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Aims Cyclophilin A (CyPA) induces leucocyte recruitment and platelet activation upon release into the extracellular space. Extracellular CyPA
therefore plays a critical role in immuno-inflammatory responses in tissue injury and thrombosis upon platelet activation. To date,
CD147 (EMMPRIN) has been described as the primary receptor mediating extracellular effects of CyPA in platelets and leucocytes.
The receptor for advanced glycation end products (RAGE) shares inflammatory and prothrombotic properties and has also been found
to have similar ligands as CD147. In this study, we investigated the role of RAGE as a previously unknown interaction partner for CyPA.

Methods Confocal imaging, proximity ligation, co-immunoprecipitation, and atomic force microscopy were performed and demonstrated an
and results interaction of CyPA with RAGE on the cell surface. Static and dynamic cell adhesion and chemotaxis assays towards extracellular
CyPA using human leucocytes and leucocytes from RAGE-deficient Ager™'~ mice were conducted. Inhibition of RAGE abrogated
CyPA-induced effects on leucocyte adhesion and chemotaxis in vitro. Accordingly, Ager '~ mice showed reduced leucocyte recruit-
ment and endothelial adhesion towards CyPA in vivo. In wild-type mice, we observed a downregulation of RAGE on leucocytes
when endogenous extracellular CyPA was reduced. We furthermore evaluated the role of RAGE for platelet activation and throm-
bus formation upon CyPA stimulation. CyPA-induced activation of platelets was found to be dependent on RAGE, as inhibition of
RAGE, as well as platelets from Ager™'~ mice showed a diminished activation and thrombus formation upon CyPA stimulation.
CyPA-induced signalling through RAGE was found to involve central signalling pathways including the adaptor protein MyD88,

intracellular Ca®* signalling, and NF-kB activation.

*Corresponding author. Tel: +49 7071 29 83688; fax: +49 7071 29 5749, E-mail: david.heinzmann@med.uni-tuebingen.de
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Conclusion

We propose RAGE as a hitherto unknown receptor for CyPA mediating leucocyte as well as platelet activation. The CyPA-RAGE

interaction thus represents a novel mechanism in thrombo-inflammation.
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RAGE is a novel receptor for extracellular CyPA on leucocytes and platelets. RAGE was found to interact with CyPA and to play an important role in CyPA-
induced leucocyte and platelet functions. Platelet activation, coaggregate formation, and intracellular Ca*" release by CyPA were abrogated when RAGE

was absent or blocked. Similarly, CyPA-induced leucocyte migration and adhesion were found to be dependent on RAGE in vivo and in vitro. CyPA abun-

dance was furthermore identified to regulate RAGE expression in vivo.
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1. Introduction

Cyclophilin A (CyPA) is a well-characterized primarily intracellular 18 kDa
peptidyl-prolyl isomerase, which has been identified to play an important
role in a broad range of inflammatory diseases, neurodegeneration, cancer, viral
infection, cardiovascular disorders, and asthma.""® While being an important
intracellular target for the immunosuppressive drug cyclosporine, CyPA can
be released into the extracellular space in response to various proinflammatory
conditions including necrosis, reactive oxygen species (ROS), lipopolysacchar-
ides (LPS) stimulation, and irradiation.""™"® Extracellular CyPA is a strong
chemoattractant inducing leucocyte chemotaxis, adhesion, and secretion of
matrix metalloproteinases. Furthermore, extracellular CyPA has been identi-
fied as an inducer of platelet activation and thrombosis and beyond their role
in haemostasis and pathological arterial thrombus formation, emerging evi-
dence supports the pivotal role of platelets in inflammation, cellular repair,
and fibrosis."*"*

To date, CD147 (EMMPRIN), being expressed on many different cell
types including leucocytes and platelets, has been the primary interaction
partner identified to mediate effects of extracellular CyPA, inducing down-
stream modification of key pathways, especially NF-kB activation.>*%°

Recently, STO0A9 has been reported to not only interact with receptor
for advanced glycation end products (RAGE) but also with CD147, pro-
moting tumour metastasis and monocyte/macrophage migration.2122
We were therefore intrigued to investigate whether RAGE, similar to

CD147, could be a receptor for extracellular CyPA in the context of
thrombo-inflammation.

Since its discovery in 1992, many different ligands apart from advanced
glycation end products (AGEs) have been identified, making RAGE a pat-
tern recognition receptor.”> Among these are members of the $100 pro-
tein family, HMGB1, amyloid-B, and others.?*2” RAGE activation facilitates
proinflammatory effects, including NF-kB activation, formation of ROS,
leucocyte recruitment, and apoptosis.’®*° RAGE is furthermore expressed
on platelets and has been found to augment their activation in various
pathophysiological mechanisms.*°=% Both for RAGE and CD147,
signal transduction has been found to be very complex. CD147 requires
for its proper function a metabolic activation complex consisting of amino
acid transporters 4F2hc, LAT1, and ASCT2 (SLC1A5), Na*/K*-ATPase,
and the cell adhesion mediators EpCAM and integrin B1, termed a
‘metabolon’.** For RAGE, transactivation without binding of a ligand has
been shown through other receptors, and it has been identified to play a
complex role in the directional crosstalk enabling downstream signal trans-
duction.®® RAGE is therefore an intricate player in the pathophysiology
of inflammatory processes, including diabetes mellitus, myocardial
ischaemia—reperfusion injury, allergy, rheumatological diseases, and
others.?”*¢78 Especially in the context of cardiovascular disease, the inter-
action of RAGE and CyPA could therefore be of significant interest to bet-
ter understand pathophysiological changes and potentially develop new
therapeutic strategies.
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In the current study, we provide evidence that RAGE is critically involved
in CyPA-mediated proinflammatory and prothrombotic mechanisms
in vitro and in vivo, offering new insight into crosslinks of thrombo-inflammatory
processes.

2. Methods
2.1 Ethics statement and data availability

All animal experiments were performed according to the animal protec-
tion law of Germany and to the guidelines from Directive 2010/63/EU
of the European Parliament on the protection of animals used for scien-
tific purposes and were approved by local ethics committees. Ager™~
(B6.129P2-Ager™"A™d 912 months old), MyD88™'~ [B6.129P2(SJL)-
MyD88'™™" 1P| '3 months old], and C57BL/6 mice were used in the
experiments. All efforts were made to minimize suffering; euthanasia
was performed by isoflurane (5% v/v) or ketamine (100 mg/kg body
weight) and xylazine (20 mg/kg body weight) anaesthesia with subsequent
exsanguination or cervical dislocation. Investigators were blinded to the
treatment of animals. All experiments on human material were approved
by the local ethics committee (270/2011BO1, 238/2018B0O2) and were
conducted in accordance to the principles outlined in the Declaration
of Helsinki; informed written consent was given prior to the inclusion
of subjects in the study.

2.2 Isolation of human monocytes

Human monocytes were isolated as previously described.” Briefly, peripheral
blood was drawn from healthy donors in CPDA monovettes (Sarstedt) and
centrifuged in a Ficoll gradient (GE Healthcare) to separate the leucocytes.
Leucocytes were allowed to adhere overnight, and adherent monocytes
were harvested. The cells were cultured in RPMI 1640 medium (Gibco) sup-
plemented with 10% foetal calf serum (Gibco) and 100 U/mL penicillin and
100 pg/mL streptomycin (both Sigma-Aldrich) in a 5% CO, humidified atmos-
phere at 37°C.

2.3 Isolation of murine leucocytes

Murine leucocytes were isolated from bone marrow or whole blood of
2-12 months old mice. The bone marrow was washed with RPMI 1640
medium, supplemented with 10% foetal calf serum, 1% HEPES, 100 U/mL
penicillin, 100 pg/mL streptomycin, and 0.01% granulocyte—macrophage
colony-stimulating factor (GM-CSF). Erythrocytes were lysed in ammonium
chloride. Cells were resuspended in supplemented medium and cultured in
six-well plates in a 5% CO, humidified atmosphere at 37°C.

2.4 Confocal microscopy

For colocalization experiments, human monocytes were isolated and
allowed to adhere on poly-L-lysine—coated chamber slides. Cells were sti-
mulated with 200 nM recombinant CyPA (R&D Systems) and fixed with
4% formalin. After blocking monocytes with 10% donkey serum in phos-
phate buffered saline (PBS), the cells were incubated with antibodies
against RAGE (Abcam, R&D Systems), CD147 (Abcam), or IgG controls
overnight at 4°C. Cells were incubated with Alexa Fluor 488 or Alexa
Fluor 568-labelled secondary antibodies (Life Technologies), and the nu-
cleus was stained using DAPI. The cells were mounted using Fluorescent
Mounting Medium (Thermo Fisher). Images were taken on a ZEISS LSM
900 with Airyscan 2. Micrographs shown represent single plane images.
Analysis of colocalization of RAGE and CD147 was performed using
Zeiss colocalization software.

2.5 Proximity ligation assay

Proximity ligation assays (Duolink PLA, Merck) were performed according
to the manufacturer’s instructions with human monocytes (n > 2 biological
replicates) or murine leucocytes from Ager™'~ or wild-type mice (n = 4 bio-
logical replicates) as indicated. Primary antibodies against CyPA, RAGE, or
CD147 control were bound by oligonucleotide-labelled secondary anti-
bodies. Hybridizing connector oligos can only join the two antibody-bound

oligos if they are in close proximity to each other. In the next step, a ligase
formed a closed circular DNA template that was the template for a rolling
circle amplification. Labelled oligos were hybridized to the complementary
sequences within the amplicon, which allowed a strong signal amplification.
Cells were stimulated with recombinant 200 nM CyPA (R&D Systems)
in the presence or absence of the RAGE inhibitors FPS-ZM1 (300 nM,
Merck), RAGE-antagonistic peptide (RAP; 300 nM, Merck), solvent, or
IgG controls as indicated and afterwards fixed with 2% formalin. After
blocking with 10% donkey serum in PBS, the cells were incubated with anti-
bodies against RAGE (Abcam, R&D Systems), CD147 (Abcam), and CyPA o
(Abcam, R&D Systems), or IgG controls overnight at 4°C. The proxmlty o
ligation assay was further performed according to the manufacturer’s in- 3
structions. Images were taken on a ZEISS LSM 900 or 980 with Airyscan £
2 and a Nikon ECLIPSE Ti2-A and analysed using FlJl/Image].

2.6 dSTORM microscopy and structured

illumination microscopy

Murine platelets were isolated as previously described® and rested in 2 M 3
glycine (AppliChem) coated 8x-well chambers (Cellvis, #C8-1.5H-N, #1.5 3
high-performance cover glass) for 30 min, before being fixed with 3% 3
glyoxal solution, quenched with 0.1% NaBH, (ICN Biomedicals), permea- £
bilized with 0.25% Triton X-100 (Electran), and blocked in a 5% bovine ser--5
um albumin (BSA) solution in PBS. Platelets were stained with Alexa Fluor 8
647—coupled anti-CyPA antibody (R&D Systems) and CF568-coupled 3
anti-RAGE antibody (Abcam) for dSTORM and additionally with £
MemBrite-488 for structured illumination microscopy. Single- and two-
colour dSTORM and the neighbour analysis were performed as previously g
described.* Lattice SIM measurements were performed using a Zeiss Elyra b
7 with Lattice SIM* equipped with an x63 oil immersion (Plan-Apochromat £
63x/1.4 Oil DIC M27) objective and two sCMOS PCO Edge 4.2M cameras.
Resting platelets were immobilized using fibrinogen (Sigma-Aldrich) coated @
8x-well chambers [Cellvis, #C8-1.5H-N, #1.5 high-performance cover 5
glass (0.170 + 0.005 mm)]. For Alexa Fluor 647 excitation, the 642 nm la- =
ser line (HR Diode 642 nm—>500 mW) was used with 10% laser intensity. %
CF568 was excited with the 561 nm laser line (561 nm DPSS) with 10% 5 3
laser intensity. The 488 nm laser line (HR Diode 488 nm—500 mW) =
was used to excite MemBrite-488 as well as Alexa Fluor 488 with 5% laser &
intensity and 20% laser intensity, respectively. To minimize bleed-through g
BP 420-480 + LP 655, BP 495-550 + BP 570-620 and BP 420-480 + BP‘;
490-25 + LP 655 filters were used to measure the 642, 561 and 488 nm @
channels, respectively. In order to align the different channels, a matrix N
was created using fluorescent beads (TetraSpeck, Thermo Fisher). The 3
channel alignment and SIM? image processing were performed using the m
Zeiss software ZEN 3.0 (black edition). Further image processmg/edltlng =3
was performed using Image).
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2.7 In silico protein complex modelling
The experimental structures of studied proteins were obtained from the 9
RCSB database (PDB IDs: 7ABT/CyPA*" 4YBH/RAGE™). Structures g
were processed with the protein preparation wizard of Schrodlnger—n
Maestro suite 2023-2 (Schrodinger Release 2023-2) to optimize the cr
hydrogen-bonding network, followed by constrained minimization m
(heavy-atom root-mean-square deviation converge of 0.3 A) to remove‘f\)
crystallographic artefacts. Protein docking was carried out using the Q
Glide™ protein docking procedure. The docking pose visualized is with "
lowest (best) Glide docking score value, which is also almost identical to
the 4YBH complex.

18N yaylol|

2.8 CyPA-RAGE binding enzyme-linked

immunosorbent assay

Interaction of CyPA and RAGE was assessed using a titration enzyme-linked
immunosorbent assay (ELISA; n > 3), as previously described.* Wells were
coated with recombinant RAGE-Fc, Fc, or CyPA (all R&D Systems) and
blocked with 1% BSA for 1h. CyPA, Fc, or RAGE-Fc was diluted in
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HEPES-buffered saline and added for 90 min, respectively, supplemented
with 2 mM MgCl, and subsequently washed three times. Bound proteins
were fixed using 2.5% glutaraldehyde for 10 min. Bound proteins were
detected by incubating the plate with an anti-CyPA (Abcam) or anti-Fc
(R&D Systems) antibody for 90 min. After washing three times, the plate
was incubated with biotinylated secondary antibodies and streptavidin—
horseradish peroxidase (HRP). The binding was detected with 3,3',5,5'-
tetramethylbenzidine and stopped with 1 M H,SO4, and the plate was
measured at 450 nm.

2.9 Immunoprecipitation, siRNA

knockdown, and western blot

For immunoprecipitation, HEK293 cells transfected with plasmids
pCMV3-AGER-t1-His for RAGE-6xHis and pCMV3-PPIA-GFPSpark for
CyPA-GFP (Sino Biological) or wild-type platelets were used. Single and
co-transfection of HEK293 cells was conducted according to the
manufacturer’s instructions using Lipofectamine 2000 (Invitrogen). Using
the selection marker hygromycin B (0.25 mg/mL, Thermo Fisher), the
CyPA-GFP and RAGE-6xHis positive cells were selected. Untransfected
and transfected HEK293 cells or platelets after incubation with 100 nM
CyPA for 10 min were lysed using radioimmunoprecipitation assay lysis
buffer with added protease inhibitor and sonicated subsequently. For im-
munoprecipitation, the cell lysate was incubated with precipitation anti-
bodies against 6xHis-tag (Abcam), GFPspark-tag (R&D Systems), CD147
(Thermo Fisher), or IgG controls (R&D Systems) overnight at 4°C. The lys-
ate—antibody mix was incubated with agarose bead slurry (Cell Signaling) at
4°C. Afterwards, samples were washed with lysis buffer to remove un-
bound proteins. The addition of loading dye and dithiothreitol to the bead-
bound antibodies and proteins was followed by immunoblot analysis of the
samples. Therefore, lysates were separated by sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS-PAGE, 10 or 15%) under redu-
cing conditions and transferred onto a polyvinylidene difluoride membrane
(PVDF membrane). For detection, primary antibodies against RAGE
(Abcam), CD147 (Thermo Fisher), GFPspark-tag, and CyPA (both R&D
Systems) with IRDye secondary antibodies (Li-Cor) were used. A Li-Cor
Odyssey 9120 System was used for fluorescence signal detection, and rep-
resentative blots from >3 experiments are shown.

For the detection of RAGE and CD147 in leucocytes, cells were isolated
as described above and were treated with anti-CD147 (20 pg/mL, Ancell)
or SP8356 (10 pM, MCE), or respective controls for the indicated time
periods. For siRNA knockdown, THP-1 cells were transfected using
Accel transfection medium (Horizon Discovery) with siRNA targeting
RAGE, CD147, or non-targeted control RNA (1 pM, Horizon Discovery).
Western blot of leucocyte or platelet lysates was performed according to
standard protocols using anti-CD147 (Thermo Fisher) or anti-RAGE
(Abcam) antibodies for detection.

2.10 RAGE-CHO cells

RAGE-CHO and respective parental cells were cultured in Ham’s-F12
Medium supplemented with 10% foetal calf serum and 1% Na pyruvate.
For western blots, cells were lysed in lysis buffer with protease inhibitor
(both Cell Signaling) for 1 h at 4°C. A 5x sample buffer was added, and
samples were kept for 5 min at 95°C. The samples were run on 8.5%
SDS—polyacrylamide gels. For RAGE detection, anti-RAGE antibody
(Santa Cruz), diluted in 5% BSA, was used. Bands were detected using a
Li-Cor Odyssey 9120 infra-red imaging system (Li-Cor). Verification of sur-
face expression of RAGE was done by flow cytometry. Flow cytometry
also confirmed that RAGE-CHO cells did not differ in their CD147 expres-
sion from CHO cells. Adhesion experiments (n > 8) under flow were per-
formed as described before.*®

2.11 Atomic force microscopy

To investigate the interaction of CyPA with RAGE expressed on the cell
surface, we used atomic force microscopy to evaluate minute differences
in binding strength between RAGE and CyPA. CHO and RAGE-CHO cells
were kept in fibronectin-coated wells in Leibovitz's L-15 Medium (Thermo

Fisher). Force measurements between a CyPA-coated cantilever
(MLCT-BIO-DC, cantilever C, k=<0.01 N/m, Bruker Corporation) and
the cell surface of CHO (n = 75) and RAGE-CHO (n = 78) cells were ob-
tained using an MFP3D-BIO atomic force microscope (Asylum Research)
in the force mapping mode with the following scan parameters: trigger:
1 nN, retract distance: 4 um, contact dwell time: 2 s, force curve rate: 1—
2 Hz, and scan size: 5x 5 um?® and 6 X 6 pixels, resulting in 36 adhesion
measurements per cell; per condition, more than 76 cells were analysed
from two individual experiments. Analyses were performed using IGOR
PRO 8 (WaveMetrics).

2.12 Chemotaxis of monocytes and

leucocytes

The migration of human monocytes and murine leucocytes was assessed using
a modified Boyden chamber (Neuro Probe).* For human monocytes, a 5 um
and, for murine leucocytes, a 3 pm pore polycarbonate membrane was
used to separate the upper and the lower compartment; 2 x 10* cells/well
were loaded in the upper chamber in the presence or absence of the receptor
blocking antibodies anti-CD147 (Ancell), anti-RAGE (Abcam, R&D
Systems), anti-TLR4 (R&D Systems), or IgG control (all 20 pg/mL). CyPA
(200 nM) or CXCL12 (50 pg/mL, both R&D Systems) was added to
the medium in the lower chamber as specified. For decoy receptor
experiments, CyPA was preincubated with recombinant RAGE-Fc or Fc
(3.6 pg/mL, respectively, both R&D Systems). After migration for 4 h at
37°C with a 5% CO, atmosphere, the separating membrane was fixed
with methanol and the cells were stained with a May—Griinwald/Giemsa
solution and counted.

2.13 Static adhesion

Static adhesion was assessed using CyPA- or BSA-coated wells. Leucocytes
from Ager™™ or wild-type mice or human monocytes were preincubated
with anti-RAGE, anti-CD147, anti-RAGE, and anti-CD147, or IgG control
(all 20 pg/mL) for 15 min; 2 x 10* cells were allowed to adhere to immo-
bilized CyPA or BSA for 1 h. Hereafter, the plate was gently washed to re-
move non-adherent cells and adherent cells were counted.

2.14 Dynamic adhesion

Flow chamber experiments with leucocytes were performed as previously
described."”* In brief, cover slips were coated with recombinant CyPA,
BSA, or human umbilical vein endothelial cells (HUVECsS) in the presence
or absence of 800 nM MM284, an extracellular cyclosporine derivative
blocking extracellular CyPA, where indicated. LPS- or CyPA-stimulated hu-
man monocytes, CyPA-stimulated leucocytes from Ager™™ or wild-type
mice (2 x 10%), or (RAGE-)CHO cells were used and were preincubated
with either anti-RAGE (R&D Systems) or anti-CD147 (Ancell) antibody
or IgG control (all 20 ug/mL) where indicated and were perfused over re-
combinant CyPA or activated HUVECs under arterial shear rates of
2000 s™". The experiments were recorded in real time, and rolling and ad-
herent cells were evaluated off-line.

2.15 MyD88 activation

The 4 x 10* THP-1 cells were pretreated for 15 min with either SP8356
(10 uM, MCE) or anti-CD147 (20 pg/mL, Ancell) to block CD147. RAP
or FPS-ZM1 (300 nM, Merck) was used to block RAGE. IgG or the respective
solvent was used as negative control. Cells were activated by LPS (1 pg/mL) as
a positive control or CyPA (200 nM, R&D Systems) for 8 min alone or follow-
ing the antagonist pretreatment. Cells were fixed in 4% paraformaldehyde
(PFA) for 10 min, washed, and permeabilized for 15 min with PBS containing
5% BSA and 0.3% Triton X-100. Primary anti-MyD88 antibody (Santa Cruz)
was diluted 1:50 in PBS, and cells were incubated for 1 h. The secondary anti-
body donkey anti-goat Alexa 488 (Life Technologies) was incubated 1 h in the
dark. Nuclei were stained with Drag5 (Thermo Scientific). Between each step,
cells were thoroughly washed three times with PBS. Slides were mounted
with Prolong Diamond Antifade (Invitrogen). MyD88 activation was assessed
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in cells visualized using a Nikon Eclipse Ti2-A microscope at X60 using 660 and
495 nm filters.

2.16 NF-kB translocation

Human leucocytes were isolated and cultivated in RPMI 10% FBS at 37°C
with 5% CO, overnight. Cells were pretreated for 15 min with either
SP8356 (10 uM, MCE), anti-CD147 (20 pg/mL, Ancell), RAP, or
FPS-ZM1 (both 300 nM, Merck), or with the respective solvent or IgG as
negative control. Cells were activated for 30 min with either LPS (1 ug/mL)
as a positive control or CyPA (200 nM, R&D Systems). For immunofluores-
cence measurements, in situ cells were fixed in 4% PFA for 10 min and, after a
PBS wash step, permeabilized 15 min with PBS, 5% BSA, 0.3% Triton X-100
(PB). Cells were incubated for 1 h with rabbit-anti-NF-«kB p65 (Cell Signaling)
1:400 in PB. Secondary donkey anti-rabbit Alexa 488 antibody (Life
Technologies) was incubated for 1 h in the dark. Nuclei were stained with
Drag5 (Thermo Scientific). Slides were mounted with Prolong Diamond
Antifade (Invitrogen) and visualized with a Nikon Eclipse Ti2 microscope at
x60. Images of nuclei (660 nm) and NF-kB staining (495 nm) were taken
and fluorescence intensity in the nucleus was assessed using Image).

For electrophoretic mobility shift assay (EMSA), nucleus extracts of the
cells were prepared as previously decribed.* The Odyssey infra-red EMSA
assay kit (Li-Cor) was performed according to the manufacturer’s recom-
mendations using IRDye 700 NF-kB consensus oligonucleotide as well as
200x unlabelled oligonucleotides. Gels were imaged using a Li-Cor
Odyssey 9120 imaging system.

2.17 Intravital microscopy of postcapillary

venules in murine cremaster muscle

To study leucocyte rolling in vivo, postcapillary venules of the mouse cre-
master muscle were visualized, as described.?® Two hours after intrascrotal
injection of 10 pg CyPA or PBS, anaesthesia was induced by intraperitoneal
injection of ketamine and xylazine (100/20 mg per kg body weight, respect-
ively), and a tracheal tube was inserted for ventilation. The scrotum was
opened and the cremaster muscle was exteriorized. By spreading it over
a cover glass and superfusing it with bicarbonate-buffered saline (35°C),
the postcapillary venules were visualized using an upright Olympus BX51
microscope with a saline immersion objective (x40/0.8). Data were ana-
lysed offline on stored video tracks. Diameters and length of postcapillary
venules were analysed using a digital image processing system.47 The cen-
treline red blood cell velocity was determined with a dual photodiode with a
digital on-line cross-correlation program (Circusoft Instrumentation) for off-
line calculation of the mean blood flow velocity and shear rates.*® The number
of adherent leucocytes, defined as cells that remain stationary at the vessel
wall during a 30-s observation period, per vessel surface (n/mm?) and rolling
leucocyte flux fraction, defined as the number of rolling cells crossing a per-
pendicular line through the examined vessel during 1 min in relation to the to-
tal number of circulating leucocytes, were calculated.

2.18 Induction of peritonitis in vivo

Eight- to twelve-week-old wild-type and RAGE-deficient Ager™~ mice
were intraperitoneally injected with 10 pg CyPA. After 24 and 48 h,
mice were scarified and a peritoneal lavage was performed by washing
the peritoneum with PBS. After 24 h, one mouse of each group had to
be excluded from analysis due to haemorrhagic lavage, which was a prespe-
cified exclusion criterion. The infiltrated cells were harvested, and 5 x 10°
cells were stained for the surface markers CD11b, F4/80, and CD3 (all
eBioscience) and analysed by flow cytometry.

2.19 Flow cytometry analysis of murine

leucocytes

Eight- to twelve-week-old C57BL/6 mice were injected i.p. with the
anti-CyPA antibody 8H7 or IgG control (5 pg/kg). After 24 h, mice
were sacrificed and blood was collected in PBS supplemented with
20U heparin. Erythrocytes were lysed twice using lysis buffer

(155 mM NH4Cl, 12 mM NaHCOs3;, and 0.1 mM EDTA in ddH,O, pH
7.2-7.6). Cells were washed, supernatant was discarded, and cells
were blocked (TruStain FcX anti-mouse CD16/32, Biolegend and
NovaBloc, Invitrogen). Cells were stained with antibodies against
CD3, CD4, CD8 (all BD Bioscience), CD25 (BioLegend), CD11b
(Miltenyi Biotec), RAGE (R&D Systems), and anti-FoxP3 (Thermo
Fisher), or CD147 for 20 min. Hereafter, cells were washed twice, fixed,
and permeabilized overnight at 4°C with FoxP3 Staining Buffer Set
(eBioscience) according to manufacturer’s instructions and analysed
using a Cytek Aurora.

2.20 Platelet isolation and flow cytometry

analysis

Human platelets were isolated as previously described.'”*? In brief, blood was
drawn in CPDA monovettes (Sarstedt) and centrifuged to obtain platelet-rich S
plasma (PRP). Murine platelets were isolated using acid citrate dextrose. =
Platelets were stimulated for 1 h with 200 nM CyPA together with 20 pg/ S
mL anti-RAGE, IgG control or adenosine diphosphate (ADP, 20 uM), or =
thrombin (1 U/mL) in Tyrode’s HEPES buffer supplemented with 1 mM §
CaCl,. The platelets were stained for CD29, CD41a, CD4%, CD147 (all o3
BioLegend), CD62P (human: Beckman Coulter; murine: Emfret Analytics), g
CD42b, and/or JON/A (both Emfret Analytics) and analysed by flow 2
cytometry.

Aggregation of CD14" cells with platelets was assessed as previously
described.® In brief, isolated platelets (1 x 10”) were stimulated with
CyPA (200 nM) or TRAP (25 pM) and incubated with anti-RAGE,
anti-CD147, both, or 1gG control (all 20 pg/mL) for 30 min. Activated 2
platelets were incubated with isolated leucocytes (5x 10%) for 1h &
and were stained with anti-CD14 (R&D Systems) and anti-CD42b &
(BD Biosciences). Double-positive co-aggregates were analysed by ©
flow cytometry.
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2.21 Calcium measurements

Washed human platelets were resuspended in Tyrode’s buffer without cal-
cium and loaded with 5 uM fura-2 acetoxymethyl ester (Invitrogen) in the
presence of 0.2 pg/mL Pluronic F-127 (Biotium) for 30 min at 37°C.
Loaded platelets, washed once and resuspended in Tyrode’s buffer containing &
1 mM Ca*, were treated with CyPA (200 nM) or solvent control (PBS) for
10 min and subsequently activated with ADP (20 pM) in the presence or ab-=
sence of FPS-ZM1 (400 nM, Merck). Calcium responses were measured un-
der stirring with a spectrofluorometer (LS55, PerkinElmer), at alternate
excitation wavelengths of 340 and 380 nm (37°C). The 340/380 nm ratio va-
lues were converted into nanomolar concentrations of Ca®" by lysis with
Triton X-100 (Sigma-Aldrich) and a surplus of EGTA.
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2.22 In vitro thrombus formation

In vitro thrombus formation was performed as previously describe
Glass cover slips were coated with collagen and blocked for 1 h with 1% o
BSA. Human CPDA-anticoagulated blood or murine-heparinized blood )
was stimulated with 200 nM CyPA for 1 h or kept in resting conditions. :
The blood was additionally pretreated for 15 min with antibodies against &
CD147,RAGE, CD147 and RAGE, or IgG control (all 20 pg/mL). The blood g
was perfused over cover slips with a shear rate of 1000 s~ Photo documen- <
tation for analysis was performed after blood perfusion was stopped. The §
thrombus area was analysed off-line, and the relative thrombus area was <!
calculated.
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2.23 Statistical analysis

Data are presented as mean & SEM. Normality was assessed and Student’s
t-test or non-parametric tests were used for comparisons between two
groups. Comparisons between more than two groups were performed using
analysis of variance (ANOVA) or Kruskal-Wallis test with subsequent post
hoc two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli.
The analyses were performed using GraphPad Prism (GraphPad Software).
A P<0.05 was considered statistically significant. ns indicates P> 0.05, *
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indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, and **¥* in-
dicates P < 0.0001.

3. Results

3.1 RAGE interacts with CyPA on the cell

membrane

To investigate whether RAGE can interact with extracellular CyPA, we
first compared the localization of RAGE with the well-characterized
CyPA receptor CD147 on human leucocytes. Confocal microscopy re-
vealed similar distribution of RAGE when comparing it to the localization
of CD147, both being predominantly found at the cell membrane
(Figure 1A). CyPA was furthermore found closely associated with CD147
as well as with RAGE on the cell surface. Using proximity ligation for
CyPA and RAGE, we observed a robust colocalization signal on human leu-
cocytes in situ (Figure 1B and C). When RAGE was targeted with the small-
molecule inhibitor FPS-ZM1°° or RAP,51 we observed a marked decrease
in signal strength (Figure 1B, bottom panel). Leucocytes from Ager™'~ mice
similarly showed no specific PLA signal compared to leucocytes from wild-
type mice (Figure 1C). These findings indicate that CyPA interacts in close
proximity with RAGE and that inhibition of RAGE prevents this association
on the cell surface.

We further used super resolution microscopy technology with two-colour
dSTORM in conjunction with lattice structured illumination microscopy
(Figure 1D and E) to investigate the CyPA-RAGE interaction in murine
platelets after verifying that RAGE is expressed on human platelets (see
Supplementary material online, Figure S1A). Neighbour density analysis
showed accumulation of RAGE in close proximity to CyPA in the range
of 50-100 nm on a single-molecule level. When taking into account that
the two antibodies used for staining induce distance errors of 10-15 nm
each, these analyses allow for a very exact determination of spatial congru-
ency between the two molecules.

In silico protein complex modelling of the CyPA-RAGE interaction con-
firmed a suspected binding site between the two molecules with the lowest
(best) Glide docking value shown, being almost identical to the RAGE com-
plex (Figure 2A). In the next step, we used a CyPA-RAGE-binding ELISA to
investigate binding of the two interaction partners in the absence of other
proteins to confirm that CyPA and RAGE interact with each other in the
absence of other facilitating factors. We observed a significant binding be-
tween RAGE-Fc and plate-bound CyPA and vice versa compared to the Fc
control (Figure 2B). The concentration of RAGE required for half-maximal
CyPA binding was found to be in the range of 2-5 pg/mL.

Using co-immunoprecipitation, we confirmed the CyPA-RAGE inter-
action by generating plasmids coding for tagged CyPA or RAGE, which
were transfected in HEK293 cells. Expression was verified by immunofluor-
escence microscopy (not shown). We found that immunoprecipitation
of CyPA from cells transfected with CyPA-GFP showed a positive immunor-
eactive band for RAGE. Further, immunoprecipitation of RAGE (RAGE-HIS)
showed a positive immunoreactive band for CyPA (CyPA-GFP) in trans-
fected cells. Interaction of CyPA with the known receptor CD147 was con-
firmed by detecting CD147 after immunoprecipitation of CyPA-GFP and
the detection of CyPA after immunoprecipitation of CD147 (Figure 2C).

To further differentiate a mere spatial association from a significant and
strong binding of the two proteins on the cell surface, we performed atom-
ic force microscopy (Figure 2D, top).>? We used RAGE-expressing CHO
cells showing a markedly increased surface expression of RAGE while re-
taining a similar CD147 surface expression compared to the parental cells
(Figure 2E). We measured the adhesion force and adhesion work required
to remove a CyPA-coated cantilever from the cell surface of RAGE CHO
and CHO cells, respectively (Figure 2D, bottom). RAGE CHO cells elicited
a strongly increased adhesion force and adhesion work necessary to lift the
cantilever from the cell surface compared to the parental cell, which illus-
trates a significant and strong CyPA-RAGE interaction on the cell surface,
which goes beyond a spatial association.

RAGE has been described to be released from cells [soluble RAGE
(sRAGE)] and to act as a decoy receptor modifying its ligands by binding

them in the extracellular space before they reach a surface-associated
RAGE molecule, thereby proving a sink for proinflammatory ligands.>>>*
We observed that human monocytes readily migrate towards extracellular
CyPA in the absence of sRAGE. However, the pro-migratory effect of
CyPA was mitigated by preincubation with SRAGE mimicking the biological
function of sSRAGE (Figure 2F). This provides additional clues about the dy-
namic ligand receptor interactions beyond the cell surface.

RAGE-CHO cells furthermore displayed increased rolling when per-
fused over CyPA-coated surfaces compared to the parental cells. This
was abolished when the CyPA-coated surface was preincubated with
MM284, a cell-impermeable cyclosporine derivative, which selectively
binds extracellular CyPA (Figure 2G).

3.2 RAGE is necessary for CyPA-induced

signalling via MyD88 and NF-kB in leucocytes
We further examined the role of RAGE and CD147-induced signalling
events in response to extracellular CyPA. We first investigated the activa-
tion of MyD88, a 296 amino acid downstream adaptor protein of RAGE,
which shows no known association with CD147.*' When THP-1 cells
were challenged with extracellular CyPA, we observed a robust increase
in MyDdosome activation, which was comparable to stimulation with
LPS. To our surprise, this effect was blunted when RAGE or CD147 was
inhibited by antibody or small-molecule inhibitors (RAGE inhibitors
FPS-ZM1 and RAP; CD147 inhibitor SP8356, Figure 3A). This indicates
that RAGE in addition to CD147 is a significant interaction partner for
extracellular CyPA, and that both receptors seem to be necessary for ef-
ficient signal transduction to activate MyD88. Functionally, MyD88 activa-
tion was required for CyPA-induced cell migration. Leucocytes from
Myd88~'~ mice showed a significantly reduced migration towards extracel-
lular CyPA compared to wild type, whereas migration towards CXCL12
(SDF1), which induces migration by binding to CXCR4/CXCR7, was un-
altered, showing that Myd88-deficient leucocytes have no general migra-
tion deficiency (Figure 3B).

We found striking parallels in the activation of NF-xB in human leuco-
cytes. Here, CyPA induced a translocation of NF-kB into the nucleus, com-
parable to LPS used as positive control. Inhibition of RAGE or CD147
resulted in a similarly decreased NF-kB translocation when evaluating nu-
clear fluorescence signal of NF-kB p65 in situ (Figure 3C), which was verified
by EMSA of NF-kB performed with nuclear protein extracts (Figure 3D).
Taken together, these results indicate an intricate dependence of CyPA,
both on RAGE and CD147.

3.3 RAGE is necessary for CyPA-induced

recruitment of leucocytes

We were furthermore interested to determine the role of RAGE for
CyPA-induced leucocyte recruitment. We first analysed the adherence
of human monocytes to immobilized CyPA in a static adhesion model.
We found monocytes to strongly adhere to immobilized CyPA, while
antibody-based inhibition of the receptors CD147, RAGE, or both
significantly reduced adhesion (Figure 4A). Monocyte adhesion under
dynamic conditions was investigated using a flow chamber assay with
arterial shear rates, which imposes physical stress on the facilitating
proteins on the surfaces. When human monocytes were perfused
over a CyPA-coated surface, the addition of anti-RAGE antibody dimin-
ished the CyPA-induced adhesion markedly, as did the addition of
anti-CD147 antibody (Figure 4B). A similar effect was observed by per-
fusing CyPA-stimulated human monocytes over activated HUVECs,
where adhesion was significantly reduced upon the addition of
anti-CD147 or anti-RAGE antibody (Figure 4C). A simultaneous inhib-
ition of CD147 and RAGE did not result in a further reduction of the al-
ready low adhesion (Figure 4C).

To assess whether RAGE is involved in CyPA-induced chemotaxis of
leucocytes, a modified Boyden chamber assay was used. The addition
of anti-RAGE antibody significantly abrogated the chemotactic response
of human leucocytes towards extracellular CyPA (Figure 4D). Similarly, a
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Figure 1 CyPA interacts with RAGE and CD147 on leucocytes and platelets. Confocal single plane images of human monocytes stained with antibodies against
RAGE and CD147 showed a similar cellular distribution of the two receptors (left panel). Colocalization analysis (centre panel) demonstrated a strong signal overlap
between the two receptors. Spatial signal analysis along the red line highlights the strongest signal overlap in the area of the cell membrane (A, right panel; scale bar
5 pm). Proximity ligation assays (PLA) on human leucocytes furthermore confirmed a close spatial interaction of CyPA with RAGE and CD147, while CD147 and
RAGE display no close interaction. This interaction of CyPA with RAGE was blocked by addition of the RAGE inhibitors FPS-ZM1 and RAP (B, top panel n > 2
biological replicates, Kruskal-Wallis test bottom panel n = 6 biological replicates, ANOVA, scale bar 5 um). Leucocytes from Ager™'~ mice similarly showed no specific
PLA signal compared to Ager'”* mice (C, n=4 biological replicates, Mann-Whitney test, scale bar 2 um). Super-resolution microscopy of murine platelets
(D, two-colour dSTORM; E, Lattice SIM) confirmed colocalization of CyPA and RAGE. Neighbour density analysis of RAGE density in discrete ring areas (dark
grey) in relation to CyPA allowed identification of colocalization hotspots through analysis of RAGE density at different radial distances to CyPA. Histograms of
distance-dependent density peak maxima in resting platelets with increased accumulation distances as indications of colocalization hotspots highlighted in light
grey between 50 and 100 nm are shown (scale bar 2 um). * indicates P < 0.05, ** indicates P < 0.01, **** indicates P < 0.0001, and ns indicates P > 0.05.
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Figure 2 CyPA is bound by RAGE on the cell surface. To evaluate binding sites, in silico protein complex modelling was performed between CyPA and
RAGE. Protein docking was carried out using the Glide protein docking procedure. The docking pose with the lowest (best) Glide docking score value is vi-
sualized and is also almost identical to the RAGE complex and is shared by several other known RAGE ligands (A). ELISAs of recombinant RAGE-Fc to CyPA
showed a significant interaction of the two proteins in a dose-dependent manner (B, n > 3 biological replicates, t-test). Immunoprecipitations from HEK293
cells transfected with CyPA-GFP and/or RAGE-HIS, or platelets (right panel), show an interaction of CyPA with RAGE and CD147. Representative micro-
graphs of blots are shown (C, n > 3 biological replicates). Atomic force microscopy was used to characterize the CyPA-RAGE interaction on the cell surface.
Adhesion of a CyPA-coated cantilever was significantly higher on RAGE-transfected CHO cells compared to parental cells, while CD147 surface expression
was similar in both cell types, as shown by FACS. RAGE expression in CHO and RAGE-CHO cells was confirmed by western blot and FACS (D, E, individual
dots show mean of 36 measurements per cell; n > 76 cells were analysed per condition, t-test, Mann—Whitney test). Migration of human leucocytes towards
CyPA was blocked by preincubation of CyPA with recombinant RAGE or Fc as control (both 3.6 pg/mL), mimicking the ability of SRAGE to modulate its ligands
before binding to membrane-bound RAGE, abrogating subsequent signalling in vivo (F, n > 3 biological replicates, ANOVA). RAGE-CHO cells showed increased
rolling on CyPA-coated surfaces under flow conditions compared to non-transfected parental cells. Preincubation of CyPA with the CyPA-binding extracel-
lular cyclosporine derivative MM284 (800 nM) blocked this effect (G, n > 8 biological replicates, ANOVA). * indicates P < 0.05, *¥*** indicates P < 0.0001, and
ns indicates P > 0.05.
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Figure 3 RAGE is necessary to activate downstream signalling upon CyPA stimulation. Stimulation of THP-1 cells with CyPA (200 nM) resulted in a strong
activation of MyD88. This was diminished when RAGE was blocked using the inhibitors FPS-ZM1 or RAP (both 300 nM). Similarly, activation was reduced by
blocking CD147 with the inhibitor SP8356 (10 pM) or anti-CD147 antibody (20 ug/mL; A, n > 3 biological replicates, ANOVA). Consistently, leucocytes from
MyD88-deficient mice showed no relevant migration towards CyPA (200 nM) compared to leucocytes from wild-type mice, while both showed normal mi-
gration towards CXCL12 (50 pg/mL; B, n = 4 biological replicates, ANOVA). Activation and subsequent translocation of NF-kB p65 to the nucleus of human
leucocytes was induced by stimulation with CyPA (200 nM), and NF-kB p65 fluorescence signal (green) at the nucleus (Draqg5, red) was measured. A reduced
translocation of NF-kB p65 was observed when RAGE was blocked with FPS-ZM1 or RAP (both 300 nM), or when CD147 was blocked with SP8356 (10 uM)
or anti-CD147 antibody (20 pg/mL; C, n > 3 biological replicates, Kruskal-VWallis test). EMSA of nucleus extracts of human leucocytes using fluorescent double-
stranded DNA oligonucleotides of NF-kB was used to assess the role of CD147 and RAGE on CyPA-induced NF-kB activation. Blocking of CD147 [prein-
cubated with anti-CD147 (20 pg/mL), SP8356 (10 uM)] or RAGE [preincubated with FPS-ZM1, RAP (both 300 nM)] resulted in a decrease of nuclear binding
signal of NF-kB compared to CyPA alone. Addition of 200x unlabelled oligonucleotide resulted in a decreased signal as well, which confirms the specificity of
the observed binding signal (D, representative blot of three biological replicates is shown; others are shown in Supplementary material online, Figure S1B).
* shows P < 0.05; ** shows P < 0.01; *** shows P < 0.001; **** shows P < 0.0001; ns shows P > 0.05.
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strong reduction of migration was observed when anti-CD147 antibody
was added to the cells, as described before. IgG isotype control and control
anti-TLR4 antibody did not interfere with CyPA-induced migration.

We furthermore used leucocytes from Ager™'~ mice to investigate ef-
fects of complete disruption of the CyPA-RAGE signalling on cell adhesion
and migration. Leucocytes from Ager™~ mice were verified to have similar
CD147 expression levels compared to wild-type mice (Figure 4E). siRNA
knockdown of CD147 or RAGE in THP-1 cells did not result in reciprocally
altered expression of the respective other receptor compared to untreat-
ed cells or cells transfected with control siRNA (Figure 4F).

In a static adhesion assay, a significantly higher binding of wild-type leu-
cocytes to recombinant CyPA compared to BSA control was noted,
whereas Ager_/_ leucocytes did not show any relevant adhesion to recom-
binant CyPA or BSA (Figure 4G). Under flow conditions, Ager '~ leucocytes
showed no relevant rolling on immobilized CyPA compared to cells from
wild-type animals (Figure 4H). Furthermore, extracellular CyPA failed to in-
duce migration of Ager™~ leucocytes, whereas leucocytes from wild-type
animals showed normal migration towards CyPA (Figure 4I).

These data indicate that both RAGE and CD147 are required for
CyPA-mediated leucocyte recruitment and adhesion.

3.4 CyPA-induced leucocyte recruitment is
dependent on RAGE in vivo

Leucocyte recruitment is a tightly regulated process in which RAGE has been
identified to play a prominent role. We were therefore interested, whether
CyPA acts via RAGE to induce leucocyte adhesion to the vessel wall also in
vivo. Hence, we investigated the relevance of the CyPA-RAGE interaction
for leucocyte recruitment to the vessel wall using intravital microscopy of
the postcapillary venules in the cremaster muscle of mice. Intrascrotal injec-
tion of CyPA induced a strong adhesion of leucocytes to the postcapillary
venules in wild-type mice. In RAGE-deficient mice, however, CyPA injection
resulted in a diminished adhesion of leucocytes similar to injection with PBS,
indicating that RAGE is necessary for CyPA-induced recruitment of leuco-
cytes to the vessel wall in vivo (Figure 5A).

To evaluate the pathophysiological significance of the CyPA-RAGE inter-
action for leucocyte chemotaxis to the site of inflammation in vivo, we per-
formed a CyPA-induced murine peritonitis model. When wild-type mice
were injected with CyPA into the peritoneal cavity, a strong influx of leuco-
cytes was apparent. In contrast, CyPA injection into Ager™'~ mice resulted in
a drastically decreased recruitment of leucocytes compared to wild-type
mice. The effect was pronounced after 24 h for CD11b-positive and
CD3-positive cells while F4/80-positive cells reached statistical significance
after 48 h (Figure 5B and C).

3.5 CyPA plays an important regulatory role

for RAGE expression in vivo

To show that not only externally administered CyPA interacts with RAGE in
an experimental model, we were interested to investigate whether a positive
feedback loop between basal extracellular CyPA as the ligand and the regula-
tion of RAGE as the receptor exists in vivo, which has been published for
several ligands, both for RAGE and CD147, respectively.”>>¢ When wild-type
mice were treated with the CyPA-binding antibody 8H7 for 24 h to reduce
basal extracellular CyPA levels, we observed a dramatic decrease of
RAGE on leucocytes. This was not restricted to one subpopulation but
was detected on CD11b", CD4", CD8" (P < 0.05, respectively), and regu-
latory T cells (P = 0.08), indicating an important regulatory role of extracel-
lular CyPA in the expression of RAGE on leucocytes in vivo (Figure 5D).
These data provide strong evidence that extracellular CyPA indeed is tight-
ly intertwined with RAGE as its receptor in leucocyte recruitment and that
CyPA subsequently has an important regulatory role in the expression of
RAGE in vivo.

3.6 CyPA-induced activation and adhesion of
platelets are dependent on CyPA-RAGE

interaction

CyPA has previously been identified to activate platelets and to serve as a
crosslink in thrombo-inflammation."” To determine whether the effects of
the CyPA-RAGE interaction are limited to leucocytes, we confirmed the
expression of RAGE on human platelets (see Supplementary material
online, Figure STA) and evaluated their role in the activation of human pla-
telets upon CyPA stimulation. In response to the canonical platelet activa-
tor ADP, platelets increase surface CD62P expression. Also, in response to
CyPA, we noted an increased CD62P expression, which was significantly
abrogated when platelets were treated with anti-RAGE antibody prior
to CyPA stimulation (Figure 6A). This confirms that RAGE is also a relevant
receptor for the activation of platelets by extracellular CyPA.

Mechanistically, Ca®* signalling is a central pathway to mediate platelet ac-
tivation. When human platelets were pretreated with CyPA and subsequently
with ADP, we observed a robust increase in intracellular Ca®" compared to
PBS control. When platelets were pretreated simultaneously with FPS-ZM1, a
small-molecule inhibitor for RAGE, CyPA failed to induce relevant intracellular
Ca®* release (Figure 6B) upon ADP stimulation, indicating that RAGE plays an
important role in CyPA-mediated activation of platelets.

These results were confirmed when investigating thrombus formation
in vitro. CyPA-stimulated human whole blood was perfused over collagen-
coated coverslips inducing robust thrombus formation, which was dimin-
ished when RAGE, CD147, or both were blocked by adding respective
antibodies (Figure 6C).

Bridging the gap between leucocytes and platelets, we furthermore ex-
amined whether RAGE is involved in the formation of CyPA-induced plate-
let—leucocyte co-aggregates. Here, we observed that CyPA increased
co-aggregate formation and that blocking of RAGE, CD147, or both
with respective antibodies but not an IgG control resulted in a blunted re-
sponse of human cells (Figure 6D).

As receptor expression on platelets could differ in RAGE-deficient mice,
we analysed the surface expression of several activation markers and adhe-
sion molecules on platelets form Ager™~ and wild-type mice. Platelets from
Ager™™ mice showed no difference in CD147 expression compared to
wild-type mice (Figure 7A). Platelets from Agerf/f mice furthermore
showed an unaltered CD62P activation upon stimulation with thrombin
compared to wild-type mice. However, a reduced platelet activation re-
garding surface expression of CD62P and activated GPlIb/llla in Ager™~
mice after treatment with CyPA was observed (Figure 7B and C). Other
surface markers, including CD29, CD41a, CD42b, and CD49b, were simi-
lar in platelets of Ager™~ mice compared to wild-type mice and not af-
fected by stimulation with CyPA in both mice (Figure 7D).

RAGE deficiency consequently had a prominent effect on CyPA-induced
thrombus formation. Treatment of whole blood of Ager™™ mice with
CyPA resulted in a strongly reduced thrombus formation in vitro compared
to wild-type mice (Figure 7E).

With these results, we demonstrate that the RAGE receptor plays a central
role in facilitating CyPA-induced platelet activation and thrombus formation.
In conjunction with the presented data from leucocytes, we characterize a
stringent and congruent biological concept for the RAGE receptor in
CyPA-induced thrombo-inflammation in leucocytes and platelets.

4. Discussion

The present study unravels RAGE as a novel receptor for extracellular
CyPA in vascular thrombo-inflammation and shows that (i) CyPA binds
to RAGE on the cell surface, (i) CyPA induces downstream signalling
through RAGE via MyD88 activation, NF-«B translocation, and intracellular
Ca®" release in leucocytes and platelets, and (i) RAGE expression is in-
duced by extracellular CyPA and drives CyPA-mediated inflammation
in vivo (also see Graphical Abstract).

The role of extracellular CyPA has been thoroughly investigated, espe-
cially in the context of inflammatory diseases and thrombosis,*'7~'%->7~6°
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Figure 4 CyPA-induced leucocyte adhesion and migration are dependent on RAGE. Human monocytes were allowed to adhere to recombinant CyPA or
BSA in a static adhesion model. Addition of antibodies against RAGE, CD147, or both (20 pg/mL) abrogated migration towards CyPA (200 nM) (A, n =5 bio-
logical replicates, Kruskal-Wallis test). Under flow conditions, human monocytes showed a diminished adhesion on CyPA-coated surfaces (B, n > 8 biological
replicates, Kruskal-Wallis test) and activated HUVECs (C, n > 7 biological replicates, ANOVA) when RAGE, CD147, or both were blocked with respective
antibodies (20 pg/mL). Migration of human monocytes towards CyPA (200 nM) was likewise inhibited when RAGE or CD147 was blocked with antibodies
(20 pg/mL), while anti-TLR4 (20 pg/mL) allowed normal migration towards CyPA (D, n > 5 biological replicates, Kruskal-Wallis test). Ager™'~ mice showed
similar levels of CD147 using flow cytometry (E, n = 6 biological replicates, t-test). Similarly, knockdown of RAGE or CD147 using siRNA (1 uM) did not alter
the expression of the respective other receptor in THP-1 cells compared to untreated cells or cells transfected with control siRNA (F, representative western
blot of three biological replicates is shown). Murine leucocytes from wild-type mice showed robust adhesion on CyPA-coated surfaces in static (G, n > 4 bio-
logical replicates, Mann—Whitney test, t-test) and dynamic conditions (H, n > 3 biological replicates, t-test) as well as leucocyte migration (I, n > 4 biological
replicates, t-test), while Ager '~ leucocytes failed to adhere and migrate towards CyPA (200 nM). * indicates P < 0.05, ** indicates P < 0.01, *** indicates
P < 0.001, *¥*%* jndicates P < 0.0001, and ns indicates P > 0.05.
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Figure 5 RAGE is necessary for CyPA-induced leucocyte adhesion and migration and is in turn regulated by extracellular CyPA in vivo. In wild-type mice,
intravital microscopy revealed a robust adhesion of leucocytes to the postcapillary venules of the cremaster muscle 2 h after intrascrotal injection of CyPA.
RAGE-deficient mice showed no increased adhesion after stimulation with CyPA (A, n > 4 biological replicates, Mann—Whitney test). Panels on the right show
representative images of postcapillary venules from RAGE-deficient and wild-type mice. To evaluate whether RAGE is involved in CyPA-induced leucocyte
migration in vivo, a CyPA-induced peritonitis model was used where mice were intraperitoneally injected with 10 ug CyPA. After 24 (B, n = 6 biological re-
plicates, t-test) or 48 h (C, n = 8 biological replicates, t-test, Mann—Whitney test), mice were sacrificed, and a peritoneal lavage was performed. Isolated cells
were stained for CD11b, F4/80, and CD3 and were analysed using flow cytometry. When the basal level of circulating CyPA in mice was reduced by admin-
istration of the anti-CyPA antibody 8H7 (5 ug/kg) for 24 h, we observed a downregulation of RAGE on CD11b, CD4, CD8, and Treg leucocytes compared to
1gG control (5 pg/kg), demonstrating a positive feedback loop between CyPA and RAGE (D, n > 2 biological replicates, t-test). * shows P < 0.05, ** shows P <

0.01, *¥*¥* shows P < 0.0001, and ns indicates P> 0.05.

with the primarily reported receptor for extracellular CyPA being the
matrix metalloproteinase inducer CD147.%" Hibino et al.*' furthermore
suggested an interaction of CD147 with ST00A9, a calcium-binding pro-
tein known to bind RAGE. Due to the importance of RAGE for cardio-
vascular diseases and diabetes, we were very intrigued to explore

whether RAGE can also bind CyPA, as a crosslink of these previously un-
related receptors has deep implications on our understanding of cardio-
vascular pathophysiology.

Our immunofluorescence studies indicated a similar expression of
RAGE on the cell surface of leucocytes, compared to the known CyPA
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Figure 6 Inhibition of RAGE blocks CyPA-induced platelet activation via reduced intracellular Ca®*. Activation of platelets demonstrated by CD62p surface
expression upon CyPA stimulation (200 nM) was diminished in the presence of anti-RAGE antibody (20 pg/mL; A, n > 15 biological replicates, Kruskal-VWallis
test, ADP 20 pM). CyPA-induced (200 nM) increase in cytosolic Ca>* was abolished by addition of the RAGE inhibitor FPS-ZM1 (400 nM; B, n > 9 biological
replicates, t-test; Mann—Whitney test). Antibodies against CD147, RAGE, or both receptors (all 20 pg/mL) reduced CyPA-induced (200 nM) in vitro thrombus
formation when human whole blood was perfused over fibrinogen-coated surfaces (C, n = 6 biological replicates, ANOVA). Co-aggregation of human platelets
and CD14-positive cells after stimulation with CyPA (200 nM) and TRAP (25 pM) was assessed using flow cytometry. When antibodies against RAGE, CD147,
or both (all 20 pug/mL) were added, no relevant CyPA-induced co-aggregation was observed (D, n > 6 biological replicates, ANOVA). * indicates P < 0.05,
** indicates P < 0.01, *** indicates P < 0.001, **** indicates P < 0.0001, and ns indicates P > 0.05.

G20z Aieniga4 gz U0 Jasn Yayjolqiqenusz 4SO Aq 028015 ./S8E/Y/0Z L/RIOIHE/SAIOSEAOIPIES/I0D dNODILSPED.//:SAIY WO} POPEOJUMO(



398

P. Seizer et al.

platelets
600 ns 1500
%
o g Kk *:

a

S 400+ ‘é L]
E " L =
o ] ol® @
fre e £
= 200 w k]
..I [

v Ager*’® Ager”

D
400~ NS ns ns ns ns n
300
T 200-
£ 200
o
100 - N #
o
M lululsl LT
CD29 CD49%b  CD41a CD42b
E

Thrombus formation
(% of total area)

S
o
1

N
o
1

1505 * ns * ns ®  Ager” unstimulated
[ Ager™ n
B Ager” 100 - n A Ager” unstimulated

Ager” CyPA stimulated

CD62P JON/A
Ager*”* unstimulated
Ager” unstimulated
O Ager” CyPA stimulated
3 Agert* B Ager”
60 * ns

untreated CyPA untreated CyPA
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Mann—Whitney test). CyPA-induced (200 nM) in vitro thrombus formation was furthermore dramatically decreased in blood from Ager

==, while wild-type

mice showed robust thrombus formation (E, n > 4, t-test). * indicates P < 0.05, ** indicates P < 0.01, and ns indicates P > 0.05.

receptor CD147. Using proximity ligation, two-colour dSTORM, and
Lattice SIM super-resolution microscopy, we were able to reveal a spatial
association of CyPA with RAGE at the range of 50-100 nm. While these
experiments established a very close proximity on the cell surface, we
were interested to see whether CyPA and RAGE directly interact with
each other.

Using RAGE-CHO cells, we were able to measure the change in adhesion
force and adhesion work introduced by RAGE overexpression on the cell sur-
face to immobilized CyPA. The force needed to lift a CyPA-coated cantilever
from the cell surface of RAGE-CHO cells was found to be significantly greater
than from parental CHO-cells, which demonstrates direct interaction and a sig-
nificant strength of the interaction on the cell surface. The interaction was fur-
thermore confirmed using co-immunoprecipitation and binding ELISAs.

Circulating RAGE isoforms can act as decoy receptors inhibiting ligand—
RAGE interactions on the cell surface.*>** When CyPA was preincubated
with recombinant RAGE, we observed a markedly reduced chemotaxis
compared to CyPA alone, which mimics the findings of circulating
sRAGE by providing a sink for ligands before interacting with RAGE on
the cell surface and therefore omitting downstream signalling.

When investigating the role of RAGE for the chemotactic activity of
extracellular CyPA, we observed that inhibition of RAGE abrogates the mi-
gration of leucocytes as well as adhesion of leucocytes under static and un-
der flow conditions, similarly to inhibition of CD147. The results were
confirmed by leucocytes from Ager™'~ mice showing no relevant migration
towards CyPA while retaining their migratory abilities towards other
chemoattractants, therefore exhibiting no general migratory defect.
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Furthermore, we confirmed that leucocytes from Ager™~ mice showed
similar CD147 expression levels compared to wild-type mice to rule out
reduced CD147 expression resulting in the reported effects. Similarly,
knockdown of CD147 or RAGE also did not result in a reciprocal regula-
tion of the respective other receptor in THP-1 cells. Other investigators
have performed extensive RNA sequencing analyses in Ager™'~ vs. wild-type
mice and congruently did not observe CD147 (Bsg) to be differentially regu-
lated in macrophages in vivo.?

The CyPA-RAGE interaction proved to play a significant role in vivo as
well, which was demonstrated using a CyPA-induced peritonitis model.
Here, Ager™~ mice showed a lower leucocyte recruitment upon CyPA
injection compared to wild-type mice. The results highlight the strong de-
pendence of CyPA-induced leucocyte migration on RAGE signalling, which
previously was described only to be dependent on CD147 interaction.

As RAGE is known to facilitate leucocyte recruitment to the vessel
wall,%> we investigated the role of RAGE for CyPA-mediated adhesion of
leucocytes. The interaction with CyPA under flow conditions was reduced
when cells were RAGE deficient or RAGE was blocked, indicating that
RAGE is a necessary player for CyPA-induced leucocyte adhesion.
Perfusing human monocytes in combination with antibodies against
CD147 and/or RAGE over immobilized CyPA or activated HUVECs, as
well as murine Ager™~ leucocytes over immobilized CyPA, resulted in re-
duced cellular adhesion. In the next step, we probed the in vivo adhesion
of leucocytes to postcapillary venules of the cremaster muscle in mice to
mimic leucocyte recruitment driven by CyPA. After intrascrotal injection
of CyPA, wild-type mice showed an elevated adhesion of leucocytes to the
endothelium. Adhesion upon CyPA stimulation was markedly reduced in
Ager™™ mice, indicating that RAGE is indeed necessary for CyPA-induced
leucocyte recruitment to the vessel wall in vivo.

In vivo, inflammation is driven by many different mediators and signalling
molecules that orchestrate the response to a proinflammatory stimulus in
parallel. Within this proinflammatory cocktail, key downstream targets
are often activated by more than one receptor or signalling pathway. In
the case of CD147 and RAGE, this proved even more complicated, as
both receptors are able to recognize many different proinflammatory li-
gands that are commonly released in proinflammatory settings in vivo (in-
cluding HMGB1, S100 proteins, CyPB, integrins, and GPVI), rendering the
dissection of the mechanisms involved very challenging. We found no feas-
ible way to selectively induce only a release of CyPA in vivo, while making
sure that no other ligand of RAGE or CD147 was released or induced
leading to a proinflammatory response that could mimic the effect of
extracellular CyPA. We therefore exploited the fact that numerous stud-
ies have shown positive feedback loops that regulate the expression of
RAGE (reviewed in Ott et al.>® and Jang et al.**) depending on ligand abun-
dance. To investigate this effect, we selectively neutralized the basal en-
dogenous extracellular CyPA in vivo by i.p. administration of the
CyPA-binding antibody 8H7. We expected that a decrease of available ba-
sal endogenous extracellular CyPA for 24 h would result in a decrease of
RAGE on the cell surface of leucocytes. Indeed, we observed that leuco-
cytes showed a dramatic decrease in RAGE surface expression upon in-
hibition of endogenous extracellular CyPA in vivo. We observed this
effect not only on one leucocyte subset but on CD11b", CD4", CD8",
and regulatory T cells. These data provide novel evidence that extracellu-
lar CyPA is an important regulatory factor for RAGE on leucocytes in vivo.
However, it is not feasible to thoroughly exclude that other ligands of
RAGE are involved in the manner of a superligand induction state but to-
gether with the binding analyses and the in vitro studies, the evidence we
provide supports that RAGE may bind CyPA. This is especially interesting
as many diseases have been associated with increased RAGE expression in
parallel with increased circulating CyPA levels, including myocardial
infarction and thrombosis, as well as chronic inflammation and dia-
betes.’®¢®> The understanding of this feed-forward mechanism where
CyPA increases RAGE expression on leucocytes presents an important
link in understanding the pathophysiology and dynamics of acute inflam-
matory processes as well as chronification of inflammation.
Furthermore, the CyPA-RAGE interaction establishes an important link
regarding thrombo-inflammation.

Regarding thrombosis, CyPA has previously been found to be critically
involved in platelet activation, intracellular calcium homeostasis, and
thrombosis via CD147."®°8 RAGE has similarly been identified to be in-
volved in platelet activation in vivo, as well as venous and arterial thrombosis
by $100, HMGB1, and AGEs>'~33

Following stimulation with CyPA platelets showed an increased
a-granule secretion (surface expression of CD62P) and integrin ay,P3 ac-
tivation. In line with the results detailed above, inhibition of the CyPA—
RAGE interaction reduced the surface expression of CD62P and acti-
vated integrin oy,P3 and resulted in a decreased ability to form thrombi o
in murine as well as human whole blood, indicating that pro-thrombotic ©
effects of CyPA are not exclusively mediated by CD147 but also rely on 3
CyPA-RAGE interaction. Consequently, CyPA-induced co-aggregation & 8
of platelets with leucocytes was diminished by the inhibition of RAGE & g
as well.

Platelets react with a marked increase in cytosolic Ca?* abundance when 3
activated with extracellular CyPA. As intracellular Ca®* release in platelets =
is a central and tightly regulated step in platelet activation, we were interested £
to see whether Ca”* abundance in platelets was altered by inhibition of RAGE 9\’
upon stimulation with extracellular CyPA. As expected extracellular CyPA & =3
induced a robust increase in intracellular Ca®* levels, which was blunted by 3'
RAGE inhibition. The CyPA-RAGE interaction may therefore play a critical £
role in CyPA-induced platelet activation. Especially in cardiovascular disorders, %
liberation of CyPA has been well documented,?® and RAGE has likewise been 3
identified to be upregulated and augment pathophysiological processes in 3.
these conditions. Increased levels of circulating CyPA in combination with £ “’
abundantly expressed RAGE could therefore play a clinically important role &
in augmenting inflammation and platelet activation as driving forces of cardio- &
vascular events. Hence, it is tempting to speculate that targeted interference §
with the CyPA-RAGE interaction could be a promising therapeutic strategy 2
for chronic inflammation and thrombo-inflammation.

As CyPA also induces several downstream signalling pathways in leuco-
cytes, we investigated whether RAGE is necessary for their initi- o
ation.'”*>¢¢=%? \We demonstrate that the RAGE- binding adaptor protein =
MyD88 is crucially involved in CyPA-mediated migration, while CD147 & %
shares no known interaction with MyD88.7%”" It is important to note & S
that MyD88™"~ leucocytes maintained normal chemotaxis towards SDF1, & 3
which rules out a general migration defect of these cells while interfering 3
with the RAGE-MyD88 axis abrogated chemotaxis towards CyPA. We g
were intrigued to observe that blocking of RAGE by FPS-ZM1 or RAP,=
as well as CD147 by antibody or SP8356, resulted in a diminished @
MyD88 activation. Further downstream, we observed similar results where 1 N
NF-xB activation was blunted by inhibition of RAGE or CD147. The =1
CyPA-RAGE interaction therefore seems to have a prominent effect on &
the proinflammatory MyD88-NF-kB axis, which leads to increased pro-
duction of cytokines and chemokines, adhesion molecules, and inflamma-
some regulation.”? Through additional RAGE signalling, CyPA therefore
has a wider range of influence on multiple aspects of innate and adaptive
immune functions than only through CD147.

The RAGE receptor consists of three domains V, C1, and C2 that form >
the extracellular region and a short transmembrane as well as a cytoplas-
matic signal domain. The V domain is an immunoglobulin-like domain found !
to be the binding site for AGEs, S100, and HMGB1. The V domain forms a g
constructive unit with the C1 domain, while the C2 domain is independentlyg
attached to the VC1 domain. FPS-ZM1 (N-benzyl-N-cyclohexyl-4- N
chlorobenzamide) inhibits the interaction between the V domain and several )
ligands. Similarly, the S100-derived RAP competes for the RAGE site re-
quired for binding these ligands.”* As both FPS-ZM1 and RAP were found
to effectively decrease CyPA-induced cellular effects, it is very likely that
CyPA relies on the V domain to activate RAGE downstream signalling, which
was confirmed by in silico protein complex modelling.

Our data clearly show that both receptors interact with extracellular
CyPA and that both receptors are required for CyPA-dependent cell sig-
nalling. Signalling through activation of RAGE and CD147 has previously
been found to be of unexpected complexity. For CD147, a metabolic
activation complex has been uncovered that consists, in addition to
CD147, of amino acid transporters 4F2hc, LAT1, and ASCT2 (SLC1A5), a
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Na'/K*-ATPase, and the cell adhesion mediators EpCAM and integrin
B1, which are termed a ‘metabolon’, as reviewed in Fairweather
et al** Similarly, RAGE has been shown to be transactivated by
the angiotensin Il receptor AT; and plays a complex role beyond
mere ligand binding in the directional crosstalk enabling downstream
signal transduction.®>7*

A limitation to be considered is that while we confirmed that RAGE
deficiency did not influence CD147 expression on murine leucocytes
and platelets, we have not investigated the expression of RAGE on
CD147-deficient cells. However, siRNA knockdown of RAGE or
CD147 did not reciprocally change the expression of the other receptor
in THP-1 cells. As the RAGE pathway has a complex signalling
network with respect to its ligand repertoire, we also cannot rule out
that other ligands or pathways are involved in the signal transduction
of CyPA.

In the light of these mechanisms and the data we present, we postulate
that successful CyPA signalling depends on binding to RAGE and CD147
to induce downstream signal transduction in a ‘signalosome’”* fashion,
explaining why dual inhibition of both receptors resulted in no additional
reduction in several experiments shown, compared to inhibition of a sin-
gle receptor. The presented data lead to the conclusion that both recep-
tors are necessary at the same time or in close succession in order to
facilitate CyPA-mediated effects. We anticipate that future studies will
uncover the exact mechanisms of the CyPA-RAGE-CD147 interaction,
of which all three play prominent roles in highly relevant pathologies of
today.
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Translational perspective

Leucocyte recruitment and platelet activation are fundamental steps in clinical conditions ranging from host defence to myocardial infarction. In this
manuscript, we identify CyPA as a ubiquitously expressed ligand for RAGE on leucocytes and platelets facilitating platelet activation as well as leucocyte
recruitment in vitro and in vivo. We furthermore identified a feed-forward mechanism between basal CyPA levels and RAGE expression on different
leucocyte subsets in vivo. The CyPA-RAGE interaction thus represents a novel mechanism facilitating thrombo-inflammation and connecting two im-

portant effector molecules.
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