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Triggering Receptor Expressed on Myeloid cells-1: a new player in

platelet aggregation
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Summary

Triggering Receptor Expressed on Myeloid cells-1 (TREM-1) is an im-
munoreceptor initially known to be expressed on neutrophils and
monocytes/macrophages. TREM-1 acts as an amplifier of the inflam-
matory response during both infectious and aseptic inflammatory dis-
eases. Another member of the TREM family, The Triggering receptor ex-
pressed on myeloid cells Like Transcript-1 (TLT-1) is exclusively ex-
pressed in platelets and promotes platelet aggregation. As the gene
that encodes for TLT-1 is located in the TREM-1 gene cluster, this
prompted us to investigate the expression of TREM-1 on platelets.
Here we show that TREM-1 is constitutively expressed in a-granules
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Introduction

The main role of blood platelets is to ensure vascular integrity and
haemostasis in case of vascular damage. Platelet functions in-
volved in these physiological processes are also at work in arterial
thrombosis, which is a dramatic complication of atherosclerosis
that may lead to vascular occlusion. Despite the established bene-
fits of currently approved antiplatelet drugs, a large number of pa-
tients continue to display adverse thrombotic events, highlighting
the need for targeting other platelets activation pathways (1-3).

Over the past years, it has become clear that platelets are impor-
tant, not only in haemostasis and thrombosis but also in inflam-
mation and in distinct aspects of atherosclerosis (4). Platelets are
able to interact with a large variety of cell types, such as leukocytes
(5), endothelial cells (6, 7), and smooth muscle cells (SMCs) (8),
and these interactions have been implicated in the pathophysiol-
ogy of vascular inflammation. The question remains, however, to
which extent these proinflammatory and prothrombotic functions
can be separated and targeted (9).

The Triggering Receptor Expressed on Myeloid cells-1
(TREM-1) is an immune-receptor expressed by human and mu-
rine neutrophils, mature monocytes and macrophages that acts as
an amplifier of the innate immune response (10, 11). Activation of
TREM-1 signalling is initiated upon binding of its ligand, which
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and mobilised at the membrane upon platelet activation. Pharmaco-
logic inhibition of TREM-1 reduces platelet activation as well as pla-
telet aggregation induced by collagen, ADP, and thrombin in human
platelets. Aggregation is similarly impaired in platelets from Trem-1-
mice. In vivo, TREM-1 inhibition decreases thrombus formation in a ca-
rotid artery model of thrombosis and protects mice during pulmonary
embolism without excessive bleeding. These findings suggest that
TREM-1 inhibition could be useful adducts in antiplatelet therapies.

Keywords
Platelets, TREM-1

Received: March 7, 2017
Accepted after minor revision: May 11, 2017
Epub ahead of print: July 27, 2017

https://doi.org/10.1160/TH17-03-0156
Thromb Haemost 2017; 117: 1772-1781

Supplementary Material to this article is available online at
www.thrombosis-online.com.

triggers the association and phosphorylation of an immunorecep-
tor tyrosine-based activation motif (ITAM) of the adaptor protein
DAPI12 (12). TREM-1 engagement phosphorylates spleen tyrosine
kinase (Syk) and leads to NF-kB activation, expression of inflam-
matory genes in a cell-specific manner, calcium influx (13), neut-
rophil degranulation and production of reactive oxygen species in
addition to cytokines and chemokines (14, 15).

Pharmacological inhibition of TREM-1 by the use of synthetic
peptides (such as LR12) or fusion protein repeatedly prevented
hyper-responsiveness and death in various models of severe infec-
tions (16-20) or inflammation, including myocardial infarction (21,
22) and atherosclerosis (23, 24). LR12 is a 12-aa peptide that mimics
a well conserved extra-cellular domain of TREM-1 involved in the
binding of its putative ligand. LR12 thus acts as a decoy receptor for
the TREM-1 ligand and modulates its activation (19, 21-24).

In this study, we examined the role of TREM-1 in platelets. We
first showed that TREM-1 is constitutively expressed by platelets.
Then we found that Trem-1 genetic invalidation or pharmacologi-
cal inhibition with LR12 decreased platelet secretion, spreading
and aggregation. This reduction of platelet activation proved to be
protective during arterial thrombosis and pulmonary embolism in
mice. These findings provide new insights on the TREM-1 biology,
with a potential impact on the pathophysiology and treatment of
thrombotic disorders.

Thrombosis and Haemostasis 9/2017

Downloaded from www.thrombosis-online.com on 2017-08-31 | ID: 1000518515 | IP: 193.54.110.33
For personal or educational use only. No other uses without permission. All rights reserved.



1773

Jolly et al. TREM-1 in platelets

Methods

All methods were performed in accordance with the relevant
guidelines and regulations and approved by the French Ministry of
Research (under the no. 66).

Animals

Trem-17- adult male C57BL/6 (6-8 weeks) and wild-type (WT) lit-
termates were used in the experiments. Trem-17-mice have recently
been described in detail by Weber et al 18). Experiments were ap-
proved by our institutional Animal Care and Use Committee.

LR12 peptide

LR12 peptide (LQEEDAGEYGCM) or a scramble inactive peptide
(EDGQYECLMEGA) were chemically synthesised (Pepscan
Presto BV, Lelystad, The Netherlands) as a COOH terminally
amidated peptides. The correct peptides were obtained with >99%
yields and were homogeneous after preparative purification, as
confirmed by mass spectrometry and analytic reversed-phase
high-performance liquid chromatography. These peptides were
free of endotoxin.

Preparation of mouse and human washed platelets

Mice were anesthetised with 2% isoflurane in 0.5 I/minute (min)
oxygen, and whole blood was collected by cardiac puncture into
syringes containing one-sixth the volume of an acid citrate dex-
trose. For human, after informed consent fresh blood was taken
from free of medication healthy volunteers with citrate like antico-
agulant. Platelet-rich plasma was obtained by centrifuging whole
blood 190g for 4 min followed by 60 seconds at 1900g at room
temperature (RT). Platelets were obtained from platelet-rich plas-
ma by centrifugation (4 min at 6000g) and resuspended at a final
concentration of 3x10%/ml in Tyrode-BSA buffer (Sigma-Aldrich,
Saint-Quentin Fallavier, France). Purity was constantly >99.99 %.

Platelet aggregation assay

Platelet aggregation was monitored by measuring light transmission
through the stirred suspension of washed platelets (3 x 10%/ml) at
37°C using a TA-8V aggregometer (SD Innovation, Frouard,
France). When required, platelets were first incubated with LR12
(50 pg/ml) for 5 min at 37°C. Platelet aggregation was triggered by
adding 5 pg/ml collagen (SD Innovation), 5 pM ADP (SD Inno-
vation) and 0.1 or 1 U/ml thrombin (HYPHEN Biomed, Neuville
sur Oise, France). Aggregation was monitored for 10 min and re-
sults are expressed as the percentage change in light transmission
with respect to the blank (buffer without platelets), set at 100 %.

Platelet adhesion under flow

Vena8Fluoro+ Biochips (Cellix, Dublin, Ireland) were coated with
fibrinogen (125 pg/ml) at 4°C overnight. On the next day, the
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chips were blocked with BSA (10 mg/ml) for 30 min at RT and
then washed once more with PBS containing 0.9 mM Ca2* and 0.5
mM Mg?*. Washed platelets were pretreated with vehicle or LR12
(20 pg/ml or 50 pug/ml). ADP (10 uM) was added directly prior to
perfusion start. Platelets were then mixed with 1 mM CaCl, and
immediately perfused over the fibrinogen-coated channels at con-
stant shear stress of 2.5 dynes-cm™ for 6 min using the Mirus na-
nopump (Cellix). Platelet adhesion was recorded on a ZEISS Axio-
vert 40 CFL fluorescence microscope, using a Q-IMAGING ROL-
ERA-XR digital camera. Cell images of three microscopic fields
from each channel were captured, and images were analysed using
DucoCell software (Cellix).

In vitro thrombogenesis

Vena8Fluoro+ Biochips were coated with collagen, blocked and
washed as described earlier. Whole blood collected in 3.8 % sodium
citrate was incubated with 3,3’-dihexyloxacarbocyanine iodide (1
uM) in the dark for 10 min. LR12 (20 pug/ml or 50 pg/ml) or PGE2
(10 uM) were added 5 min before the perfusion was started. Perfu-
sion was performed at a shear rate of 30 dynes-cm, and micro-
scopy was carried out as described earlier for platelet adhesion.

Platelet dense granule secretion

Dense granule secretion was quantified by measuring adenosine
triphosphate (ATP) release after platelet aggregation with the ATP
Determination Kit (Molecular Probes, Thermo Fisher Scientific,
Waltham, MA, USA), following the manufacturer’s instructions.

Measurement of TXA, and cAMP generation

When required, LR12 (50 pug/ml) was pre-incubated for 5 min at
37°C. TXA, and cAMP generation were determined in conditions
of platelet aggregation induced by 10 nM convulxin (Pentapharm,
Basel, Switzerland) or 0.1 U/ml thrombin. Platelet aggregation was
stopped after 5 min of stimulation and supernatant was obtained
by centrifuging sample for 4 min at 6000g at RT. Levels of TXB2,
the stable metabolite of TXA2, were determined with the Thromb-
oxane B2 assay Kit following the manufacturer’s instructions
(R&D Systems, Abingdon, UK). Accumulation of cAMP was de-
termined in platelets using cAMP Parameter assay Kit (R&D Sys-
tems), according to the manufacturer’s instruction.

Measurement of intracellular free calcium
concentration

Human platelets (2 x 108 platelets/ml) were loaded with a probe of
the acetoxymethyl ester of the fluorescent Ca?* indicator Fluo-3 (1
uM, Sigma) and pluronic acid (1 uM) for 30 min at RT. After pre-
treatment of platelets with LR12 (50 pg/ml), Ca®* mobilisation in-
duced by agonists (collagen 25 pg/ml, TRAP 25 uM, ADP 5 uM)
was analysed in Tyrode-BSA buffer using an Accuri C6 (Becton
Dickinson, Franklin Lakes, NJ, USA) flow cytometer. Individual
fluorescence values were then analysed with FlowJo and Graphpad
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Prism to normalize the fluorescence with the first value according
to the equation (F/F0)-1, where ‘F is the fluorescence at specific
time point and ‘FO’ is the fluorescence at time 0.

Immunoblotting

Platelets were lysed in RIPA buffer (Sigma Aldrich), kept for 5 min
on ice and centrifuged for 10 min at 8000g at 4°C to collect the
supernatant. Protein concentration was determined (BCA Protein
Assay Kit, Pierce; ThermoScientific). Thirty micrograms of each
sample were migrated on a Criterion XT Bis-Tris Gel 4-12% (Bio-
Rad, Hercules, CA, USA) and transferred to a polyvinylidene diflu-
oride membrane (Millipore, Saint-Quentin en Yvelines, France).
The membrane was blocked with 5% w/v skim milk powder in
TBST (0.1 M Tris-HCI pH 8,1.5 M NaCl and 1% Tween-20) for 2
hours (h) at RT, and subsequently incubated with anti-(p)ERK1/2,
anti-(p)PLCy2, anti-tubulin (Cell Signaling) or anti-TREM-1 (AbD
Serotec, or R&D Systems) antibodies overnight at 4°C. After vigor-
ous washing in TBST, the membrane was incubated with secondary
antibody conjugated to horseradish peroxidase for 1 h at RT. Immu-
nocomplexes were detected with the SuperSignal West Femto Sub-
strate (Pierce; ThermoScientific). Acquisition and quantitative sig-
nal density analyses were performed by a LAS-4000 imager (FSVT)
and Multi-Gauge software (LifeScience Fujifilm, Tokyo, Japan).

Real-time PCR

Total RNAs were extracted from platelets using RNeasy Plus Mini
Kit (Qiagen, Venlo, The Netherlands) and quantified with Nano-
Drop (Thermo Fisher Scientific, Waltham, MA, USA) before being
retrotranscripted using the iScript cDNA synthesis kit (Bio-Rad)
and quantified by quantitative polymerase chain reaction (PCR)
using Qiagen available probes (Quantitect Primers) for human
Trem-1, Dap12, and ActB. ActB serves as housekeeping gene.

Flow cytometry analysis

Washed platelets (103/ml) were stimulated with ADP 5 uM or
TRAP 25 pM. After incubation for 5 min at 37°C without stirring,
platelets were incubated with fluorescein isothiocyanate (FITC)-fi-
brinogen, phycoerythrin (PE)-labeled anti-human PACI, allophy-
cocyanin (APC)-labeled anti-human CD62P (P-selectin) mAb
(Miltenyi Biotech) and directly analysed on an Accuri C6 flow cy-
tometer (Becton Dickinson).

For TREM-1 staining, platelets were fixed with 4% (wt/vol)
paraformaldehyde (PFA) and permeabilised or not with 0.5% wt/
vol Triton X-100. After washing, they were resuspended in Ty-
rode-BSA buffer and incubated for 15 min at 4°C in the dark with
FITC-labeled anti-human TREM-1 mAb (BIOSS). Isotype con-
trols were used for all antibodies (Miltenyi Biotech and BIOSS).

Confocal microscopy

Sterile glass coverslips were coated with 50 pg/ml human fibri-
nogen for 24 h at 4°C. Washed platelets were placed onto fibri-
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nogen-coated coverslips for 1 h at 37°C. Platelets were fixed with
4% paraformaldehyde for 15 min, washed with PBS, permeabi-
lised with 0.2% triton X-100, and blocked 2 h with 2% BSA. Cells
were then incubated with the indicated primary antibodies
(CD62p, DAP12, GPIIb, TLT-1, TREM-1) (BIOSS, MA, USA)
overnight at 4°C. After washing with PBS coverslips were
mounted on Vectashield (Vector Laboratories, Burlingame, CA,
USA) and examined with a TCS SP5 X confocal microscope
(Leica, Wetzlar, Germany), and images were processed using LAS
AF Lite blue software (Leica). Alternatively, in order to prevent
platelets activation, fixation, permeabilisation and blockade were
performed before adding platelets to untreated coverslips. Co-lo-
calisation scores were calculated by Image] software based on 3 in-
dependent experiments. Human coronary artery thrombi were ob-
tained using a thrombectomy catheter at the time of percutaneous
coronary intervention for ST-segment elevation myocardial infarc-
tion. Thrombus fragments were placed in formalin, embedded in
paraffin, sectioned (5 pm), and stained as above.

Platelets adhesion under static conditions

Glass coverslips were coated with fibrinogen (40 pg/ml) or bovine
type I collagen (100 pg/ml) overnight, and then blocked with 2%
BSA. Washed human platelets in Tyrode’s buffer (3 x 107 platelets/
ml) preincubated with LR12 for 5 min at 37°C were allowed to
spread on the fibrinogen/collagen-coated surfaces. After 1 h, non-
adherent platelets were discarded, and surface-bound platelets
were washed with phosphate buffer saline (PBS). Coverslips were
fixed in 4% paraformaldehyde, and labelled with CytoPainter
Phalloidin iFluor 555 (Abcam, Cambridge, UK) for 1 h in the dark.
Then platelets were visualised by TCS SP5 X confocal microscope
(Leica), and images were processed using LAS AF Lite blue soft-
ware (Leica).

FeCl;-induced carotid artery thrombosis model

Mice were anesthetised with 2% isoflurane in 0.5 I/min oxygen
and body temperature was kept constant using a heating plate. The
right common carotid artery was isolated through a midline cervi-
cal incision and blood flow was monitored with an ultrasound
transit-time flow probe (0.5 PSB Nanoprobe; Transonic, Ithaca,
NY, USA). Mice were randomly assigned to receive i. p. injection of
100 pl PBS or 100 pl (=100 pg) LRI2 just before thrombus
formation was induced by applying a 1 mm? piece of filter paper
soaked in 10% aqueous FeCl; solution. After 2 min, filter paper
was removed and the vessel was washed with warm PBS. Time to
complete carotid occlusion was monitored.

Pulmonary thromboembolism model

Collagen-induced pulmonary thromboembolism was carried out
as follows. Mice were challenged with 100 pl of a mixture contain-
ing 100 pug/ml of collagen and 15 pg/ml of epinephrine (both from
ABP, Epsom, UK) in PBS injected into right jugular vein, 2 min
after IV injection of 100 ul of 1:1 LR12 solution or PBS. Except for
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Figure 1: TREM-1 is expressed in platelets. A) Quantification of Trem-1
and Dap12 gene expression in human platelets by qRT-PCR; n=4-5 per con-
dition; * P<0.05. B) Analysis of TREM-1 (anti-TREM-1 Ab Serotec) and tubulin
(Cell Signalling) expression in resting or thrombin (1 U/ml, 5 min) activated-
platelets by immunoblotting. C) Confocal fluorescent images of resting pla-
telets (left panels) or thrombin (1 U/ml, 5 min) activated platelets (right pa-

survival analysis, mice were killed 3 min after collagen-epineph-
rine injection and blood and lungs were collected for platelet count
and histological studies. Right-lower lobe was fixed in 4% parafor-
maldehyde and then paraffin-embedded. Lung sections stained
with hematoxylin and eosin were digitally imaged. Five random X
20 fields were photographed for each specimen and thrombus
number for each mouse was analysed. Lung single-cell suspension
was obtained by manual grinding followed by a 45-min enzymatic
digestion (2 mg of collagenase type-I and 30 ug of DNAse per ml
of DMEM with 10% ECS, all from Sigma-Aldrich) before incu-
bation in a cocktail of mAbs against CD45, CD11b, Ly6G, Ly6C
and TREM-1 (all antibodies from Miltenyi Biotech). FACS data
were acquired on Gallios (Beckman Coulter, Indianapolis, IN,
USA) and expressed as total cell number per lobe.

Statistical analysis

All of the reported figures are representative of at least three differ-
ent experiments and then are presented as mean + SD. Statistical
analysis was performed using Prism Version 6 software (Graph-
Pad) and the data were compared by unpaired t-test. A p-value
<0.05 was deemed significant.
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nels). Platelets were stained with anti-human TREM-1 (green), CD62-P (red)
and GPlIb (blue) mAb; or D) TREM-1 (green), TLT-1 (red) and GPlib (blue),
Scale bars: 10 pm; E) Confocal fluorescent images of fibrinogen-adherent
platelets without (right panels) or with thrombin (1 U/ml, 5 min) (right pa-
nels). Platelets were stained with anti-humanTREM-1 (green) and DAP-12
(blue) mAb, Scale bar=25 pm.

Results
Trem-1 is constitutively expressed in platelets

The Triggering receptor expressed on myeloid cells Like Tran-
script-1 (TLT-1) (26) is a membrane-bound protein, abundant in
the a-granules of resting platelets and at the surface of activated
platelets (27). The gene that encodes for TLT-1 is located in the
TREM gene cluster. This prompted us to investigate the expression
of TREM-1 on human platelets.

To verify the presence of TREM-1 in platelets its gene ex-
pression was evaluated (P Figure 1A). TREM-1 signalling requires
its association with the adaptor protein DAP12. We also observed
the presence of DAP12 mRNA in platelets (P Figure 1A). The
presence of the TREM-1 protein was confirmed by Western blot
using 2 different antibodies (P Figure 1B, Suppl. Figure 1, avail-
able online at www.thrombosis-online.com). Flow cytometry
analysis revealed that TREM-1 was detectable at low level in rest-
ing non-permeabilised platelets, while staining was evident after
activation and permeabilisation (Suppl. Figure 2, available online
at www.thrombosis-online.com).

To get insights on the localisation of TREM-1 in platelets, we
stained these cells for TREM-1, CD62p and GPIIb. In resting and
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Figure 2: Effect of LR12 on Ca?* mobilisation, CAMP and thrombox-
ane B2 synthesis, platelet secretion and integrin allbp3 inside-out
activation. A) Effect of LR12 (50 pg/ml) on intracellular Ca>* mobilisation in
human platelets activated by TRAP (25 pM), collagen (25 pg/ml) and ADP (5
PM). Results are representative of three experiments and expressed as per-
centage of MFI normalised by difference between baseline and ionomycin
(100 %). Accumulation of cCAMP (B) and Thromboxane B2 (TBX2) (C) was de-
termined in resting and thrombin (Th, 100 mU/ml) or convulxin (CVX, 10 nM)
activated platelets (5 min) in the presence of LR12 (50 pg/ml) or control pep-
tide (LR12 scramble, 50 pg/ml). Results represent the mean + SD of at least
three separate experiments, each performed in triplicate. Statistical signifi-
cance was determined by unpaired Student t-test (*P<0.05; **P<0.01). C)
Effect of LR12 (50 pg/ml) on dense granule secretion assessed by measuring

thrombin activated platelets, TREM-1 seems to co-localise with
CD62p and DAP12 but not GPIIb (colocalisation scores 0.619,
0.708, and 0.102, respectively) (P Figure 1C, Suppl. Figure 3, avail-
able online at www.thrombosis-online.com). Upon platelet acti-
vation TREM-1 clusters at the membrane (P Figure 1C). Interest-
ingly, although TREM-1 and TLT-1 appear to co-localise in resting
platelets, this is no more observed in activated cells (colocalisation
score 0.171) (P> Figure 1D).

In fibrinogen-adherent platelets, TREM-1 and DAPI12 are
largely co-localised. Once activated with thrombin, TREM-1
clusters and platelets generates in-between strands containing
large amounts of TREM-1, while DAP12 expression remains al-
most unchanged (»Figure 1E, Suppl. Figure 4, available online at
www.thrombosis-online.com).

Therefore, TREM-1 seems constitutively expressed in a-gran-
ules and clusters at the membrane upon platelet activation.

© Schattauer 2017

ATP release induced by thrombin (Th, 100 mU/ml) or convulxin (CVX, 10 nM).
Results were expressed as mean = SD of at least three separate experiments,
each performed in triplicate, and statistical significance was determined by
unpaired Student t-test (**P<0.01; ***P<0.005). Flow cytometric analysis
of APC-labelled CD62-P exposure (E), PE-labelled PAC-1 binding (F) or FITC-
labelled fibrinogen binding (G) to washed human platelets treated with LR12
(50 pg/ml) or control peptide, stimulated with ADP (5 uM) or TRAP (50 uM).
Data are expressed as mean + SD of eight different donors. Statistical signifi-
cance was determined by unpaired Student t-test (*P<0.05). H) Western blot
of (p)ERK) and (p)PLCy2) in resting and thrombin (Th, 100 mU/ml), convulxin
(CVX, 1 nM), or ADP (ADP, 5 uM) activated platelets (5 min) in the presence
of LR12 (50 pg/ml) or control peptide. Results are representative of three ex-
periments.

Coronary thrombi obtained from acute myocardial infarction
patients also displayed an intense TREM-1 staining (Suppl. Figure
5, available online at www.thrombosis-online.com).

TREM-1 modulation reduces platelet secretion

Elevation in cellular calcium concentration is an immediate conse-
quence of platelets stimulation and is a crucial event in their acti-
vation. To inhibit TREM-1, we used the synthetic peptide LR12
(19), the scramble LR12 peptide served as control. Pre-incubation
of platelets with LR12 strongly reduced TRAP-, ADP- and col-
lagen-induced calcium rising (P Figure 2A). In addition to intra-
cellular calcium mobilisation, platelet activation involves other sig-
nalling mechanisms, including cAMP, and TXA2 synthesis. We
therefore assessed the effect of LR12 on these signalling pathways
in resting and thrombin or convulxin activated platelets. Although
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Figure 3: Effect of LR12 on platelet aggregation and adhesion. A) Ag-
gregation of washed human platelets induced by indicated concentrations of
collagen, thrombin or ADP with or without incubation with LR12 (50 pg/ml).
Experiments were performed on 6-8 healthy blood donors. B) Aggregation of
washed platelets from WT and Trem-17 mice induced by indicated concen-
trations of collagen, thrombin or ADP. Traces are representative of 5-6 ani-
mals per condition. Results are expressed as the percentage change in light

thrombin and convulxin inhibited cAMP accumulation in pla-
telets, this phenomenon was prevented by LR12 (P> Figure 2B). As
shown in P> Figure 2C, thrombin-induced TXB2 (the stable meta-
bolite of TxA2) release by platelets was reduced by LR12 and a
trend was observed with convulxin. LR12 also dampened thromb-
oxane production triggered by arachidonic acid (Suppl. Figure 6,
available online at www.thrombosis-online.com). We next as-
sessed the effect of TREM-1 inhibition on the secretion of dense
granules by measuring the release of ATP upon stimulation by
thrombin and convulxin. The presence of LR12 decreased ATP re-
lease after platelet activation by thrombin and convulxin (P> Figure
2D).

P-selectin (CD62P) is a major a-granule protein that is highly
expressed on the platelet surface during activation. To examine the
effects of LR12 on platelet activation, P-selectin expression was
monitored by flow cytometry. Results showed that LR12 reduced
TRAP-induced P-selectin expression (P Figure 2E).

We next analysed whether the reduced platelet secretion ob-
served in the presence of LR12 was associated with an impaired
activation of integrin allbp3 by measuring binding of the con-
formational dependent antibody PAC-1. As illustrated in P> Figure
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transmission with respect to the blank (buffer without platelets), set at
100 %. C) Washed human platelets were preincubated with or without LR12
(50 pg/ml) for 5 min at 37 °C. Platelets were allowed to spread on fibrinogen
or collagen-coated glasses for 1 h at 37 °C. Then platelets were fixed, labelled
with phalloidin and photographed under a fluorescence microscope. Repre-
sentative images from three different blood donors with similar results.

2F, TRAP and ADP induced PAC-1 binding was decreased by
TREM-1.

Platelet inside-out signalling to integrin alIbp3 plays an essen-
tial role in the modulation of its conformation to increase affinity
for plasma fibrinogen and von Willebrand factor (vWF) binding
and subsequent platelet aggregation (24). As a consequence of a
reduction of alIbf3 activation, LR12 decreased the binding of fi-
brinogen to activated platelets (P> Figure 2G).

TREM-1 inhibition was also associated with a reduction of
thrombin, convulxin and ADP ERK1/2 and PLCy2 phosphory-
lation (P> Figure 2H).

TREM-1 modulation therefore reduces platelet activation and
secretion.

TREM-1 modulation impairs platelet aggregation and
adhesion

To investigate the role of TREM-1 in the regulation of platelet acti-
vation, we evaluated the effect of LR12 on platelet aggregation in
response to various platelet agonists, including collagen, ADP, and
thrombin. Platelet aggregation induced by collagen, ADP, and low
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Figure 4: TREM-1 inhibition prevents thrombosis in vitro and in vivo.
Effect of LR12 (20-50 pg/ml) pretreatment on whole blood (A) or washed
platelets (B) perfusion into laminar flow chambers coated, respectively, with
collagen and fibrinogen under a flow of 30 and 2.5 dynes.cm?, respectively.
PGE2 (10 pM) was used as control of inhibition of thrombus formation. Dur-
ing perfusion, the formation of thrombi was observed under an epifluores-
cence microscope. The area covered by thrombi (A) or platelets (B) were cal-

dose of thrombin was impaired by LR12 in humans. The inhibitory
effect of LR12 disappeared in the presence of highest concentration
of thrombin (P Figure 3A) or lower doses of peptide (Suppl. Figure
7, available online at www.thrombosis-online.com). The scramble
LR12 peptide showed no effect on platelet aggregation (Suppl. Fig-
ure 8, available online at www.thrombosis-online.com).

To definitely confirm the role of TREM-1 on aggregation we
used washed platelets from Trem-17- mice. Platelet counts were
similar and expression of CD31, CD36, CD41, P-Selectin, alIbp3,
and TLT-1 did not differ between WT and Trem-17- mice (Suppl.
Figure 9, available online at www.thrombosis-online.com). Gene
expression of Tremll (TLT-1) was also similar between WT and
Trem-1 deficient platelets (Suppl. Figure 10, available online at
www.thrombosis-online.com). »>Figure 3B shows that aggre-
gation induced by collagen, ADP, and thrombin was strongly im-
paired in Trem-1-deficient platelets. While LR12 inhibited aggre-
gation of WT platelets, it had no effect on Trem-17 platelets
(Suppl. Figure 11, available online at www.thrombosis-online.
com), ruling out an action of LR12 on TLT-1. TREM-1 inhibition
also reduced platelets aggregation induced by arachidonic acid
(Suppl. Figure 6, available online at www.thrombosis-online.com).

To further investigate whether LR12 interferes with integrin
outside-in signalling, we performed platelet spreading assays using
washed human platelets pretreated with LR12. As shown in P> Fig-
ure 3C, LR12 treatment decreased platelet spreading and platelet-
platelet interactions on collagen or fibrinogen.

© Schattauer 2017

culated in three independent experiments. Results are mean + SD. Statistical
significance was determined by unpaired Student t-test (*P<0.05; **P<0.01;
*** P<0.005). C) Representative image of thrombi formation in the capillary
in absence or presence of LR12 (50 pg/ml). D) Carotid artery occlusion times
induced by FeCl; in WT, WT treated by i.p. LR12 (100 pg), and Trem-1" mice.
Results are mean + SD (n=10-12 mice per group). Statistical significance
was determined by unpaired Student t-test (*P<0.05).

These data support a role of TREM-1 during in vitro platelet ag-
gregation.

TREM-1 inhibition prevents thrombosis in vitro and

in vivo

Inhibition of thrombus formation by LR12 was assessed in a
whole-blood perfusion assay over a collagen matrix under a shear
rate of 30 dynes-cm™2 (P> Figure 4A). Platelets adhered to collagen
matrix and rapidly built stable aggregates. By contrast, LR12 de-
creased the size and number of thrombi. We next investigated the
adhesion of washed platelets to fibrinogen under flow conditions.
Platelets were activated with ADP (10 pM) and perfused under
constant low shear stress of 2.5 dynes-cm 2 over fibrinogen-coated
biochips. Pretreatment of platelets with LR12 caused a significant
decrease of platelet adhesion to fibrinogen P Figure 4B and C).

Using a FeCl;-induced carotid artery thrombosis model (P> Fig-
ure 4D), we observed that genetic invalidation or pharmacological
inhibition of TREM-1 delayed the time to arterial occlusion, and
sometimes largely prevented the complete vessel occlusion, due to
the presence of unstable thrombi.

Tail bleeding times, measured by transecting the tails of isoflur-
ane anesthetised mice 5 mm from the tip that were then placed in
a plastic cup filled with 37°C saline, were similar between the three
groups of animals (WT: 295 + 25 sec, WT+LR12: 306 + 34 sec,
Trem-1 Ko mice: 302 + 24 sec).
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Figure 5: TREM-1 inhibition protects mice from pulmonary embolism
in reducing lung leukocytes recruitment and thrombi formation. A)
Pulmonary embolism (PE) associated mortality caused by injection of epi-
nephrine plus collagen in control (100 pl PBS) (black bars) and LR12 (100
pl=100 pg) treated (orange bars) mice. Data are reported as the mean + SD.
Statistical significance was determined by unpaired Student t-test
(**P<0.01). B) Platelet count in WT, WT+LR12 and Trem-1" mice before
(Sham) and 3 min after pulmonary embolism (PE). Flow-cytometric quantifi-
cation of neutrophils (C) and monocytes/macrophages (D) in lung from WT,

TREM-1 inhibition thus decreases thrombus formation both in
vitro and in a relevant model of arterial thrombosis.

TREM-1 inhibition protects mice from pulmonary
embolism

We next assessed the role of TREM-1 in a pulmonary thromboem-
bolism model. Time to death was delayed in Trem-17- or LR12
treated mice (P Figure 5A). Pulmonary embolism (PE) was as-
sociated with a rapid thrombocytopenia. This phenomenon was
prevented when TREM-1 was inhibited (P> Figure 5B).

Using flow cytometry, we analysed PE-induced leukocytes re-
cruitment to the lungs. Very early (3 min) after the induction of
PE, neutrophils and monocytes/macrophages infiltrated the lungs.
TREM-1 inhibition largely reduced this inflammatory recruitment
(> Figure 5C and D).

Thrombosis and Haemostasis 9/2017

WT+LR12 and Trem-17mice before (Sham) and 3 min after pulmonary em-
bolism. Data are reported as the mean =+ SD. Statistical significance was de-
termined by unpaired Student t-test (*P<0.5; **P<0.01; *** P<0.005). E)
Number of thrombus per eye field in the lungs of WT+PBS, WT+LR12 and
Trem-1" mice by count in 10 microscopic fields for each lung section. Data
are reported as the mean + SD. Statistical significance was determined by
unpaired Student t-test (*P<0.05; **P<0.01) (F) Representative histological
section of lungs of WT, WT+LR12 and Trem-1"" mice 3 min after induction of
pulmonary embolism. Black arrows: Occlusive intravascular thrombi.

Histologic analysis of isolated lungs collected 3 min after PE in-
duction showed that the percentage of vessels occluded by thrombi
was significantly lower in Trem-17- and LR12 treated mice (P> Fig-
ure 5E and F). These results indicate that TREM-1 plays a relevant
role in thrombus formation in vivo.

TREM-1 inhibition protects mice during pulmonary embolism
in reducing lung leukocytes recruitment and thrombi formation.

Discussion

The TREM family encompasses at least five different receptors
sharing low sequence homology with each other. Among them,
TREM-1 is expressed at the surface of neutrophils, mature mono-
cytes, macrophages and hypoxic dendritic cells, and plays a major
role in the pathophysiology of inflammation-associated disorders
(11). During various models of sepsis, we observed that the
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TREM-1 inhibition, in addition to reducing inflammation and im-
proving survival, prevented from thrombocytopenia and dissemi-
nated intra-vascular coagulation (17, 19). Moreover, another
member of the TREM family, the TREM-like transcript 1 (TLT-1)
receptor, has been found in a-granules of megakaryocytes and pla-
telets (26). Upon platelet activation, TLT-1 transports to the mem-
brane where it enhances Ca2+ influx and promotes platelet aggre-
gation (27, 28). Giomarelli et al. showed anti-TLT-1 scFvs in-
hibited low-dose thrombin-induced human platelets aggregation
(29). Moreover, platelets isolated from Tlt-17~mice displayed poor
aggregation in vitro (28). These different findings prompted us to
investigate whether TREM-1 is also present in platelets.

Indeed, we observed that TREM-1 is constitutively expressed in
resting platelets and clusters at the membrane upon activation. In-
terestingly, although TREM-1 and TLT-1 seems to co-localise in
resting platelets, this is no more observed in activated platelets.

Platelet aggregation plays a key role in thrombosis, leading to
many disorders. Platelet activation is achieved through various
surface receptors that include G protein-coupled receptors, inte-
grins, and glycoproteins receptors. Activation of these receptors is
mainly mediated by the strong agonists thrombin and collagen,
whereas other mediators released by activated platelets, such ADP
and TxA2, potentiate the activation cascade by recruiting other
platelets. We found that genetic invalidation or pharmacologic in-
hibition (with the use of the inhibitory peptide LR12) of TREM-1
inhibited ADP, collagen and thrombin induced platelet aggre-
gation. Activation of the glycoprotein (GP)IIb/IIIa receptor is the
most common pathway for agonists-induced platelet aggregation.
As we observed in presence of LR12 a reduced expression of the
conformational dependent anti-GPIIb/IITa antibody PAC-1, a de-
creased fibrinogen binding and platelet spreading, this effect was
likely the consequence of an impaired integrin alIbp3 inside-out
activation.

In myeloid cells, TREM-1 engagement leads to the phosphory-
lation of several kinase including PLCy2 and ERK1/2 (12). These
kinases are also known to be involved in collagen, thrombin and
ADP-dependent signalling in platelets (30). TREM-1 inhibition
decreased PLCy2 and ERK1/2 activation in stimulated platelets.

The role of activated platelets during acute inflammatory dis-
orders is well established. For example, the adhesion molecule

What is known about this topic?

e The Triggering Receptor Expressed on Myeloid cells-1 (TREM-1) is
an immunoreceptor expressed by neutrophils and monocytes.

e TREM-1 activation on myeloid cells amplifies the inflammatory
response triggered by Toll Like Receptor engagement.

What does this paper add?
e Here we show that TREM-1 is also expressed by platelets.
e TREM-1 plays an important role in mediating platelets activation.

e Modulation of TREM-1 impairs platelet activation and prevents
from thrombus formation.

© Schattauer 2017

P-selectin (CD62P), a component of the a-granules membranes,
plays a dominant role in modulating interactions between platelets
and the endothelium, and may be involved in acute cardiovascular
events (31, 32). Furthermore, P-selectin can lead activated platelets
to adhere to monocytes and neutrophils: these three cell types co-
operate to initiate and propagate thrombosis (33). This may be es-
pecially true during sepsis (34). Recent studies have indicated that
antiplatelet medications may reduce mortality from infections and
sepsis, which suggests a possible clinical relevance of modifying
platelet responses to inflammation (35). As LR12 reduces platelet
activation (including P-selectin expression) its beneficial effects
during sepsis and myocardial infarction (19, 21) may not be re-
stricted to an action on myeloid cells but also involves a modu-
lation of platelet activation.

The reduced ex vivo aggregation of platelets from Trem-17-
mice in response to collagen, ADP, and thrombin suggests that
TREM-1 may also represent a novel molecular target for anti-
thrombotic agents. This possibility is strengthened by our findings
demonstrating an important role for TREM-1 in thrombosis in
vivo. Using a FeCl;-induced carotid artery thrombosis model, we
showed a significant increase of time-to-occlusion in Trem-1 defi-
cient or LR12 treated mice. Moreover, we also found that genetic
invalidation or pharmacologic modulation of TREM-1 conferred
protection against pulmonary thromboembolism with a reduced
lung inflammation, number of occlusive thrombi and delayed
death. These findings point to an important role of TREM-1 in
regulating in vivo platelet function.

Our study has several limitations: the mouse model of Trem-17
is a full knockout that does not allow us to definitely implicate pla-
telets in our carotid artery and pulmonary embolism experiments.
However, aggregation defect was clearly observed in TREM-1 Ko
isolated platelets. Another member of the TREM family, TLT-1,
has been shown to be involved in platelet aggregation. Although
we cannot completely exclude off-target effects of LR12, for
example on TLT-1, this peptide has no action in TREM-1 Ko ani-
mals (who display a similar TLT-1 expression compared to WT
controls), rendering this hypothesis less probable. Finally, the pre-
cise mechanism by which TREM-1 deletion decreases platelets ac-
tivation remains elusive as many important steps are reduced at
once (calcium mobilisation, integrin expression...). However, Ha-
selmayer et al. observed the presence of a TREM-1 ligand in both
resting and stimulated platelets (15). It is therefore tempting to
speculate that blocking the interaction of platelet TREM-1 (over-
expressed after stimulation) with its constitutively expressed pla-
telet ligand decreases activation, at least in the presence of weak
platelets agonists. But as the nature of this ligand remains elusive
definite conclusions cannot be drawn.

In this study, we showed that TREM-1 is expressed by platelets
where it plays an important role in mediating their activation.
Pharmacological modulation or genetic invalidation of TREM-1
impairs platelet activation and prevents from arterial or venous
thrombus formation. These findings suggest that TREM-1 modu-
lating agents such as LR12 could potentially be useful adducts in
antiplatelet therapies in the setting of thrombotic disorders. They
also provide a new insight on the TREM-1 biology and may ex-
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plain the protective action of the TREM-1 modulation during
acute inflammatory diseases, beyond their effects on myeloid cells.
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