
clinical findings of chronic and acute EBV infeatiand could be used to study systemic T
cell activation and local responses in the TMEifi¢ient stages of organ involvement and

tumor formation.

Material and Methods

Ethics Statement

All subjects donating cord blood provided writtefiormed consent. This study was approved
by the Ethics Committee of Hannover Medical School.
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Generation of EBV engineered strains

EBV-B95.8/GFP is a genetically modified strain Gaksown as 2089-EBV) derived from the
B95-8 strairf® ' and was amplified in HEK293 cells as descriffedBV-B95.8/fLuc2 was
derived from EBV-B95.8/GFP strain and contains @ornoptimized firefly luciferase (fLuc)
cDNA (luc2, Genscript Biotech, Piscataway Township, NJ) cedpb a preceding T2A
element and engineered to be expressed downstrietdwa viral Epstein Barr nuclear antigen
2 (EBNA2 gene. The viral genome was constructed usingmbowant DNA technologies in
a modifiedE.coli DH10B strairf>®> The resulting maxi EBV plasmid p6476 was cargfull
analyzed by restriction enzyme analysis and adviaahit genetically modified regions were
confirmed by sequencing. The EBV-B95.8/fLuc2 viwnas introduced into HEK293 cells,
single cell clones were isolated and induced talpece progeny virus. Viral titers were

determined and indicated as GFP Raji infectiouss@RU) as previously describ&t

Generation of humanized mice

All experiments involving mice were performed ircardance with the regulations and
guidelines of the animal welfare of the State oWvkeo Saxony (Niedersachsiches Landesamt
fur Verbraucherschutz und Lebensmittelsicherhedzédnat 33/Tierschutz). Four- to 6-week—
old NRG mice were originally obtained from The Jswk Laboratory (JAX, Bar Harbor, ME)
and bred in-house under pathogen-free conditioasd Glood (CB) units were obtained after
informed consent from donors (mothers at term)sindy protocols approved by the Ethics
Committee of the Hannover Medical School. Human €D8matopoietic cells were isolated
from CB after two rounds of positive selection gsimmune magnetic beads (Direct CD34
Progenitor Cell isolation Kit, human, MACS MiltenBiotec, Bergisch Gladbach, Germany)

as described’. CD34/CB units were pretested in a couple of transpthni&e and only



those resulting into 20% or higher frequencieswhhan CD45cells in mouse peripheral
blood lymphocytes 15 weeks post HSCT were usetufthier experiments. Prior to HSCT,
mice were sublethally irradiated (450 cGy) usifg°&Cs] column irradiator (Gammacell
3000 Elan; Best Theratronics, Ottawa, Canada)afen irradiation, 2.0 x T0CD34 cells
were administrated to mice through the tail veinlescribed® °. For these experiments, both

male and female mice were used.

Analyses of human T and B cell reconstitution in dferent tissues

Patterns of human T and B cell reconstitution ingseeral blood (BL), spleen (SPL),
mesenteric lymph nodes (mLN), peripheral lymph sodéN), and bone marrow (BM) were
analyzed by flow cytometry essentially as descriffétwith minor modifications. Lysis of
erythrocytes was performed in 0.83% ammonium ctédB0 mM HEPES, pH 7.2 for 5 min
at room temperature, followed by stabilization watiid PBS (Biochrom, Berlin, Germany)
and washing. Spleen, peripheral lymph nodes (LMsenteric lymph nodes (mLN), and BM
cells were isolated and homogenized. Before homnggon the spleen was cut in small
pieces and pre-digested with 2 mg/mL Collagenagedzhe, Mannheim, Germany) and 2
U/mL DNAsel (NEB, Frankfurt, Germany) in RPMI (Tmeo Fisher Scientific, Waltham,
MA) at 37 °C for 1 to 2 h. Cell suspensions wereshel and resuspended in PBS for
counting and staining with the following fluorocime-conjugated monoclonal antibodies:
Pacific blue anti-CD45, Alexa Flour® 700 (AF700)ia@D19, Brilliant violet™ 510

(BV510) anti-CD3, Peridinin chlorophyll (PerCP) &4, Phycoerythrin-Cyanine7 (PC7)
anti-CD8, Phycoerythrin (PE) anti PD-1, allophycaeyn (APC) anti CD69,
allophycocyanin (APC) anti-CD366 (T cell immunogldin mucin or Tim-3, BioLegend,
San Diego, CA), allophycocyanin-H7 (APC-H7) anti<€C[BD bioscience, Becton Dickinson

GmbH, Heidelberg, Germany). Cells were stained®fbmin on ice, washed, fixed with



CellFIX (BD bioscience, Becton Dickinson GmbH, Helloerg, Germany). Flow cytometric
data were acquired using a LSR Il flow cytometeld @ioscience, Becton Dickinson GmbH,
Heidelberg, Germany) or CytoFLEX S (Beckman CoulBrea, CA) and analyzed using
FlowJo (Version: 10, Tree Star, Ashland, OR). Ttaobthe absolute cell counts, the total
number of viable cells counted after homogenizatibtine tissues was divided by the

percentage of the specific cell population aftewflcytometry analyses.

Infection of humanized mice with EBV

After confirmed human hematopoietic engraftmemenipheral blood 15 to 17 weeks after
HSCT, mice were randomized based on the levelsa#filireconstitutions between control
and EBV-infected groups. For EBV-infections, micerainjected via the tail vein with 10
GRU of EBV-B95.8/fLuc2 or EBV-B95.8/GFP diluted 190puL PBS. Weight monitoring

after infections was performed weekly. Euthanasaa performed if symptoms of distress due

to tumor development were detected or 10 weeksEBStinfections.

Optical and CT imaging analyses of EBV-infected mie

Mice infected with EBV-B95.8/fLuc2 were analyzed fociferase expression using an VIS
SpectrumCT apparatus (PerkinElmer, Waltham, MA)rief, mice were anaesthetised using
Isoflurane. Five min before imaging, 2.5 mg D-Lecih potassium salt (SYNCHEM, EIk
Grove Village, IL) dissolved in 100uL PBS were adisiered intraperitoneally (i.p.). For 3D
reconstruction of the bioluminescent signal, uCliadeere acquired at the same time as
acquisition of the optical data. Data were analyzgidg the Livinglmage Software

(PerkinElmer, Version: 4.5).

Quantification of EBV by qPCR



DNA was extracted from whole spleen specimens u$iadNeasy Blood & Tissue Kit
(Qiagen, Venlo, The Netherlands) according to tlaaufacturer’s protocol. Quantification of
EBV DNA was performed by amplifying a fragment bé BALF4 gene using the following
primers: forward, 5-CTTTGGCGCGGATCCTC-3’ and resers’-
AGTCCTTCTTGGCTAGTCTGTTGAC-3'. Amplification was detted by using the
following Tagman probe: 5’-Fam-CATCAAGAAGCTGCTGGC®&E-Tamra-3'. For
reaction, 5pL of DNA was added to 20 pL of TagmarJaiversal Mastermix (Thermo
Fisher Scientific, Waltham, MA) mix containing 215pf each primer (2 uM) and 1uL of
Tagman probe (5 uM) and 1.5uL of PCR grade nucléasewater. PCR reactions were run
with the StepOnePI¥ Real time system (Applied Biosystems, Life Teclgas,
Darmstadt, Germany) using the following cycling diions: 2 min at 50 °C, 10 min at 95
°C, 40 cycles of 15 s at 95 °C, and 1 min at 56D&ta were analyzed using the

StepOnePIUu¥ software (Applied Biosystems, Life Technologiegrsion: 2.3).

Detection of IFN-y—secreting T cells by ELISpot

EBV-specific IFNy producing T lymphocytes were enumerated by {FELISpot assay as
described previousfy. Briefly, viable mononuclear cells obtained froissties of humanized
mice (n=3 for each cohort) or peripheral blood freBV-seropositive donors (n=3) or cord
blood (n=3) were plated at a density of 2.5kbells/well and incubated overnight with
2.5 pg/mL CEF peptide pool as a positive contr@BpLF1 peptide pool (1 pg/mL pro
peptide), and T-activated EBNA3A and BZLF1-protaespectively (2 pL each, both from
Lophius Biosciences, Regensburg, Germany). Untlezéls served as negative control Spot
forming units (sfu) were counted and analyzed udiegAID iSpot Spectrum Reader (AID,
StralRberg, Germany) A spot count at least two titmgher than the spot count of the

negative control was regarded positive.
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Histopathology, immunohistochemistry, and image angsis

Formalin—fixed, paraffin—embedded tissues werei@eet into 3um thick sections and
stained according to standard protocols for Heroatim-Eosin (H&E) and Giemsa.
Immunohistochemistry (IHC) using the Benchmark &kutomated instrument
(Ventana/Roche Tissue Diagnostics, Mannheim, Geyinaas performed for staining: CD8
(clone C8/144B, Dako, Copenhagen, Denmark), CDeh&lSP35, Zytomed Systems, Berlin,
Germany), PD-1 (MRQ-22 Medac Diagnostika, Wedekn@ay), CD30 (Ber-H2, Dako),
and PDL-1 (clone 22C3, Dako). The 3,3’-diaminobdima (DAB) — based UltraView
detection reagent was used following the manufacsirecommendations. EBV-infected
cells were detected by situ hybridization (ISH) using thEBER1 DNP Probe (Ventana/
Roche, designed to bind to Epstein-Barr Virus-eeddINA 1, EBER )Jland the automated
Benchmark Ultra instrument. Staining results wer@wated visually, and photographs were
taken on the Olympus BX46 microscope. In additob4, CD8, PD-1, an&EBERstaining
was evaluated using Mantra Quantitative PathologyRatation, including the INFORM
software (Perkin Elmer, Rodgau, Germany, Versidnll. Three to five visually selected
fields of view (FOV) acquired with the 20x obje@iwere subjected to color-deconvolution
by multispectral imaging (MSI). The perivasculamiyhocytic infiltrate was manually
annotated. Computational color deconvolution waslue separate color channels
(black/dark blue for ISH, blue for hematoxylin, abé&B/brown CD4, CD8, and PD-1.
Segmentation and classification of image objedisguthe INFORM cell phenotyping tool
resulted in accurate detectionEBER positive nuclei (ISH), which were recorded as nemb
of stained nuclei per area (in pixels). The densitynmune cells (corresponding to the
relative number of CD4, CD8, and PD-1—positivescbly IHC) was estimated regarding

positively stained image objects per area (in gixel
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Statistical analyses

For these proof-of-concept experiments, data aitoprisvas not blinded and sample sizes
were not statistically determined prior to expentse Statistical analysis was performed
using the GraphPad Prism software (Graphpad Sadtinar, La Jolle, CA, Version: 6 and 7).
One-way ANOVA with Tukey post-test for multiple cparisons was used to calculate

statistical significance. A P-value of less thadBS0was considered statistically significant.

Results

I nfection of humanized mice with EBV-B95.8/fLuc2 monitored by non-invasive optical
imaging analyses and computer tomography shows exponential and systemic EBV burst
Prior toin vivo use, the titers of EBV viral batches were testgthlyitro infection and
immortalization of primary B cells. EBV-transformbanphoblastoid cell lines (LCLS)
showed detectable expression of PD-L1 and PD-hewrell surfaceHig.1A). Fifteen weeks
after huHSCT using CD34ells from three individual CB donors, mice wartected via tail
vein injection with EBV-B95.8/fLuc2 or EBV/GFP (1GRU). Mice were sacrificed 10
weeks later or earlier if signs of disease becavigeat (Fig. 1B). Optical imaging for
tracking the biodistribution of the EBV-B95.8/fLuaections showed a faint
bioluminescence signal restricted to the anatonmemibn of spleen one week after infection,
which then increased exponentially until five wepkst infection ig. 1C, D). At this point,
when the bioluminescence signals were very conspi&u3-dimensional high resolution
optical imaging combined with computer tomograpGy ( showed “hotspots” of EBV-
infected cells dispersed in regions of the splewhajacent lymph nodeBig. 1E,

Supplemental Movie S). Optical imaging analyses performed after eutbenand
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inspection of the organs by optical imaging anaysd®wed pronounced bio-luminescent

signals in spleen, lymph nodes, lungs, liver, aaltvary glands[tig. 1F).

EBV-B95.8/GFP infection and tumor devel opment changes the kinetics of human immune
cell reconstitution in blood, skewing towards significantly higher frequencies of CD8" T

cells

Mice transplanted with CD34ells obtained from several CB donors were usedyiticate
independent experiments for comparisons betweennieated controls (n=19) and EBV-
B95.8/GFP-infected (n=1&Yable 1). Among EBV-infected mice, 8/18 (=44%) developed
macroscopically visible tumors in the spleen. kotHer analyses of the data, EBV-infected
mice were then compared with (“EBV-Tumor”) or withigd“EBV”) macroscopic tumors
(Table 1). All mice showed detectable hCD4&ells in the peripheral blood until euthanasia
(ie, 25 to 27 weeks after huHSCT), but though adntrice consistently showed a gradual
reduction in the frequencies of hCD4#lls over time, EBV-infected mice showed more
variable patterngFig. 2A, B). Regarding the kinetics of B and T lymphocytes, 1GTB cells
predominated at the time of infection, but the&rguencies gradually decreased over time for
all groups Fig. 2C, D). Remarkably, this drop was significantly morermonced at six
weeks post-infection for EBV-infected mice compawath controls (control vs EBWP =
0.0102, control vs EBV-TumoP = 0.0007 Fig. 2D). Concurrently, EBV-infected mice
showed a significantly faster expansion of CO3ells compared to non-infected mice
(control vs EBV;P = 0.0165, control vs EBV-TumoP, = 0.0056 Fig. 2E). Whereas the
frequency of CDAT cells within hCD45 cells in blood slightly decreased after EBV
infection relative to controls (control vs EBW;= 0.77, control vs EBV-TumoP = 0.38,

Fig. 3A, B), the relative CD8T cell frequencies increased significantly andstantly
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(control vs EBV;P = 0.0021, control vs EBV-TumoP, < 0.0001, EBV vs EBV-Tumom® =

0.0072Fig. 3A, O).

EBV-B95.8/GFP infection followed by tumor development significantly stimulates the
expansion of CD8" T cellsin lymphatic tissues

Tumor development was associated with higher fracjes of CD8 T cells within hCD45
cells in BL and lymphatic tissues (mLN, SPL, and BViable 2, Fig. 4 A, B, C, E, G
Nonetheless, in terms of absolute cell countsirtbeeases were more dramatic in EBV-
Tumor mice. These differences amounted to appraeiyna0O-fold relative to controls and 3-
fold relative to mice not developing tumors (SPantrol vs EBV;P = 0.45, control vs EBV-
Tumor; P <0.0001, EBV vs EBV-Tumo? = 0.0023Fig. 4D; LN: control vs EBV;P = 0.67,
control vs EBV-TumorP = 0.003, EBV vs EBV-Tumoi®? = 0.04Fig. 4F, BM: control vs
EBV; P = 0.45, control vs EBV-TumoP < 0.0001, EBV vs EBV-Tumof® = 0.0007 Fig.
4H). Compared with CDS8T cells, the increase in the absolute CD4ell counts in EBV-
Tumor mice relative to controls or EBV mice withauimors was not so pronouncé&dble

2,Fig.4D, F, H).

Analyses of PD-1 expression on T cells obtained from different lymphatic tissues

The frequencies of PD-1 expressing CBAd CD8 T cells were analyzed by quantitative
flow cytometry Fig.5A). For control mice, the frequencies of PDAD4 T and PD-1

CDS8" T cells were 20% to 40% in mesenteric lymph nddasN) and 85% to 90% in bone
marrow (BM) Fig.5B, D, Supplemental Table S| In contrast, mice infected with EBV
showed 90% to 100% of the CDdnd CD8 T cells in lymphatic tissues expressing PD-1
(Fig.5B, D, Supplemental Table S)L Regarding absolute T cell numbers, mice with EBV

tumors showed twice as many PDE@D4" and three times as many CDBcells as infected
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mice without tumorsTable 2,Fig.5C, E, Supplemental Table SEPL: control vs EBVP =
0.91, control vs EBV-TumoP = 0.02, EBV vs EBV-Tumor® = 0.06;LN: control vs EBV:;
P = 0.45, control vs EBV-TumoP = 0.0043, EBV vs EBV-TumoP = 0.07;BM: control vs

EBV; P = 0.38, control vs EBV-TumoP < 0.0001, EBV vs EBV-Tumof® = 0.0002).

Combined analyses of PD-1/ Tim-3 and PD-1/ CD69 expression by T cellsfrom LN

To further characterize the activation and potényafunctional status of the T cells upon
chronic EBV infection, the expression of PD-1 waarained in combination with Tim-3 or
CD69 by multicolor flow cytometry analyses. Prewsty) double negative (DN) Tim-D-1
CDS8’ cytotoxic T lymphocytes (CTLs) were classifiedfasctional CTLs, whereas single
negative (SNJim-3'PD-1" and double positive (DP) Tim-BD-1" were previously defined
to be “partially dysfunctional” and “severely dysfitional”, respectivel§’. Mononuclear
cells obtained from lymph nodes of non-infectedtogmmice (n=5), EBV-infected (n=5) and
EBV-infected with tumor development (n=5) were gmat in parallel. Similar to previous
observations, compared with controls, all miceatdd with EBV showed significantly
higher frequencies of PD-TD4 and CD8 T cells(Fig. 6A-B). A significant up-regulation
of PD-1expression was observed for EBV-infectedendieveloping tumors (CDZ cells:
control vs EBV-TumorP = 0.002, EBV vs EBV-TumorP = 0.026; CD8T cells: control vs
EBV; P = 0.036, control vs EBV-TumoP. = 0.013)(Fig. 6A-B). Unlike PD-1, expression of
the inhibitory receptor Tim-3 on CDA cells was comparable among all cohorts, both for
cell frequencies and levels of expresgiBiy. 6C). In contrast, the frequency of Timi-@D8"
T cells was three times higher for mice infectethvidiBV (without or with tumors) compared
with controls, and this was also associated witlagulation of Tim-3 expressiqirig.6D).

As a reference marker to assess T cell activabtelys CD69, a classical early marker of

lymphocyte activation, was explordd The frequency of CD6ZD4" T cells was
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significantly lower for the cohort of mice develagitumors (40%) compared with controls
(roughly 60%), and this was also associated witveloexpression levels (control vs EBV-
tumor; P = 0.024)(Fig. 6E). On the other hand, CD69 expression on CD8ells was

similar for all the cohortéFig. 6F). These findings indicated that expression of tiavation
marker CD69 was uncoupled with the transcriptigamagram resulting into PD-1 up-
regulation and symptomatic dysfunction. The anaysddahe two co-inhibitory receptors Tim-
3 and PD-1 was subsequently linked to define thetfanal status of T cells subjected to
chronic stimulation with EBV antigens. A signifidashecrease was found in frequencies of
the DN CD4 and CD8 Tim-3PD-1 functional T cell subpopulation upon EBYV infection
(CD4": control vs EBV;P= 0.004, control vs EBV-TumoP = 0.000; CD8: PD-1Tim-3:
control vs EBV;P < 0.0001, control vs EBV-tumoPR, < 0.0001) and a significant increase of
the SN Tim-3PD-1" partially dysfunctional subpopulation for CDéells (control vs EBVP

= 0.004, control vs EBV-TumoP, = 0.0002)(Fig. 6G). Even more pronounced effects were
observed for CD8cells (control vs EBVP = 0.0002, control vs EBV-TumoP, = 0.0002)
(Fig. 6H). Severely dysfunctional DP Tim-PD-I" CD4 cells were rare, and comparable
among all groupgFig. 6G). However, the frequencies of DP cells were sulbisiiinelevated
for CD8' cells when mice were infected with EBV (> fivedpfrequency mean:
control=2.068%; EBV=12.42%; EBV-Tumor=12.87%; altlgh not statistically significant
differences)Fig. 6H). For CD4 cells, Tim-3 expression level (Y axis) plottedatete to the
PD-1 expression level (X axis) showed clusteringhefmice developing tumors farther away
from the other two cohor{§ig. 6G). When this analysis was applied to CO8cells, the
non-infected cohort clustered clearly separataynfthe EBV infected and EBV with tumor
cohorts(Fig. 6H). In sum, based on these combined immune phendayailyses of Tim-3
and PD-1 expression, EBV infection conclusivelyaféd the functionality of T cells, and

this was more pronounced for CDB cells. Further, to examine whether functionapanses
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against EBV-specific antigens were detectable, {HN-ISpot analysis was performed.
Mononuclear cells were obtained from three EBV-gesitive healthy human donors (HD,
PBMC), three EBV-seronegative cord blood units (@BJl from three mice per cohort (using
cryopreserved/thawed bone marrow samples). T egllanses against the EBV antigens
EBNAS3 (recombinant protein) and BZLF1 (recombinardtein and peptide pool) where not
detectable for the CB negative control and validdite all positive control HD subjects
(Supplemental Figure S1)In contrast, only T cells from one EBV-infecteduse

developing tumor showed a trustworthy T cell rega§8upplemental Figure S1) Despite

the limitations of IFNy ELISpot assays applied to humanized mice, thesétsefurther

ratified that although human T cells expanded dtaraldy after EBV infection and

development of tumors in humanized mice, they seamée dysfunctional.

In situ analyses of EBV infection and extent of tumor spread in spleen

Histopathological analyses of tissues and tumore werformed in 14 cases, arbitrarily
selected to cover the full range of changes obsedrvéhe experimental setting. These cases
represented four non-infected controls (188, 6@0,Z10), four EBV-infected humanized
mice without visible tumors on macroscopic inspatijreferred to as “EBV” 604, 615, 617,
1014), and six EBV-infected humanized mice with roacopically visible loco-regional
tumors in different organs (referred to as “EBV-Tarinl87, 602, 1015, 1440, 1510, 1570).
Microscopic evaluation showed different stagesretipminantly perivascular spread of EBV
infected cells. Non-infected control mice were uasdeferencérig. 7A). For display, four
representative examples of EBV-infected mice, itatsng different grades of severity
including: minimal presence of EBV-infected cehdilirates and no visible macroscopic
tumor Fig. 7B), increased splenic perivascular spreaBBERpositive cells in cases with

macroscopically visible tumors in a different Idoat(Fig. 7C), splenic tumors that appeared
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to be progressive stages of increased perivassptaad of EBV positive lymphoproliferative
neoplasiaKig. 7D), and a necrotic large tumor in spleen, wheretieeexisting murine
splenic tissue and the spatially organized inflatamyareaction of human normally sized
immune cells of T- and B-cell origin was almost qetely replaced by the

lymphoproliferative lesionHig. 7E), were chosen.

In situ analyses of the inflammatory microenvironment in context of EBV infection

In the representative cases corresponding to diftegrades of disease spread, the
lymphoproliferative lesion was characterized byasistent lymphoid blast-like morphology
and frequent CD20/CD30 co-expressiéig( 7, 8, and was associated with different
densities of infiltrating CD3T cells Fig. 8). Further immunophenotyping of these T-cell
infiltrates in close proximity to EBV-positive csltevealed variable numbers of Cihd
CD4" T cells, with a peak of CD&ells in areas of high EBV density, and a strikiog
localization of EBV—positive cells and the abundantPD-1 cells Fig. 8). This pattern was
most obvious in splenic tissue. Nevertheless, humeell infiltrations into kidney and liver
showed similar trends. For example, co-localizatibBBERpositive and CD20CD30
blasts with CD3 and PD-1 cells was observed in a case of renal infiltra{iéig. 9 A, B),

and in a different case where a similar consteltatvas present in liver tissuig. 9C).
Quantification ofEBER cells in perivascular regions of the spleen shosveeénd towards
increased levels dBERdetection in mice developing macroscopically distiele tumors
although results were quite variabked. 10A, C and Supplemental Figure SR In sum,
histopathology analysis complemented the analydw®mogenized tissues (analyzed by
FACS) by clarifying the spatial distribution of iltfating immune cells and by enabling

spatially resolved subtypin@rig. 10B, D.
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Discussion

In a previous study, Lee et al showed that the imemzell composition in long-term
humanized mice played an important role in the igraent and shaping of EBV-induced B-
cell ymphoma™®. EBV-associated HL was seen exclusively in miterdbng-term (15
weeks) human reconstitution and particularly upoiineplantation of mesenchymal stem
cells expressing an active notch ligand DLK1, réisglin human CD3T cell skewing. In

this study, infections with EBV strains derivedrfirahe B95.8 virus and engineered to co-
express reporter genes were performed at 15 toeEksnafter huHSCT. Therefore, T cells
were allowed to resume development and to be aetvaaturally by the EBV-infection
and/or resulting tumorigenesis. Further, in thiglgt CD8 and CD4 T cell expansion was
sequentially monitored in blood by longitudinaiMi@ytometry analyses, showing CDB
lymphocytes vigorously expanding due to infection @articularly due to tumor
development. In several lymphatic tissues, esdgadien tumor growth was observed (eg,
spleen, lymph nodes), this resulted in a massigeuatin the absolute CDg cell numbers.
Nevertheless, this enormous increase in the nundb&3 Ls was unable to counteract tumor
growth and may even support tumor development. d$ssimption was backed by high PD-1
expression on partially dysfunctional CDB cells and also detection of a TifPD1

severely dysfunctional population, raising the gmbty of blunted or even tumor-promoting
immune responses. Histopathological analyses futigialighted that the PD=IT cell-rich
infiltrates and early manifestations of perivasctalanor spread co-localized, further
supporting the notion of inefficient immune cellrtar cell interactions that do not result in
tumor clearance. Thus, in our work, tumor occuwreeand extreme T-cell activation patterns
confirmed the previously observed findingsbut in contrast to Lee et al, who concluded that
these EBV-induced tumors indeed resembled HL study provides evidence for a potential

role of the extreme T-cell activation and dysfuocél CTL patterns co-developing with a
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highly malignant lymphoproliferative disease, rebéng monomorphic PTLD or high-grade
diffuse-large B-cell ymphoma (DL-BCL). These rdsuiather go along with clinical findings
obtained by Macedo et al from the analyses of asymatic pediatric thoracic organ
transplant patients with high EBV load carrierywing increased frequencies of EBV-
specific CD8 T cells with CD38, PD-1, and CD127 up-regulatifagtures of cellular
exhaustior?. These results pointed to the importance of clor&fV load and of the levels
of antigenic pressure in shaping EBV-specific mgn@D8" T cells, underscoring the
potential relevance of immunologic monitoring of &Bpecific CD8 T cells in the clinic.
Indeed, a separate clinical study by Binger ehalysed asymptomatic patients who carried
very high EBV viral loads over prolonged periodsl @oncluded that this chronic high EBV
load state was a predictor @é novoor recurrent PTLD®. Our combined results suggested
that the brisk immunological response in humanméze could support tumor seeding in
peripheral organs and promote early phases of tacabr lesions. Using humanized NSG
mice engrafted with human fetal bone marrow CD&alIs together with human thymus and
liver (“BLT” model), other groups showed that trepacity of T cells to prevent EBV-related
oncogenic transformation and to control growth BiEassociated tumors derived fram
vitro infected B cells was variable and could be moegldty therapeutic interventiof 3,
1735 In another type of model, monoclonal antibodiesking the T cell inhibitory
receptors, PD-1 and CTLA-4, enhanced the abilitgddptive T cells selected from cord
blood to control the EBV infection and the outgrbwef PD-LT/ PD-L2" lymphomas in mice
challenged with cord blood B cells infected with\EB vitro *°. The main overall issue with
these previous models is that the T cell recongiituvas weak and/or provided adoptively,
not allowing the HLA-restricted immune editing pess, ie, by which the immune
suppressive TME could restrict productive anti-tuinomune responsesurther, the

analyses of the human immune reconstitution waarmgd to several lymphatic tissues (ie,
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including BM, mLN, and LN), systemic effects colid assessed. This may be important in
mouse models testing new immune therapies to feregan-specific effects or toxicities.
Another remarkable finding was the perivasculaeagrof PD-1 cells co-localizing with
tumors. This is important from the clinical persipeg, as the clinical effect can be potentially
optimized if immune therapies could be delivereefg@rentially to highly vascularized tumor
localizations. Further, innovative developmentaan-invasive imaging and CT analyses
could in the future provide precise and dynamidisgi@mporal information regarding the
immune potency of novel therapies to subvert ongegis. In summary, in this work, we
extended the analyses of humanized mice infectddEBYV towards a fully endogenous,
persistent, and dynamic co-development of tumodsTacells, ultimately leading to immune
exhaustion whereby the tumors ultimately maintaitmedupper hand. In sum, this
straightforward working model containing tumor amsmune cells developing in mice from
the same human subject reproduced clinical findelgained in post-transplant patients and
will be suitable to demonstrate preclinical prodfeoncept of novel immune therapies

vivo. A straight-forward validation would be to examihéis CTL dysfunctional phenotype
can be rescued with an antibody therapy directedrds PD-1 in humanized mice infected

with EBV as currently performed for tumor models.
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Figure Legends

Figure 1: Epstein Barr virus (EBV) infection i.v. primarily t argets the spleen and

spreads systemicallyA: Flow cytometry analyses of PD-L1 and PD-1 expmssin
lymphoblastoid cell lines (LCLs) generated usingA®05.8-GFP or EBV/B95.8-fLucB:

A schematic representation of experiments. Humaniziee were infected with 2@GRU of
either EBV/B95.8-GFP or EBV/B95.8-fLuc2 15 weekeahuHSCT. Mice infected with
EBV/B95.8-fLuc2 were longitudinally monitored fordadistribution of EBV infection by
optical imaging and CT analyses and mice infected BBV/B95.8-GFP were regularly bled
to monitor the dynamics of reconstitution of huntiyanphocytes. For both experimental set-
ups, mice were euthanized 10 weeks after infec@orLuciferase signal of three
representative EBV/B95.8/fLu2c infected humanizedengenerated with stem cells from
different cord bloods is displayed in a 2D biolussnence analysis in lateral view at weeks 1,
3, and 5 after infectiorD: Quantification of the intensity of bioluminescencehe spleen
region over the course of the experim&nt3D analysis five weeks after infection using IVIS
SpectralCT and Livelmagé€. Ex vivooptical imaging analysis of explanted tissues shgw

bioluminescence signals.

Figure 2: Dynamics of frequencies of human CD45n peripheral blood and relative
frequencies CD19 and CD3' lymphocytes withinhCD45 cells.Results are shown for
control, Epstein Barr virus (EBV), and EBV-Tumothoots and the bar graphs represent the
data analyzed on week 6 post infection. Bars filleith white, grey, and black represent
control, EBV, and EBV-Tumor cohorts, respectivétxamples displayed for control, EBV,
and EBV-Tumor representative mice six weeks pdsttion, showing the gating strategy for

the CD45' population inA and overall results and a bar graph each showeapmand
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standard error of each group six weeks post irdadtiB. C: Exemplary results for CD19
and CD3 populations (gated in CD4p CD19 D) and CD3 E) (gated in CD4Y over the
course of the experiment and a bar graph each sgast@andard error of the mean of each
group six weeks post infection. Six weeks postatidem was chosen as a time point for
statistical analyses as it best signaled the tgrpoint of the dynamics in the lymphocyte

population. P < 0.05, *P < 0.01, **P < 0.001 indicated in the bar graphs.

Figure 3: Dynamics of relative frequencies of human CD4and CD8" lymphocytes in
hCDA45" cells of peripheral blood.Results are shown for control, Epstein Barr VifEBY),
and EBV-Tumor cohorts and the bar graphs reprakerdata analyzed on week 6 post
infection. Bars filled with white, grey, and blagdpresent control, EBV, and EBV-Tumor
cohorts, respectivelyA: Examples displayed for control, EBV, and EBV-Tumor
representative mice six weeks post infection, shgwhe CDZ4 and CD8 populations (gated
in CD45 CD3' T cells). CD4 B) and CD8 C) frequencies relative to human CD4%8lls
detected in mice over the course of the experiraedta bar graph each showing standard
error of the mean of each group six weeks postiidfe. **P < 0.01, ***P < 0.001 indicated

in the bar graphs.

Figure 4: Endpoint analyses of the frequencies and absolutewunts of human T
lymphocytes in different tissuesBars filled with white, grey, and black represeonirol,
Epstein Barr virus (EBV), and EBV-Tumor cohortsspectively A: Frequencies of CD3
CD4", and CD8 in CD45' cells in peripheral blood are shown for contret1f), EBV
(n=11), and EBV-Tumor group (n=8: Mesenteric lymph nodes were analyzed as
previously mentioned for control (n=11), EBV (n=8hd EBV-Tumor group (n=7).

Splenocytes were recovered from mice, countedheiaiand analyzed as mentioned above.
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Frequencies are depicted@nand absolute numbershfor control (h=19), EBV (n=11),
and EBV-Tumor animals (n=8). CD3CD4’, and CD8frequencies in lymph nodeE) and
absolute cell numbenrs) for control group (n=18), EBV (n=11), EBV-Tumar<8).
Frequencies®) and absolute cell numbetd)in bone marrow. Control group (n=19), EBV

(n=11), EBV-Tumor (n=8). P < 0.05, *P < 0.01, **P < 0.001 indicated in the graphs.

Figure 5: Endpoint analyses of frequencies and absolute coumnof the PD-T human T
cells in different tissuesBars filled with white, grey, and black represeontol, Epstein
Barr virus (EBV), and EBV-Tumor cohorts, respediyvé. Gating strategy for analyses of
PD-1 expression on CD4and for CD8 cells.B: Frequencies of PD*ACD4" for spleen
(SPL), lymph nodes (LN), mesenteric lymph nodes KNiLbone marrow (BM), and blood
(BL). C: Absolute cell numbers of PDYCD4" for spleen, lymph nodes, and bone marrow.
D: Frequencies of PD-ACD8" for spleen (SPL), lymph nodes (LN), mesentericgjnnodes
(MLN), bone marrow (BM), and blood (BLE: Absolute cell numbers of PD/CD4" for
spleen, lymph nodes, and bone marrow. The sangds per tissues are shown in

Supplemental Table S1*P < 0.05, **P < 0.01, **P < 0.001.

Figure 6: Single and combined analyses of frequeresi of CD4 and CD8" and respective
mean fluorescence intensities (MFI) of PD-1, Tim-3and CD69 on T cells obtained from
lymph nodes (n=5 mice per cohort of control, EpsteiBarr virus (EBV)-infected mice
and EBV-infected mice developing tumors)Analyses of PD-1 on CD4A) and CDS§ (B)

T cells. Analyses of Tim-3 on CD4C) and CD8 (D) T cells. Analyses of CD69 on CD4
(E) and CDS8 (F) T cells.G: Combined analysis of CD4 cells. Panel with bar graphs on
the left depict combined analyses of PD-1 and Tifi8-3PD-1 defined phenotypically as

functional, Tim-3PD-1" defined as partially dysfunctional, TimiFD-1" defined as
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severely dysfunctional). Panels with MFI for PDXLgxis) and MFI for Tim-3 (Y axis)
showing relationship between expression levelsotif Imarkers for each cohoH: Similar
combined analysis for CDS cells. * < 0.05, **P < 0.01, ***P < 0.001 indicated in the

graphs.

Figure 7: Histopathological analysis of four exemg@ry samples of splenic tissue
analyzing spread of Epstein Barr virus (EBV)-positie cells and formation of tumor.

(HE, GiemsaEBER CD30; 10x objective i\, B, andC, 4x objective folD andE, 40x
objective for all inserts). Arrows in EBER and CD@3&nels indicate positive staining signals.
A: Representative example for staining of spleemafranfected control humanized mouse.
B: Detection of few EBV-positive cells in minimal p&scular spread (pvs) in the spleen
(spl) in a representative example for the EBV-itdeagroup without macroscopically
detectable tumor€: Representative example of splenic perivasculaaspof EBV-positive
and CD30-expressing cells in an animal that devslamacroscopically visible tumor
elsewhereD: Tumor (tu) formation of intermediate size in tipgen. Note the densely
packed EBV-positive cells (as detectedHBERISH) in the tumor area (tu), whereas the
adjacent splenic tissue (spl) shows the previodsbcribed perivascular spread (pEs).
Example of a large partially necrotic (nec) tunfere-existing splenic tissue (spl),

perivascular spread (pvs), tumor (tu), and necreions (nec).

Figure 8: Histopathological analysis of representate samples of splenic tissue
characterizing immune cell infiltration in context of Epstein Barr virus (EBV)-positive
cell spread and tumor formation GiemsaEBER CD20/CD3 duplex staining, CD8, CD4,
and PD-1; 10x or 20x objective, 40x objective fbireserts).A: Representative staining of a
spleen of an uninfected control humanized moBsB: EBV-infected humanized micB-E:
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Perivascular spread and tumor formation of EBV4tdd cells was associated with a T-cell
rich infiltrate. In cases with minimal perivascutpreadB), a few EBV-positive cells are
mixed with presumably pre-existing B-cells in thertanized splenic microenvironment, and
are surrounded by a moderate mixed T-cell infétnatth low fractions of PD-1 positivity. In
cases with more advanced perivascular spréathg infiltrates associated with the EBV-
infected cells consist predominantly of T-cellspoth CD4 and CD8 phenotype, with
increasing fractions of PD-1—expressing cells. CD@ls in this microenvironment could be
remnants of pre-existing splenic tissue, or invgd20-expressing EBV infected cells. The
case with an intermediate sized splenic tunBgrghows massive perivascular spread of
CD20" blasts, co-localizing with the EBV-positive cethgulation, and surrounded by PD-1
T-cells. The images show an area within the turaonétion, with strikingly low numbers of
T-cells. The case with a large necrotic tur(i®y shows a more prominent T-cell infiltrate
with substantial PD-1 expression. Pre-existingraplassue (spl), perivascular regions (pvs),

tumor (tu), and necrotic regions (nec).

Figure 9: Histopathological analysis of extra-spleiec spread in kidney and liver in the
Epstein Barr virus (EBV)-infected tumor-bearing group. (HE, Giemsa, CD3(EBER

CD20, CD3, PD-1;10x objective i, 20x objective in B an@, 40x objective for all inserts)
Histopathological investigation reveals subtle twiice spread of EBV-positive blasts into
several organs, of which staining of kidney tis§eB) and liver tissu€C) is shown as an
example. On the right are examples of stainindnefdorresponding tissue of a non-infected
control. Note that the automated EBERsitu hybridization produced some diffuse unspecific
background staining (ubg) that was not nuclearcearly distinguishable from specific
nuclear staining by coloring and density. Multiple spread of tumors in the kidney is

associated with blood vessels, and shows co-l@taliz betweefeBERhybridization signal,
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CD20" cells with blast morphology, and PD-1—-expressingel infiltrates (arrows)B:

Higher magnification reveals the morphology of &Mepositive neoplasia of B-cell origin
with CD30 expression in a majority of blast-likdlselt is accompanied by a dense infiltrate
of PD-1 expressing cells. The pink arrow indicatgmsitive CD20 staining signal and the
brown arrow a positive CD3 staining sign@l. A similar pattern can be observed in a
different case, with mostly perivascular spread bfast-like hematological neoplasia with
CD20 and CD30 co-expression and an accompanyiilgaté containing PD-1—positive T-
cells. The pink arrow indicates a positive CD20rstey signal and the brown arrow a positive

CDa3 staining signal.

Figure 10: Automated quantification of Epstein Barr Virus (EBV¥)nfected cells and
evaluation of stained image objects representing GDH CD8, and PD-1 positive immune
cells. The quantitative assessment of EBV-positive celgsanes of perivascular spread
(“EBV infected cells”) and the estimation of immueel infiltration (“Lymphocyte density”)
revealed strikingly variable infiltrates with amttowards increased density of PDFicells
particularly in two cases (1440 and 1510) withghtperivascular load of EBV-infected cells.
A: Representative example for perivascular spre&B&Rpositive cells in an animal that
developed macroscopically visible tumors elsewli#s4.0). Left panel (40x objective): In the
brightfield (original) images, thEBER-ISH positive cells are stained in dark blue. Tdise
colorimages generated after deconvolution by multispéctraging (MSI) highlight the
detected positive nuclei in green. The result efabhtomated EBV cell detection (positive
nuclei marked by blue dots) is shown in the inséthe original image. Right panel (10x
objective in original, 20x objective in MSI imageBD-1 and CD4 immunohistochemistry
showing perivascular accumulation of positive cellthe original image and after

deconvolution by MSI. The result of automated qif@ation of image objects that

31



correspond to PD-1 and CD4 positive immune cel&hmwn in the insert of the MSI image.
B: Corresponding image analysis in an EBV-infectexbaaithout macroscopically visible
tumor burden shows fe@BERpositive cells (617) , showing a moderate periutscPD-T
infiltrate higher than in other cases without vigitumor load, but clearly lower than in the
tumor-bearing cases 1510 and 1440. Asterisks: cehteblood vesseC: The comparison
between quantity of EBV-positive cells (left panahd immune cell infiltrates confirming

variability across different animals in both thentwr-free, and the tumor-bearing population.
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Table 1: Mouse Characteristics.

Mouse Sex Cord hHSCT ID EBV detection

D blood ID Group CD45 % (QPCR/EBER Tumors
ISH)

601 M 263 Control 88 23,7 -/IND Liver (mouse)

Z6 F 215 Control 95 68 -/IND No

Z5 F 215 Control 95 41,7 -/ND No

Z4 F 215 Control 95 55,8 -/ND No

Z17 F 185 Control 96 42,7 -/ND No

Z10 F 185 Control 96 47,5 -/IND No

1481 F 272 Control 105 82 -IND No

1480 F 272 Control 105 75,3 -/ND No

1062 F 229 Control 92 58,2 -/ND No

1061 F 229 Control 92 33,5 -/ND No

1060 F 229 Control 92 21,7 -IND No

618 M 195 Control 88 70,5 -/ND No

616 M 153 Control 88 84,8 -/ND No

603 F 212 Control 89 83,8 -/ND No

600 F 212 Control 89 81,6 -IND No

582 M 264 Control 88 65,6 -/IND No

188 F 230 Control 83 72,5 -IND No

12 F 222 Control 108 22,1 -IND No

2 F 222 Control 109 44,6 -/ND No

1508 F 272 EBV 105 75 -/+ No

1469 F 147 EBV 104 61,7 +/ND No

1391 F 147 EBV 104 66,2 +/ND No

1016 F 229 EBV 92 16,1 +/ND No

1014 F 229 EBV 92 25,7 +/+ No

617 M 195 EBV 88 72,9 +/+ No

615 M 153 EBV 88 72 +/+ No

606 F 212 EBV 89 82,7 -1+ No

605 F 212 EBV 89 76,9 +/ND No

604 F 212 EBV 89 83,9 -1+ No

599 M 264 EBV 88 60,7 +/ND No

1509 F 272 EBV-Tumor 105 83,8 -I+ SPL

1440 F 147 EBV-Tumor 104 49,3 +/+ SPL

3 F 222 EBV-Tumor 109 72,5 +/ND SPL

1510 F 272 EBV-Tumor 105 79,4 +/+ SPL

602 M 263 EBV-Tumor 88 15,5 +/ND SPL,KID, PA

1570 F 222 EBV-Tumor 108 7 +/ND SPL, LIV

187 F 230 EBV-Tumor 83 50,9 ++ SPL, LIV

1015 F 229 EBV-Tumor 92 33 50 ++ SPL, KID, LIV
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M-Male, F-female, ND-Not determined.
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Table 2: Mean and standard deviation of the quantied absolute cell numbers obtained

for spleen (CD45, CD3", CD19', CD8', CD4", CD8'/PD-1", CD4'/PD-1") and EBV DNA

copies detected in spleen.

Control EBV EBV with tumor
(n=17) (n=11) (n=6)
Mean+SD Mean+SD Mean+SD
CD45 8.615 x 16 9.485 x 16 2.022 x 10
+1.53x 10 +6.458 x 16 +1.469 x 10
CcD3 2.994 x 16 6.759 x 16 1.805 x 10
+5.729 x 16 +4.317 x 16 +1.380 x 10
CD19 4.994 x 16 2.141 x 16 1.347 x 16
+8.846 x 16 +2.767 x 16 +1.67 x 16
CcD8 9.549 x 16 3.415x 16 1.132 x 10
+1.996 x 16 +2.049 x 16 +8.366 x 16
CD4 1.973x 16 3.056 x 16 6.191 x 16
+3.775 x 16 +2.456 x 16 +5.861 x 16
CD8+ PD-1+ 9.719 x 16 3.055 x 16 8.941 x 16
+2.119 x 16 +1.985 x 16 +4.562 x 16
CD4+ PD-1+ 1.772 x 16 2.691 x 16 5.384 x 16
+3.407 x 16 +2.21x 16 +4.528 x 16
Copies/ugDNA 00 9.420 x 10 1.680 x 10
+1.88 x 16 +2.7x10
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Fig. 4

% in hCD45 in SPL % in hCD45 in PBL

% in hCD45 in LN

% in hCD45 in BM

100+

1009 xax

80+

60+

404

100+

804

60

404

204

100+

-

% in hCD45 in mLN

Cell #in SPL

Cell#in LN

Cell #in BM

3 control

100- O EBV
[l EBV-Tumor

3x10074

2x1007 4

*x

1x1007

1.0x108+

8.0x105

6.0x10° *%

4.0x10%4

2.0x105

0

4x1006

3x10064

*kk

2x1006

1x1006 4

04



Fig. 5

A Gated on Gated on Gated on Gated on Gated on
Splenocytes hCD45 CD3 CD4 CDs8

1504
607
1009 1 i
40
R
50
209
0 0
3 45 3 3 45
E 4000 100 100 10
1,5k
300
1,09
I —
200
I
500
1009
o ol T o ol ol
3
4000 100 100 10 40’0 100 10t 10
400 1.267
300 900°]
[ —1
J 6001
200
1009 3007
0 0
3 LR
0o 100 10 10

Control

0 50K 100K 150K 200K250K

EBV

0 50K 100K 150K 200K250K

EBV-Tumor

3 3 PR 3 3 45 3
0 50K 100K 150K 200K250K 2000 100 10t 10° 000 100 10t 10 000 100 100 10 -10

N

CD45
CD3
r
CD4 5

l
Coun;
l
Count

—>
SSC-H CD19 CD8 PD-1 PD-1

*k * *
1000 = . 8100 2.0x106- —_
<
o 801 61005 1.5x106
[ control (é "
O EBV - »
[l EBV-Tumor tl:'-) 60 T Ax10% 1.0x106+
o
o
R 2x10064 5.0x105
40
0- o
AR A P N
3 v Yy Qv S Q}xs

1009 = 2x1007 - 2x1006 -

3 control = * _
[ EBV e 2 i
Il EBV-Tumor 80+
1x1007 4 1x1006 4
60
*%
40+
0- 04

%PD-1*in CD8
cell #




M
> 2

(=]

100
-4
[a]
()
£
+_ 50
a
o
3
0
>
&0
00
20
=
o
015
£
% 10
£
5
B
0
N
Q\(O
00
80
3
G 60
£
5 40
w0
[=]
O 20
=
0
AN
O'
&
°¢

frequency of CD4+ cells [%]

frequency of CD8+ cells [%]

w

< 5x10° - 100 = 2
S ax10° . § 3]
;E 3x10° %:_ £ ;E
B 2,108 . A i %0 a
> . & =
T 1x10° J._'p = L
0 0
AN N\ £ » Y $
o°¢° & /\"&o o“\\@ & /\"&o
< <o
S &
< <
L 5x10° iy @ 5x10° A
0 ax108 815 O 4x10°
£ c £
+ 3x10° = 2 o3x10° .
sz1o= 210 E 2x10° = %
T 110° . oS L 110 aappe & .
= 0 s Eh Gg T [ 1 = 0 .
KY < S > o o N &
o‘@\ & «fo & ¢ &S & & =
¢ N ¢ S ¢ S
& & &
< 8x10¢ * 80 o 8x10¢
o g [=]
9 6x10¢ . O 60 Q ex10
< . £ = .
2 4x10* % =, % 40 2 4x10¢ "
§ : = Sl ™ =
= 2x10° B 020 T 2x10* " .
5 = =
0 0 0
& & > H & S &
<,°°¢ < & & & < s ¢ =
04 < 6\ 04
< < <
3 control 1.5x103 o control
O EBV - S = EBV
T M EBV-Tumor O s EBV-Tumor
A
£ 1.0x103
‘:? °o A
£ or
= 5.0x102+ °.
i fom 4
= A
&n.,' o 0 2.5x10° 5.0x105
Q & .
A MFI PD-1* in CD4
L
3
3 control © 5.0x10 N o control
ok D EBV Q 3 = EBV
O 4.0x10°
Il EBV-Tumor s EBV-Tumor
+  3.0x10%+ -
rd
£ 2.0x103- -
I- A | | a
- 3] N
c 1.0x10°1 gg % o
0 T )
&n; o 0 1.0x10° 2.0x10°
D & .
& o MFI PD-1* in CD8



ACCEPTED MANUSCRIPT

Fig. 7

A B C D E
Minimal Perivascular Tumor of
perivascular spread/ intermediate
Non-infected spread/no macr. visible size/peri- Necrotic large
control macr. Tumor tumor vascular tumor
(600/Z4.2.1) (617) (1440) spread (1570) (602)

p ¢




ACCEPTED MANUSCRIPT

Fig. 8
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Fig. 10

Lymphocyte density

EBV-infected cells

(o1s1)
Jowin} [ pajoajul A93

MS

original

MsI

- origina

EBER

Jown} ou / pajosjul Ag3

S

original

MsI

- origina

'EBER

1 CD4
— CDs8

e ——— ) ) 7

—+GlL0L

[a)
o
- ———1/190

! —.a VA

——
=090

T T T T
n o v o wu
N N - -~

(xd ,0b 1ad ueaw)

sjoalqo abew anlisod

VL0l

=

-L190
rG190
7090

© o o o
© © <% «

(xd o1y | 4od ueaw)
SlI92 +43493

0

EBV-Tumor

EBV

EBV-Tumor

EBV



