Cellular Haemostasis and Platelets

HMGB1 binds to activated platelets via the receptor for advanced gly-
cation end products and is present in platelet rich human coronary ar-

tery thrombi
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Summary

High mobility group box 1 (HMGB1) acts as both a nuclear protein
that regulates gene expression, as well as a pro-inflammatory alarmin
that is released from necrotic or activated cells. Recently, HMGB1-ex-
pression in human atherosclerotic plaques was identified. Therapeutic
blockade of HMGB1 reduced the development of diet-induced athero-
sclerosis in ApoE knockout mice. Thus, we hypothesised an interaction
between HMGB1 and activated platelets. Binding of recombinant
HMGB1 to platelets was assessed by flow cytometry. HMGB1 bound
to thrombin-activated human platelets (MFI 2.49 vs 25.01, p=0.0079).
Blood from wild-type, TLR4 and RAGE knockout mice was used to de-
termine potential HMGB1 receptors on platelets. HMGB1 bound to
platelets from wild type C57BI6 (MFI 2.64 vs 20.3, p<0.05), and
TLR4"-mice (MFI 2.11 vs 25.65, p< 0.05) but failed to show binding to
platelets from RAGE” mice (p >0.05). RAGE expression on human
platelets was detected by RT-PCR with mRNA extracted from highly
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Introduction

High mobility group box 1 (HMGBI) is a DNA binding protein
comprised of three domains (A box, B box, and an acidic C-ter-
minal tail, »Figure 1). It facilitates DNA replication, recombi-
nation, transcription and repair. HMGBI can also act as a cytokine
eliciting pro-inflammatory effects (1, 2). It is passively released
from necrotic, damaged or apoptotic cells (3) and can also be ac-
tively secreted from circulating activated immune cells such as
macrophages (4).

HMGBI has been implicated in the pathophysiology of pa-
thogen-associated diseases like sepsis, and antibody-mediated
blockade of HMGBI reduced lethality in a mouse model of sepsis
(4). HMGBI has also been implicated in the pathophysiology of
sterile inflammation (2) and autoimmune disorders such as rheu-
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purified platelets and confirmed by Western blot and immunofluores-
cence microscopy. Platelet activation increased RAGE surface ex-
pression (MFI 4.85 vs 6.74, p<0.05). Expression of HMGB1 in human
coronary artery thrombi was demonstrated by immunohistochemistry
and revealed high expression levels. Platelets bind HMGB1 upon
thrombin-induced activation. Platelet specific expression of RAGE
could be detected at the mRNA and protein level and is involved in the
binding of HMGB1. Furthermore, platelet activation up-regulates pla-
telet surface expression of RAGE. HMGB1 is highly expressed in pla-
telet-rich human coronary artery thrombi pointing towards a central
role for HMGB1 in atherothrombosis, thereby suggesting the possibil-
ity of platelet targeted anti-inflammatory therapies for atherothrom-
bosis.

Keywords
HMGBI1, platelets, RAGE, ACS

Received: December 29, 2014
Accepted after major revision: June 9, 2015
Epub ahead of print: July 23, 2015

http://dx.doi.org/10.1160/TH14-12-1073
Thromb Haemost 2015; 114: mmm

matoid arthritis (5). Atherosclerosis is also an inflammatory dis-
ease with no clear links to pathogen-associated inflammation (6).
We and others found high expression of HMGBI in athero-
sclerotic plaques (7, 8) and demonstrated that antibody-mediated
blockade of HMGBI reduced diet-induced atherosclerosis in a
mouse model, thereby establishing a link between HMGBI1 and
the pathophysiology of atherosclerosis (9).

Development of atherosclerosis has been closely associated
with the deposition of activated platelets at the site of endothelial
dysfunction (10). Furthermore platelets have also been implicated
in late stages of atherosclerosis during the transition of stable to
unstable plaques as well as plaque rupture (11, 12). Beside their
primary haemostatic functions, platelets are actively contributing
to pro-inflammatory processes thereby facilitating the progression
of atherosclerosis (13). It has recently been demonstrated that acti-
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vated platelets contribute to inflammation in the vessel wall by the
recruitment and activation of leukocytes through platelet mol-
ecules released either by shedding (CD40L) or exocytosis (seroto-
nin) (14, 15). Expanding from the observations mentioned above,
we hypothesised that the DNA binding cytokine HMGBI, which
plays a critical role in the development of atherosclerosis (16), in-
teracts with activated platelets and that this interaction may add to
the inflammatory functions of platelets. To the best of our know-
ledge we are the first to describe binding of HMGBI to activated
platelets via the platelet-expressed receptor for advanced glycation
endproducts (RAGE).

Materials and methods
Materials

The polyclonal RAGE-specific antibody N16 (sc-8230) was pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
The PE-labelled anti-P-selectin mAb (clone AK-4) and the IgM
PAC-1 were from BD Pharmingen (San Jose, CA, USA). Mono-
clonal antibodies (anti-HMGBI and control) were purified from
culture media of growing hybridomas producing the anti-HMGB1
and anti-Keyhole Limpet hemocyanin (control) antibodies using
Mep HyperCel (Pall Life Sciences, Cerg, France) and DEAE cellu-
lose chromatographies (17). Monoclonal Alexa-Fluor-488-la-
belled anti-His tag antibody was purchased from Qiagen (Hilden,
Germany). Secondary FITC labelled rabbit-anti-goat antibody for
flow cytometry was purchased from Santa Cruz Biotechnology
(sc-2777). The secondary HRP-conjugated antibody for detection
of RAGE via Western blot (donkey-anti-goat-IgG-HRP, sc-2020)
was also from Santa Cruz Biotechnology.

Expression and purification of recombinant HMGB1 in
mammalian cells

The pMT/BIP/-HMGB1-V5-His construct was kindly provided by
Dr Marco Bianchi, Milano, Italy. This construct was used as a tem-
plate to generate a full length HMGB1 ¢DNA containing an Ascl
restriction site at the 5-end, and his(6x)-tag and BamHI restric-
tion site at the 3’-end of the gene. The PCR amplification was per-
formed with the following primers for
HMGBI1:5-GGCGCGCCATGGGCAAAGGAGATCCTAAG-3
(sense) and 5-GGATCCTCAATGGTGATGGTGATGATG-3’
(antisense), using PlatinumTaq DNA polymerase (Life Technol-
ogies, Paisley, UK), according to the manufacturer’s protocol. The
PCR product was subcloned into pSecTag2A mammalian ex-
pression vector (Life Sciences) and the final product was confirm-
ed by sequencing.

The FreeStyle 293-F cells (Life Technologies, Paisley, UK) were
cultured in suspension flasks containing 1L of the FreeStyle 293
Expression Medium (Life Technologies). The flasks were main-
tained on a platform shaker in a humidified incubator at 37°C
with 5% CO, and 95% air, and an agitation rate of 150 rpm. The
pSecTag2A construct (1 mg) was transiently transfected into
2.5x10° of FreeStyle 293-F cells using polyethylenimine (PEI) (25
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kDa linear PEI, Polysciences, Warrington, PA, USA). The transfec-
tion complex was formed at the DNA:PEI ratio of 1:5 (w/w) in 150
mM NaCl and 20 mM HEPES (pH 7.5), with 20-minute (min) in-
cubation at room temperature (RT) prior to the addition to the
culture. The conditioned medium containing the recombinant
protein was collected six days post-transfection and dialysed in no
less than 10 litre of 1xPBS (pH 7.4) for 16 hours (h) at 4°C. The
protein purification was undertaken using fast protein liquid chro-
matography (FPLC), whereby the dialysed medium containing
over-expressed recombinant 6xHis-tagged HMGB1 was applied to
Ni-NTA column (Qiagen, Hilden, Germany) at a flow rate of 1 ml/
min. The column was washed with buffer containing 50 mM
NaH,PO,, 300 mM NaCl and 40 mM imidazole (pH 8.0) until the
baseline absorbance was reached. The recombinant HMGBI was
eluted with buffer containing 50 mM NaH,PO, 300 mM NaCl and
250 mM imidazole (pH 8.0), and then dialysed in 1xPBS (pH 7.4)
for 2 h at 4°C. The concentration of recombinant HMGB1 was de-
termined using BCA assay (Thermo Scientific, Waltham, MA,
USA) and the integrity of purified protein was assessed via SDS-
PAGE under reducing conditions followed by western blotting
onto an Immobilon P membrane (Millipore Corporation, Biller-
ica, MA, USA). After blocking the membrane overnight with
phosphate buffered saline containing 0.2% Tween20 (PBS-Tween)
and 5% skim milk, a HRP-labelled anti-His(6)-antibody (Roche,
Basel, Switzerland) was added (dilution 1:2,000) and incubated for
2 h at RT. The membrane was washed several times with PBS-
Tween buffer. Visualisation of peroxidase activity was achieved by
addition of SuperSignal® Chemiluminescent Substrate (Pierce,
Rockford, IL, USA) on a ChemiDoc XRS® (BioRad, Hercules, CA,
USA).

Blood sampling

Citrated human whole blood was taken with informed consent
from healthy donors. With the approval of the AMREP Animal
Ethics Committee, mouse whole blood was taken by direct heart
puncture of anesthetised mice and blood was anticoagulated with
heparin at a final concentration of 40 U/ml. Citrated human blood
and serum was taken with informed consent (Ethics approval
number 287/12) 6 + 2 h after coronary angiography from patients
with ST-elevation myocardial infarction (STEMI) and from pa-
tients undergoing coronary angiography for other reasons than
(STEMI) in the Heart Center of the University of Freiburg.

Animals and housing conditions

Wild-type C57BL/6, RAGE knockout and TLR4 knockout mice
(both on a C57BL/6 background) were obtained from the Precinct
Animal Facility, of the Alfred Medical and Research Educational
Precinct (AMREP), Melbourne, Australia. All mice were bred and
housed in accordance with good animal practice and following the
local institutional regulations of the AMREP Precinct Animal Fa-
cility. Male mice were used for all experiments, which were per-
formed according to institutional guidelines of the AMREP animal
ethics committee.
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Assessment of platelet activation by flow cytometry

Whole blood was diluted 1/20 in modified Tyrode’s buffer (150
mmol/l NaCl, 2.5 mmol/l KCI, 12 mmol/l NaHCO;, 2 mmol/l
MgCl2, 2 mmol/l CaCl,, 1 mg/ml bovine serum albumin, 1 mg/ml
dextrose, pH 7.4) and aliquots of 40 pl were incubated with the
platelet agonist thrombin (0.1 U/ml for human and 1.0 ml/U for
mouse blood, respectively) as a positive control for platelet acti-
vation or with recombinant HMGBI in a final volume of 50 pl.
Samples were then incubated with the PE-labelled anti-P-selectin
mAD (clone AK-4, BD Biosciences, San Jose CA, USA) to detect
the expression of the platelet activation surface marker P-selectin
or with the FITC-labelled GPIIb/IITa activation specific antibody
PAC-1 (BD Biosciences) for 15 min at RT. For isotype controls,
IgG1-FITC (Clone 679,1Mc7, Beckman Coulter, Brea, CA, USA)
and IgG-PE (Clone 679,1Mc7, Beckman Coulter) were used.
Samples were fixed with 450 ul CellFix (BD Biosciences) and ana-
lysed in the platelet gate on a FACSCalibur system (BD Bios-
ciences).

Measurement of HMGB1 binding to platelets

Whole blood was diluted 1/20 in modified Tyrodes buffer (150
mmol/l NaCl, 2.5 mmol/l KCI, 12 mmol/l NaHCO;, 2 mmol/l
MgCI2, 2 mmol/l CaCl,, 1 mg/ml bovine serum albumin, 1 mg/ml
dextrose, pH 7.4) and aliquots of 40 pl were incubated with recom-
binant his-tagged HMGB1 (rHMGB1) with or without the platelet
agonist thrombin (0.1 U/ml for human and 1.0 ml/U for mouse
blood, respectively) for 20 min at 37°C in a final volume of 50 pl.

Thereafter samples were incubated with a monoclonal Alexa-Fluor-
488-labelled anti-His tag antibody for 15 min at RT in the dark.
Samples were fixed with 450 pl CellFix (BD Biosciences) and ana-
lysed in the platelet gate on a FACSCalibur system (BD Biosciences).

Detection of platelet RAGE expression by RT-PCR

Human platelets were purified from PRP via gel filtration over a
sepharose CL-2B column (Sigma, St. Louis, MO, USA) on a poly-
propylene column (Thermo Scientific, Rockford, IL, USA) fol-
lowed by three washing steps in platelet wash buffer. Thereafter the
platelet suspension was applied to a discontinuous gradient cen-
trifugation step for further purification to yield highly purified
platelets (18). Platelet mRNA was extracted via TRIzol (Merck
Millipore) following the manufacturer’s instructions and then re-
suspended in RNAse free water. RT-PCR was carried out using
AMV RT transcriptase (Promega, Madison, WI, USA). The se-
quences of the human RAGE specific primers were: forward
(hRAGE-F) 5ATGGAAACTGAACACAGGCC3 and reverse
(hRAGE-R) 5CACACATGTCCCCACCTTATS3’ Purity control
primers to detect leukocyte mRNA were: forward (hCD45-F)
5GCTCAGAATGGACAAGTA3 and reverse (hCD45-R)
5CTCTGTCTCTCACACAAACAS.

Detection of platelet RAGE protein by Western blot

Human platelets were purified from PRP as described above. Pla-
telet pellets were resuspended in platelet lysis buffer (50 mM Tris-
HCL, 100 mM NaCl, 1% Triton X-100, 2 mM EDTA, 50 mM NaFE,
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Figure 1: High mobility group box-1 (HMGB1). A schematic drawing of the peptide sequence and organisation of the DNA-binding cytokine high mobility

group box-1 (HMGB1).
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Figure 2: HMGB1 binds to thrombin-activated human platelets. A)
Histograms of a representative flow cytometry assay to assess platelet acti-
vation via extent of CD62P-expression (panel 1), binding of the GP lIb/Illa ac-
tivation specific antibody PAC-1 (panel 2), binding of the secondary anti-His
tag antibody in the absence of HMGB1 (panel 3), and binding of 6xhis
tagged recombinant HMGB1 detected via the secondary anti-His tag anti-
body (panel 4). Filled histograms represent resting platelets and open histo-
grams depict activated platelets. B) HMGB1 binding assessed by mean fluor-
escence intensity (MFI) of fluorescently labelled anti-penta-His antibody fol-
lowing incubation of recombinant 6xhis tagged HMGB1 with resting (white
bar) and thrombin (black bar) stimulated human platelets (MFI 2.49 vs 25.01
for resting and thrombin stimulated platelets, respectively, p=0.0079). Data
in A are representative of five independent experiments, and data in B are
combined from five independent experiments.
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0.1% SDS, 0.5% deoxycholic acid, 2 pg/ml aprotinin, 5 pg/ml leu-
peptin, 0.7 pg/ml pepstatin A, pH 7.4). Lysis was carried out on ice
for 45 min. Thereafter lysates were precleared by centrifugation for
15 min at 12,000 rpm at 4°C and then boiled for 15 min at 60°C in
reducing SDS buffer followed by separation with a 12% polyacry-
lamide gel. After separation proteins were transferred to PVDF
membranes (Immobilon-P, Merck Millipore). RAGE was detected
with the polyclonal anti-RAGE antibody N16 (sc-8230) and vis-
ualised with the secondary donkey-anti-goat-IgG-HRP (sc-2020).

Detection of RAGE on platelets by immuno-
fluorescence microscopy

Human platelets derived from gel filtered PRP were diluted 1/5 in
modified Tyrodes buffer and incubated for 30 min at 37°C on fi-
brinogen coated coverslips. Non-adhering platelets were removed
by repeated washing with Tyrode’s buffer. Platelets were permeabi-
lised with 0.2% triton X-100 for 10 min at RT. Thereafter incu-
bation with the primary antibody (anti-RAGE, N16, 1/25 dilution)
was carried out for 30 min at 37°C followed by two washes with
Tyrode’s buffer. Incubation with the secondary goat-anti-mouse
IgG+M (Jackson ImmunoResearch, West Grove, PA, USA, 1/400
dilution) was carried out for a further 30 min at 37°C. Cells were
washed twice with Tyrode’s buffer and fixed with CellFix (BD
Biosciences). For subsequent imaging, coverslips were covered
with VectoShield mounting medium (Vector Laboratories, Burlin-
game, CA, USA) and placed upside down onto a coverslide. Im-
aging was done on an Axioplan 2 microscope with a plan Neo-
Fluar 100x oil immersion objective (Zeiss, Oberkochen, Ger-
many).

Immunohistochemistry and immunofluorescence for
HMGB, platelets and RAGE in coronary artery thrombi

Sampling of coronary thrombus material was performed in pa-
tients, who were admitted with acute myocardial infarction and
subjected to routine angioplasty. The Export® catheter system
(Medtronic, Sydney, NSW, Australia) was used in cases with ob-
structive plaque/thrombus material within large proximal coron-
ary arteries and the aspirated otherwise discarded material was
used for immunohistology. This procedure was approved by the
Alfred Hospital Ethics Committee (EC 25/07). Samples were em-
bedded in Optimal Cutting Temperature compound (OCT) and
cutted by Cyrostat (Zeiss MICROM HM 550) in 6 pm thickness.
Frozen sections were thawed and incubated with primary anti-
bodies for 1 h at RT. For immunohistochemistry, the primary anti-
bodies used were anti-HMGBI (clone 10829-1-AP; 1:100 dilution,
Proteintech, Chicago, IL, USA); anti-P2Y12 (clone P-14; 1:100 di-
lution, Santa Cruz); or control antibody (KLH, 1:100), followed by
biotinylated secondary antibody (1:200). Detection was achieved
by Vectastain ABC kit and DAB substrate following the manufac-
turer’s recommendation. For immunofluorescence, the antibodies
used were anti-RAGE-cy5.5 conjugated (bs-0177R-Cy5.5, Bioss
antibodies, Woburn, MA, USA); anti-HMGBI-FITC
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(036636-FITC, US Biological, Salem, MA, USA) and photos were
taken by fluorescence microscope (Olympus BX-61)

Statistical analysis

Statistical analysis were performed using GraphPad Prism (Ver-
sion 5.01), mean and SEM were used for descriptive statistics. Dif-
ferences between means were assessed by t-test and one-way
ANOVA. P-values less than 0.05 were considered statistically sig-
nificant.

Results

Production and purification of recombinant HMGB 1
in HEK293 cells

The identity of recombinant HMGBI, purified from the supernat-
ant of transiently transfected HEK293 cells, was confirmed using
SDS-PAGE; HMGBI migrated as a single band with the expected
molecular weight of approximately 30 kDa. Western blotting using
a horseradish peroxidase coupled anti-His(6)-tag monoclonal
antibody also resulted in detection of a single band, further con-
firming that the protein visualised was recombinant HMGBI (see
Suppl. Figure 1, available online at www.thrombosis-online.com).

Recombinant HMGB1 binds to activated human
platelets

Whole blood samples derived from healthy human donors were
treated with thrombin (0.1 U/ml) or vehicle and thereafter incu-
bated with recombinant HMGB1 (20 pg/ml). Platelet activation in
whole blood samples was assessed by flow cytometry. Upon stimu-
lation, platelets expressed P-selectin (CD62P) and showed binding
of the GP IIb/IIla activation-specific antibody PAC-1 (P> Figure
2A). HMGBI binding to both resting and activated human pla-
telets was assessed over the concentration range 5 pg/ml - 40
pg/ml, and an HMGBI1 concentration of 20 {ig/ml was then chosen
for further experiments. There was significant binding of recombi-
nant HMGBI to activated human platelets compared to resting
platelets (n=5, p=0.0079, »>Figure 2B). HMGB1 did not cause ac-
tivation of resting platelets (see Suppl. Figure 2, available online at
www.thrombosis-online.com) and did not induce platelet aggre-
gation (see Suppl. Figure 3, available online at www.thrombosis-on
line.com). Cytokine release by platelets as assessed by sCD40L
ELISA in supernatants of highly purified platelets treated with pla-
telet agonists was not increased by HMGBI alone or the addition
of HMGBI to the platelet agonists (data not shown).

HMGB1 does not bind to activated platelets from
RAGE™ mice

To confirm that HMGB1 was binding specifically to RAGE and
not other receptors such as members of the toll-like receptor
family (e.g. TLR4), we next examined binding to platelets deficient
in either RAGE or TLR4. Blood samples from wild-type C57Bl6,
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Figure 3: HMGB1 binding to thrombin-activated murine platelets is
RAGE-dependent. Binding of recombinant HMGB1 to murine platelets
from wild-type (C57BI6), RAGE”, and TLR 4 mice assessed by flow cyto-
metry. High MFI values depict strong binding of HMGB1. White bars repre-
sent resting platelets und black bars thrombin-activated platelets. Data are
combined from five independent experiments.

RAGE", and TLR4”" mice were stimulated with vehicle or throm-
bin (0.1 U/ml), before incubating with HMGBI (20 pg/ml). Bind-
ing of HMGB1 was assessed by flow cytometry in the CD41-posi-
tive platelet gate. As with human platelets, HMGBI did not bind to
resting mouse platelets. There was a significant increase in binding
of HMGBI to thrombin-activated wild-type platelets (n=5, *
p<0.05, »Figure 3) and thrombin-activated TLR4”" platelets
(n=5, ** p<0.05, »>Figure 3). Thrombin-activated platelets from
RAGE" mice did not bind HMGBI n=5, p=ns, > Figure 3).

Human platelets also express the receptor for
advanced glycation end products (RAGE)

Platelet RAGE expression was detected by RT-PCR using mRNA
isolated from highly purified platelets. Peripheral blood mononu-
clear cells were used as a positive control for RAGE mRNA-ex-
pression. Highly purified platelets contained RAGE mRNA and
were negative for the CD45 leukocyte mRNA (P> Figure 4A).
Western blot analysis using highly purified platelets confirmed
RAGE protein expression in lysates from resting, ADP- and
thrombin stimulated platelets (»Figure 4B). In addition, RAGE
expression concentrated around the plasma membrane of adher-
ing platelets was observed by immunofluorescence microscopy
(> Figure 4C).

Platelet RAGE expression increases upon platelet
activation

Surface expression of RAGE on human platelets was assessed by
flow cytometry following stimulation with thrombin (0.1 U/ml) or
PMA (100 nmol/l). RAGE expression was detected on the surface
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of resting platelets (n=6, p=0.0009, »>Figure 5), but was signifi-
cantly increased upon stimulation with thrombin (n=6, p=0.0026,
» Figure 5) or PMA (n=6, p=0.019, »>Figure 5). Platelet RAGE
expression was significantly increased in patients with acute ST-
elevation myocardial infarction (STEMI) compared to patients
with stable coronary artery disease (CAD), (n=>5 in each group,
p=0.039, see Suppl. Figure 4 and Suppl. Table 1, available online at
www.thrombosis-online.com).

HMGB?1 is highly expressed in coronary artery
thrombi in patients with ACS

Coronary artery thrombi were extracted via aspiration thrombec-
tomy in patients with acute myocardial infarction. Thrombi were
embedded in OCT and sectioned by Cryostat, staining was carried

out with a monoclonal anti-HMGBI antibody. Immunohisto-
chemical analysis of platelet-rich human coronary artery thrombi
from a total of six individual patients revealed high levels of ex-
pression of HMGB1 (P>Figure 6A and B). Colocalisation of
HMGBI with platelets is demonstrated by additional staining of
the platelet P2Y12 ADP receptor with an anti-P2Y12 antibody
(> Figure 6B).

Discussion

HMGBI is emerging as a key molecule of the innate immune sys-
tem implicated in both infectious and sterile inflammation (2),
and in atherosclerosis, a sterile chronic vascular inflammatory dis-
ease (19). The discovery of high expression of HMGBI in athero-
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Figure 4: RAGE protein and mRNA are expressed in human platelets.
A) Representative agarose gel showing RT-PCR results with RAGE- and
CD45-specific primers. RT-PCR was carried out with mRNA from highly puri-
fied (2) and washed platelets (3), with mRNA from peripheral blood mononu-
clear cells (4) used as a positive control for CD45 mRNA. B) Western blot
analysis of RAGE expression in lysates of highly purified resting platelets (1),
highly purified ADP stimulated platelets (2), and highly purified thrombin
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stimulated platelets (3). C) Representative immunofluorescence microscopy
pictures of platelets adhering on fibrinogen coated coverslips. Green fluor-
escently labelled secondary antibody was used to detect binding of the
RAGE-specific antibody N16. Rhodamine-phalloidin (red fluorescence) was
used to visualise the platelet actin cytoskeleton. Data in A, B and C are repre-
sentative of 5, 4 and 6 independent experiments, respectively.
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sclerotic plaques (8) and the marked reduction of atherogenesis by
specific blockade of HMGBI in animal models (9), strongly sug-
gest a functional role for this molecule in the inflammatory pro-
cess driving this disease. Activated platelets foster early stages of
atherosclerosis (10), accompany the chronic process of athero-
sclerosis (12, 20), and ultimately cause deadly consequences of ad-
vanced atherosclerosis plaque rupture- coronary artery thrombo-
sis leading to myocardial infarction (13). Furthermore, there is
growing evidence and recognition of immunological functions of
platelets (21, 22) and indeed we found specific binding of recombi-
nant HMGBL to activated platelets.

Our finding of specific binding of HMGBI to platelets points
towards a novel immunological function, which is especially inter-
esting in the light of a recent report showing that platelet micro-
particles from patients with systemic sclerosis have increased sur-
face bound HMGBI (23). This could be due to increased uptake of
blood borne HMGBI thereby reflecting our in vitro findings as a
relevant phenomenon occurring in vivo in patients with immuno-
logical disease. However, according to the authors it may also be
endogenous HMGBI, which has been described as a platelet pro-
tein earlier by others (24). More evidence for a role of endogenous
HMGBI comes from a recent study that elegantly demonstrates
induction of neutrophil extracellular traps by platelet derived
HMGBI, thereby adding evidence for the immunological func-
tions of platelets (25).To further delineate the platelet receptors in-
volved in HMGBI1 binding we set out to characterize the binding
of HMGBI to murine platelets from mice deficient in either the re-
ceptor for advanced glycation end products (RAGE) or toll like re-
ceptor 4 (TLR 4), both of which have been characterised as
HMGBI receptors (26, 27). Flow cytometry of mouse platelets de-
rived from wild-type (C57BL6), RAGE™, and TLR4” mice con-
clusively demonstrated that recombinant HMGBI1 required
RAGE, but not TLR4, to bind to thrombin-activated platelets.

Like its ligand HMGBI1, RAGE has also been implicated in the
development of atherosclerosis (28, 29). Experimental data from
platelet activating effects of traditional RAGE ligands, such as ad-
vanced glycation endproducts (AGEs), imply RAGE expression on
platelets (30, 31) and pilot experiments with monoclonal anti-
bodies to RAGE in flow cytometry suggest RAGE expression on
the platelet surface (31). We have confirmed and extended these
findings using various methods such as mRNA analysis of highly
purified platelets, Western blot, immunofluorescence and flow cy-
tometry and in particular relate RAGE expression to the platelet
activation state. Recent evidence indicates a role for platelet
mRNA in de novo protein synthesis in platelets, regulated at the
translational level (32, 33). Therefore we used mRNA from highly
purified platelets and identified platelet mRNA specifically en-
coding RAGE. Platelet-specific expression of RAGE was confirm-
ed at the protein level by Western blotting, immunofluorescence
microscopy and flow cytometry. Furthermore, the activation-de-
pendent increase in RAGE expression occurred mostly on the pla-
telet membrane of thrombin-activated non-permeabilised human
platelets. The increase in platelet RAGE expression upon stimu-
lation with thrombin together with the observation that thrombin
stimulated RAGE”" platelets fail to bind HMGB1 strongly impli-
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MFI

Figure 5: RAGE expression on the membrane of human platelets in-
creases upon platelet activation. Depicted are the mean fluorescence in-
tensity values (MFI) of RAGE expression on the surface of resting, thrombin,
and PMA stimulated human platelets (n=6). The white bar represents the
background binding of the fluorescently labelled secondary antibody that
was used to detect binding of the RAGE-specific antibody N16.

cates RAGE as the major platelet receptor for HMGBI. Evidence
for the pathophysiological relevance of platelet-expressed RAGE in
inflammation comes from a recent observation of increased pla-
telet reactivity in obese patients. These patients had significantly
reduced levels of soluble RAGE (34), which acts as a decoy recep-
tor for RAGE ligands and has been proposed to reduce levels of
circulating HMGBI in vivo (35).

Activated platelets and their surface adhesion receptors are im-
portant for progression of atherosclerotic plaques (36) and pro-
mote recruitment of monocytes to the vessel wall and plaques (37).
Within the plaques, macrophage differentiation from monocytes is
crucially involved in the transition from stable to unstable/vulner-
able plaques (38, 39). HMGBI is chemotactic for monocytes in
vivo (9). We hypothesise, and are investigating this in ongoing
studies, that platelet-bound HMGBI facilitates monocyte recruit-
ment and macrophage activation thereby mediating two different
aspects of monocyte biology, migration and activation. This dual
role of HMGBI in the context of monocytes is also supported by a
recent study that elegantly demonstrates monocyte recruitment is
mediated by HMGBI in complex with CXCLI12 (also known as
SDF-1) via a cellular pathway independent of HMGB1-mediated
TLR4 monocyte activation, which leads to the release of TNF
alpha and other cytokines (40). Whether CXCL12, which has been
demonstrated to be bound and presented by platelets (41) is a pre-
requisite for HMGB1-binding to activated platelets should be ad-
dressed in future studies. We did not see binding of activated pla-
telets to immobilised HMGBI in static adhesion assays (data not
shown) further indicating that co-factors may be important for
binding of soluble HMGBI to activated platelets. Interestingly, pla-
telets do express SDF-1 (42) and expression is increased upon pla-
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Figure 6: HMGB1 is ex-
pressed in platelet rich
human coronary artery
thrombi. A) Fresh coron-
ary artery thrombi
extracted by thrombus as-
piration from three con-
secutive patients (a-c)
with acute myocardial in-
farction were sectioned
and stained for HMGB1
with a HMGB1-specific
monoclonal antibody.
Anti-keyhole limpet he-
mocyanine (KLH) mono-
clonal antibody was used
to control for unspecific
binding. Dark brown col-
our represents specific
staining for endogenous
human HMGB1. B) Fresh
coronary artery thrombi
extracted by thrombus as-
piration from three con-
secutive patients (d-e)
with acute myocardial in-
farction were sectioned
and stained for the pla-
telet P2Y12 receptor with
a monoclonal anti-P2Y12
or a HMGB1-specific
monoclonal antibody.
Dark brown colour repre-
sents specific staining for
the platelet P2Y12 recep-
tor or endogenous human
HMGBT, respectively.
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What is known about this topic?

e HMGBI1 is a DNA binding cytokine that is found abundantly in
atherosclerotic lesions. Neutralisation of HMGB1 in animal mod-
els reduces atherosclerotic lesions.

o Platelets express endogenous HMGB1 and platelet/neutrophil in-
teractions have partially been attributed to platelet derived
HMGB1 in inflammation.

What does this paper add?

e Binding of HMGB1 to activated platelets via the receptor for ad-
vanced glycation end products (RAGE) is demonstrated. RAGE is
expressed on mRNA and protein level in human platelets and sur-
face RAGE expression increases upon platelet activation.

e HMGB1 does not directly activate haemostatic functions of pla-
telets but is found in human coronary artery thrombi extracted
from patients with acute myocardial infarction, thereby indicating
a possible role for platelet/HMGB1 interactions in the pathogen-
esis of atherothrombosis.

telet activation and highly increased in platelets from patients with
acute myocardial infarction (43). A possible interaction between
SDF-1 (CXCLI12) and platelet bound HMGBI may facilitate pla-
telet aggregate formation with immune cells as it has been de-
scribed for platelet derived SDF-1 alone (44). Furthermore, it re-
mains to be assessed whether platelet bound HMGBI exerts the
effects described above. In the future, this may be further studied
by injecting activated platelets with HMGB1 bound on their sur-
face in analogy to the elegant study by Huo et al. that demon-
strated exacerbation of atherosclerosis by repeated injection of ac-
tivated platelets in a mouse model of diet-induced atherosclerosis
(10). However, activated platelets appear ideal for local targeted
therapies as they express the platelet and megakaryocyte exclusive
integrin receptor GPIIb/IIla in an activation-specific con-
formation. This active conformation is specifically recognised by
activation-specific single chain antibodies (scFv) (45). Fusion con-
structs composed of activation specific scFv and recombinant pro-
teins have already successfully been used by our group for targeted
anticoagulation (46) and ultrasound targeted molecular imaging
of thrombosis and thrombolysis (47). Whether an HMGB1-block-
ing peptide targeted to activated platelets could be a novel thera-
peutic strategy to halt atherosclerotic plaque progression needs to
be evaluated in further studies.

In conclusion, the DNA-binding cytokine HMGBI has been
identified as a novel platelet binding protein, which requires pla-
telet specific expression of RAGE. Platelet activation leading to in-
creased RAGE surface expression is the prerequisite for HMGB1
binding. Platelet-rich human coronary artery thrombi strongly ex-
press HMGBI thereby suggesting that platelet-bound HMGB1 has
pro-inflammatory functions. Our findings raise the possibility for
the development of novel platelet-targeted anti-inflammatory
therapies for the treatment of inflammatory and atherothrombotic
disease.

© Schattauer 2015
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