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Abstract C-type lectin-like receptor 2 (CLEC-2) is highly expressed on platelets and a subpopula-
tion of myeloid cells, and is critical in lymphatic development. CLEC-2 has been shown
to support thrombus formation at sites of inflammation, but to have aminor/negligible
role in hemostasis. This identifies CLEC-2 as a promising therapeutic target in
thromboinflammatory disorders, without hemostatic detriment. We utilized a
GPIbα-Cre recombinase mouse for more restricted deletion of platelet-CLEC-2 than
the previously used PF4-Cre mouse. clec1bfl/flGPIbα-Creþmice are born at a Mendelian
ratio, with a mild reduction in platelet count, and present with reduced thrombus size
post-FeCl3-induced thrombosis, compared to littermates. Antibody-mediated deple-
tion of platelet count in C57BL/6 mice, to match clec1bfl/flGPIbα-Creþ mice, revealed
that the reduced thrombus size post-FeCl3-injury was due to the loss of CLEC-2, and not
mild thrombocytopenia. Similarly, clec1bfl/flGPIbα-Creþ mouse blood replenished with
CLEC-2-deficient platelets ex vivo to match littermates had reduced aggregate forma-
tion when perfused over collagen at arterial flow rates. In contrast, platelet-rich
thrombi formed following perfusion of human blood under flow conditions over
collagen types I or III, atherosclerotic plaque, or inflammatory endothelial cells were
unaltered in the presence of CLEC-2-blocking antibody, AYP1, or recombinant CLEC-2-Fc.
The reduction in platelet aggregation observed in clec1bfl/flGPIbα-Creþ mice during
arterial thrombosis is mediated by the loss of CLEC-2 on mouse platelets. In contrast,
CLEC-2 does not support thrombus generation on collagen, atherosclerotic plaque, or
inflamed endothelial cells in human at arterial shear.
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Introduction

Platelets critically limit blood loss post-injury. Conversely, path-
ological vascular occlusion due to thrombosis in the arterial or
venous systems can cause disorders such as acute coronary
syndrome, ischemic stroke, and deep vein thrombosis (DVT).
Current antiplatelet therapeutics, such as aspirin and platelet
P2Y12 inhibitors, areeffective in limitingarterial thrombosis, but
are detrimental to hemostasis. Platelet immune receptors are
now recognized to drive thrombosis in the arterial and venous
systems, notably at sites of inflammation (thromboinflamma-
tion),1 although increased bleeding upon inhibition remains a
major concern.

Platelets contain two immune receptors which signal
through an immunoreceptor tyrosine-based activationmotif
(ITAM), glycoprotein VI (GPVI), and FcγRIIA, characterized by
two YxxL sequences.2,3 In addition, they express C-type
lectin-like receptor (CLEC)-2, which has a hemITAM domain,
containing a single YxxL sequence.4 CLEC-2 is a type II
transmembrane receptor, composed of a short cytoplasmic
tail, a stalk region, and an extracellular, ligand-binding C-

type lectin-like domain.5 It is expressed at high levels in
platelets, and at a low level in a subpopulation of myeloid
cells.6 Platelet functions of CLEC-2 have been shown in
wound healing,7 sepsis,8 inflammation-driven venous
thrombosis,9,10 and inflammatory macrophage migration.11

CLEC-2 has been demonstrated to contribute to arterial and
venous thromboses in mouse models of disease,9,10,12–15

with its role in arterial thrombosis being independent of
its ITAM signaling domain.15

Podoplanin is recognized as the major endogenous ligand
of CLEC-2, although hemin has more recently been shown as
a ligand.16 Podoplanin is widely expressed outside of vascu-
lature, including on alveolar epithelial cells, fibroblasts,
lymphatic endothelial cells, and kidney podocytes,17 and is
upregulated during inflammation on macrophages, T helper
(TH) 17 cells, and in stromal cells.11,18 Hemin is released
post-hemolysis, but is ordinarily quenched by scavenging
mechanisms. During severe hemolytic disease, such as sickle
cell disease, or rhabdomyolysis, hemin induces platelet ag-
glutination and aggregation by ferroptosis, and platelet-
CLEC-2 in an ITAM-dependent manner, respectively.16,19
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There is also speculation on the existence of a ligand to
CLEC-2 in healthy vasculature to account for its role in
arterial thrombosis models in mice.12 As yet, the identity
of this ligand is not known.

Previous studies investigating the contribution of CLEC-2
to arterial thrombosis utilized antibody-induced depletion
of CLEC-2 (using the monoclonal antibody, INU1), or by
genetic deletion, crossing the clec1bfl/fl and platelet factor
(PF)4-Cre mouse models20; both approaches have limita-
tions. Antibody depletion is associatedwith amarked throm-
bocytopenia and PF4 is expressed in several cell types
beyond platelets, including microglia, subpopulations of
monocytes, and T cells.21–23 This is of significance, as several
cell types beyond platelets have been shown to support
arterial and venous thrombosis, including neutrophils
(through NETosis), monocytes (during atheroma formation),
and mast cells (during venous thrombosis).1,24

In this study, we have investigated the contribution of
CLEC-2 in mice in vivo and in vitro models of thrombosis
using a GPIbα-Cre mouse for genetic deletion of CLEC-2.25

The clec1bfl/flGPIbα-Creþ mouse exhibits a 98.7% deletion of
platelet-CLEC-2, without deletion in myeloid cells.25,26 We
have investigated the role of CLEC-2 in human blood using
F(ab) fragments of a CLEC-2-podoplanin-blocking antibody,
AYP1,27 and recombinant CLEC-2 in in vitromodels of platelet
adhesion and aggregation at arterial shear rates.

Materials and Methods

Mice
Wild type (WT) C57BL/6mice (9–12weeks;males and females)
were purchased from Jackson Laboratories (United Kingdom).
CLEC-2-deficient mice (clec1bfl/flGPIbα-Cre) have been de-
scribed.26 GPVI-deficient (GP6�/�clec1bfl/flGPIbα-Cre�) mice
were also used, but not their double-deficient (CLEC-2 and
GPVI) GPIbα-Creþ littermates. All experiments were performed
in accordance with UK law (Animal Scientific Procedures Act
1986)with approval of the local ethics committee andUKHome
Office approval under PP9677279 and P0E98D513 granted to
the University of Birmingham.

Human Material
Venous bloodwas drawn fromhealthy, consenting, drug-free
volunteers into 3.2% trisodium citrate BD Vacutainers (Bec-
ton Dickinson, United Kingdom). Ethical approval was
granted by the University of Birmingham Research Ethics
Committee (Ref: UHSP/22/BTVR/07). Washed platelets were
isolated as previously described,16 and aggregation was
monitored at a concentration of 2�108/mL. The use of
pooled plaque homogenate material from atherosclerotic
patients was approved by the North-West Haydock Research
Ethics Committee (Ref: 20/NW/0001). The pooled plaque
homogenate was prepared as described.28

Materials
Further details on materials are found in the Supplementary

Material (►Supplementary Tables S1–S5, available in the
online version).

Cell Culture
Human umbilical vein endothelial cells (HUVECs; Promocell,
Germany) were cultured in a humidified incubator at 5% CO2

and 37°C in Endothelial Cell Growth Media (Promocell,
Germany). For flow adhesions assays, cells were cultured
in a 2% gelatin-coated, µ-Slide VI 0.4 perfusion chamber
(Ibidi, Germany). Cells were tumor necrosis factor (TNF)-α-
activated (10ng/mL) for 24hours, blocked with 2% BSA
(bovine serum albumin), and citrate-anticoagulated blood
was perfused for 3minutes.

Mouse Platelet Isolation
Blood was taken from the inferior vena cava of terminally
CO2-narcosedmice, post-isoflurane-anesthesia.Washed pla-
telets were prepared as described.16 Light transmission
aggregometry was performed as described.16

Platelet Depletion In Vivo
Mice were challenged with an anti-GPIbα antibody (Emfret,
Germany) at 0.1mg/kg by intraperitoneal injection; platelet
count was analyzed by saphenous bleed daily and quantified
by an ABX Pentra 80 automated hematology analyzer
(Horiba, Japan).

In Vivo Thrombosis Assays
Mice (20–25 g) were anaesthetized intraperitoneally by
avertin (2,2,2-tribromoethanol; Sigma, United States), before
tracheotomy and administration of anti-GP1bβ X488
(Emfret, Germany) at 0.1 µg/kg by cannulation of the jugular
vein.
Ferric chloride (FeCl3) injury: the carotid artery was exposed
and thrombi were generated by administration of FeCl3-
soaked filter paper (2�1mm, 10%, 3minutes).29

Laser injury: the cremastermusclewas exposed and thrombi
were induced by laser injuries of the arterioles. Images were
acquired using an Olympus, upright spinning disk confocal
microscope (4X Nikon air lens or 40X Nikonwater-immersed
lens, respectively). Images were analyzed using Slidebook6
software (Intelligent Imaging Innovations, United States), as
described.29

Flow Adhesion Assays
Maastricht flow chamber: citrated whole bloodwas perfused
over Horm collagen (surfaces coated with 100 µg/mL;
Nycomed, Switzerland), human collagen III (100 µg/mL;
Sigma, United States), or pooled plaque homogenate (500
µg/mL) through a Maastricht parallel flow chamber at arte-
rial shear rate (1,000 s�1), as described.30 Blood was treated
with 40 µM PPACK and re-calcified (2mM). P-Selectin (anti-
CD62P, BioLegend, United States), αIIbβ3 (anti-fibrinogen,
Dako, United States), and phosphatidylserine (PS)-exposure
(Annexin V, ThermoFisher, United States) were measured at
3.5minutes as described.30,31 Imageswere acquired using an
EVOS M5000 Imaging system (Invitrogen, United States) by
transmitted light imaging (40X lens).
µ-Slide VI 0.1 and 0.4: whole blood was perfused over Horm
collagen (surfaces coated with 100 µg/mL) or HUVECs
through a µ-Slide VI 0.1 or 0.4, respectively. Blood was
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perfused at arterial shear rate (1,000 s�1) and shear stress (10
dyn.s/cm2) unless specified. Blood was treated with 2 µM
DiOC632,33 (ThermoFisher, United States) and 40 µM PPACK.
Images were acquired simultaneously of two fields with Z-
stacks using an EVOSM5000 Imaging system (ThermoFisher,
United States) by fluorescence and transmitted light imaging
(20X lens).
Analysis: images were analyzed using parameter specific
semi-automated ImageJ scripts, as described.30,31

Receptor Expression
Receptor surface expression was assessed by Accuri C6 Plus
flowcytometry (BD Bioscience, United Kingdom). Antibodies
were incubated alongside the agonist for 20minutes, before
fixing in 4% paraformaldehyde (PFA). Datawere quantified by
FlowJo. Receptor surface expression was visualized by epi-
fluorescent microscopy. Cells were fixed in 4% PFA before
blocking with 5% BSA-PBS and incubating with antibodies
overnight. Fluorescence intensity was quantified using FIJI
v2.1.

Statistics
All data are presented as mean� standard deviation, unless
otherwise stated. The statistical comparison between two
groups was analyzed using a t-test and the statistical differ-
ence betweenmultiple groups in vitro using one-way ANOVA
(analysis of variance) with Tukey’s multiple comparisons
test. The statistical comparison for in vivo experiments
was determined by a Kruskal–Wallis test using Prism 8
(GraphPad Software Inc., United States). Statistical signifi-
cance was represented as shown: �p<0.05, ��p<0.01, ���p
<0.001, ����p<0.0001.

Results

Thrombus Formation Is Diminished in clec1bfl/flGPIbα-
CreþMice Post-FeCl3- and Laser-Induced Arterial Injury
Previous studies investigating the role of CLEC-2 on platelets
in arterial thrombosis in mice have used a clec1bfl/flPF4-Cre
model to selectively delete the hemITAM receptor on plate-
lets.14,15 However, several groups have shown that the PF4-
Creþ transgene also deletes CLEC-2 on a subpopulation of
myeloid cells and lymphocytes,21–23 thereby making it un-
clear if the observed phenotype is solely due to deletion on
platelets. In view of this, we have utilized a GPIbα-Cre
transgenic mouse strain, to selectively delete CLEC-2 in the
megakaryocyte/platelet lineage25,34 and compared the result
to both littermate control mice and to GPVI-deficient mice.
Platelets from GPIbα-Creþ mice (clec1b flox-negative) have
been shown to be similar to genetically unaltered platelets.25

We have previously reported that clec1bfl/flGPIbα-Creþ mice
are born at a Mendelian ratio with a mild reduction in
platelet count, possibly as a result of a defect in blood–
lymphatic separation, as the GPIbα-Cre itself does not alter
platelet count.25,26Here, we describe a 20.7�4.6% reduction
in circulating platelet count (►Supplementary Fig. S1A,
available in the online version), but unchanged platelet
volume and erythrocyte and white blood cell (monocyte,

neutrophil, and lymphocyte) counts in CLEC-2fl/flGPIbα-Creþ

mice, compared to GPIbα-Cre� littermate controls
(►Supplementary Fig. S1B–G, available in the online ver-
sion). Furthermore, we show that deletion of platelet-CLEC-2
does not impact the expression of GPVI, GPIb, or CD41
(►Supplementary Fig. S2, available in the online version),
nor washed platelet response to thrombin, collagen-related
peptide, or thromboxane A2 receptor agonist, U46619; CLEC-
2-deficient platelets do not respond to rhodocytin
(►Supplementary Fig. S3, available in the online version).

Using the FeCl3-induced thrombosis model of the carotid
artery, we show that thrombus growth post-injury is mildly
impaired in clec1bfl/flGPIbα-Creþ mice, and more substan-
tially in the absence of GPVI. This could be explained by a
delay in thrombus growth, or platelet activation, in GPVI-
deficient, but not clec1bfl/flGPIbα-Creþ mice compared to
littermate controls (►Fig. 1A). The contribution of CLEC-2 to
thrombus formation was also assessed using a laser-induced
thrombus injury in cremaster muscle arterioles. The time
to peak thrombus formation was not delayed in
clec1bfl/flGPIbα-Creþ mice compared to littermate controls,
but the peak thrombus size was significantly reduced
(►Fig. 1B). These results show amild defect in arterial throm-
bus formation at arterial shear in clec1bfl/flGPIbα-Creþmice, in
line with previous results in clec1bfl/flPF4-Creþ mice.14,15

The decrease in thrombus formation in the
clec1bfl/flGPIbα-Creþ mouse could be due to the loss of
CLEC-2 and/or the mild thrombocytopenia. To determine
the effect of platelet count on thrombus formation, C57BL/
6 mice were treated with a platelet-depleting antibody
(GPIbα),8 and the recovery in platelet count was monitored.
The FeCl3-injury model was then performed in mice when
the platelet count had been lowered by >95% or approxi-
mately 50% at 24- and 72-hour postdepletion, respectively.
Of note, the approximately 50% platelet depletion is
greater than the 20.7�4.6% depletion observed in the
clec1bfl/flGPIbα-Creþ mice. Thrombus formation was abol-
ished in mice with a >95% reduction in platelet count but
unaltered in mice with an approximately 50% platelet deple-
tion, relative to controls (►Fig. 1C). This shows that the
decrease in platelet count is not the cause of the reduction
in thrombus formation.

Together, these data confirm that platelet-CLEC-2 plays an
important role in the formation of thrombi in the arterial
circulation in mice, and that this is independent of the
reduction in platelet count.

CLEC-2 Contributes to Thrombus Formation in Mouse
Blood Perfused over Collagen at Arterial Shear Rates
ex vivo
The contribution of CLEC-2 to thrombus formation was
further investigated ex vivo, using an Ibidi µ-Slide VI 0.1
flow chamber coated with Horm collagen. The platelet count
of clec1bfl/flGPIbα-Creþ mice was normalized to match the
level of WT littermate control using washed platelets from
a second clec1bfl/flGPIbα-Creþ mouse (►Fig. 2A). Specific
labeling of the donor platelets showed that both the donor
and host platelets contribute to thrombus formation when
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Fig. 1 Platelet-CLEC-2-deficiency results in smaller, unstable arterial thrombus formation inmice. (A)Wild type (WT; clec1bfl/flGPIbα-Cre�), platelet-CLEC-2-
deficient (CLEC-2�/�; clec1bfl/flGPIbα-Creþ), or GPVI-deficient (GPVI�/�; GP6�/�clec1bfl/flGPIbα-Cre�) mice were challenged with FeCl3-soaked filter paper
(10%, 3minutes) on the carotid artery. (Ai) Thrombus size was measured over 25minutes using an anti-GPIbβ antibody fluorescence using confocal
microscopy and (Aii) the area under the curve (AUC) was calculated (a.u.¼ arbitrary units). (Aiii) The time taken for a thrombus to reach 1� 104 µm2 was
calculated to quantify formation initiation. (Aiv) Representative images are shown at 25minutes postinjury (WT n¼ 19 mice; CLEC-2�/� n¼ 17 mice;
GPVI�/�n¼ 9mice). (B)WTorCLEC-2�/�micewerechallengedwitha laser injury inarteriolesof thecremastermuscle. (Bi) Thrombus sizewasobservedover
3minutesbyGPIbβ-antibodyfluorescenceusingconfocalmicroscopy, and themedian thrombus sizeof all injuries is shown. (Bii) Thepeak thrombus sizeand
(Biii) time to reach peak thrombus sizes were calculated, each dot representing an injury. (Biv) Representative images are shown of the peak thrombus
(12–15 seconds) postmedian injury of themedian mouse/genotype (WT n¼ 56 injuries, 6 mice; CLEC-2�/� n¼ 62 injuries, 6 mice). (C) C57BL/6mice were
treated intraperitoneallywithaplatelet-depletionantibody (0.1mg/kg), andchallenged24or72hoursposttreatment (>95and50%depletion, respectively)
with FeCl3-soakedfilter paper (10%,3minutes) on the carotidartery. (Ci) Thrombus sizewasobservedover 25minutesbyGPIbβ-antibodyfluorescenceusing
confocal microscopy and (Cii) the AUC was calculated (a.u.¼ arbitrary units). Differences inWT thrombus sizes post-FeCl3 injury in (Ai) and (Ci) may reflect
differences in lens chip sizes used; the same chip was used during in the relevant data sets, and values are relative to controls. The statistical significance
between twogroupswas analyzed using an unpaired t-test, and the statistical difference betweenmultiple groupswas analyzed using one-way ANOVAwith
Tukey’s multiple comparisons test. �p< 0.05, ��p< 0.01, ���p< 0.001, ����p< 0.0001. ANOVA, analysis of variance.
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perfused over collagen at arterial shear (►Supplementary

Fig. S4, available in the online version). Blood from clec1b-
fl/flGPIbα-Creþ mice perfused at 1,000 s�1 showed a significant
decrease in thrombus surface coverage (38�11%) after
4minutes compared toWT controls (►Fig. 2B). Interestingly,
there was no change in platelet deposition after 2minutes of
perfusion, suggesting a role for CLEC-2 in thrombus growth,
but not in thrombus initiation. These data show that CLEC-2
contributes to the growth of thrombi at arterial shear rates in
mouse blood on a collagen surface.

CLEC-2 Does Not Impact Thrombus Formation on
Collagen or Plaque at Arterial Shear in Human Blood in
vitro
Studies were designed to investigate the contribution of
CLEC-2 to thrombus formation in human blood using frag-
ments of thehumanCLEC-2-blocking antibody, AYP1.27AYP1F
(ab) and F(ab)2 (10 µg/mL) inhibited rhodocytin- and podo-
planin-expressing HEK-293T cell-induced aggregation of
washed platelets (►Fig. 3A, B; ►Supplementary Fig. S5A, B,
available in the online version). Furthermore, F(ab) and F(ab)2
(10 µg/mL) inhibited rhodocytin-induced platelet-P-selectin
expression in whole blood (►Fig. 3C). This demonstrates that
AYP1 can be used to block platelet activation by the endoge-
nous CLEC-2 ligand, podoplanin, in whole blood bearing in
mind that rhodocytin and podoplanin bind to a shared epitope
on CLEC-2.5

Platelet thrombus generation at arterial shear was
assessed using both theMaastrichtflowchamber, facilitating
small volumes of blood and agonists, and an Ibidi µ-Slide
chamber, allowing for cell culture-grade perfusions. Inter-
estingly, neither F(ab) nor F(ab)2 fragments of AYP1
(10 µg/mL) significantly altered thrombus generation over
Horm collagen in the Ibidi µ-Slide VI 0.1flow chamber at
1,000 s�1 (►Supplementary Fig. S5C, available in the online
version). Furthermore, AYP1 F(ab) (10 µg/mL) did not alter
thrombus formation (surface area and multilayer thrombus
size), nor expression of platelet activation markers (PS
exposure, P-selectin expression, and αIIbβ3 activation),
when perfused over Horm collagen at arterial shear rate
(1,000 s�1) in the Maastricht flow chamber (►Fig. 3D,
►Supplementary Fig. S6, available in the online version).

Horm collagen is 95% type I collagen, whilst the sub-endo-
thelium is composed of a mixture of both collagen type I and
collagen type III. For this reason, we extended the studies in the
Maastricht flow model to human collagen type III preparation.
AYP1F(ab) (10 µg/mL) also did not alter platelet deposition,
surface coverage, or activation on this surface (►Fig. 4A).
Atherosclerotic plaque contains a varietyofextracellularmatrix
proteins and debris of various cells including podoplanin-posi-
tive macrophages.18 To replicate plaque-driven thrombosis in a
large-artery intima, blood was perfused over pooled plaque
homogenate at arterial shear rate (1,000s�1). Platelet coverage,
multilayer thrombus size, and expression of platelet activation

Fig. 2 Platelet-CLEC-2 promotes thrombus growth at arterial shear in mice ex vivo. (A) Washed platelets from a CLEC-2�/� (clec1bfl/flGPIbα-Creþ)
mouse was donated to the whole blood of a secondary CLEC-2�/�mouse to match WT (clec1bfl/flGPIbα-Cre�) platelet counts. The red-dotted line
represents median platelet count of littermate WT controls. (Bi) Thrombus surface coverage was measured over 4minutes using DiOC6
fluorescence (2 µM). (Bii) Subsequent area under the curve (AUC) was calculated (a.u.¼ arbitrary units) and (Biii) thrombus formation after 2 and
4minutes is shown. (Biv) Representative images shown after 4minutes (n¼ 5 mice). The statistical significance between two groups was
analyzed using an unpaired t-test. �p< 0.05, ���p< 0.001.
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Fig. 3 The effect of inhibition of CLEC-2 inhibition by AYP1 fragments on platelet aggregation and thrombus formation on collagen under flow.
(A, B) Washed platelet aggregation was assessed by light transmission aggregometry, in the presence or absence of AYP1 fragment, F(ab)
(10 µg/mL). (Ai) Representative platelet aggregation trace induced by rhodocytin (100 nM) and (Aii) maximum aggregation (n¼ 3 donors). (Bi)
Representative platelet aggregation trace induced by HEK-293T cells and (Bii) final aggregation (n¼ 3 donors). (C) Inhibition of CLEC-2 by F(ab) or
F(ab) in whole blood was assessed by flow cytometry in the presence of rhodocytin (100 nM) for 20minutes. (Ci) Platelets were identified by size,
and their expression of CD41 in whole blood, and (Cii) their activation was measured by CD62Pmean fluorescence intensity (MFI) by an Accuri C6
flow cytometer (n¼ 3 donors). (D) Whole blood from healthy volunteer donors was perfused through a Maastricht flow chamber at 1000 s�1, in
the presence or absence of F(ab) (10 µg/mL) 10minutes prior to perfusion. The flow chamber was coated with Horm collagen (100 µg/mL). (Di)
Thrombus surface coverage and (Dii) andmulti-layered thrombus size shown after perfusion for 3.5minutes. (Diii) Representative images shown
after 3.5minutes (n¼ 3 donors; arrow indicates direction of flow). (Div) Phosphatidylserine (PS) exposure, (Dv) P-selectin expression (CD62P),
and (Dvi) fibrinogen coverage were assessed with a semi-automated ImageJ script from fluorescent images, shown in ►Supplementary

Fig. S5. The statistical significance between two groups was analyzed using a paired t-test and the statistical difference betweenmultiple groups
was analyzed using one-way ANOVA with Tukey’s multiple comparisons test. �p< 0.05, ���p< 0.001. ANOVA, analysis of variance.
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Fig. 4 CLEC-2 inhibition by AYP1 fragments does not alter thrombus formation, nor platelet activation in human blood perfused over collagen
type III or plaque homogenate. Whole blood from healthy volunteer donors was perfused through a Maastricht flow chamber at 1000 s�1, in the
presence or absence of AYP1 F(ab) (10 µg/mL) for 10minutes prior to perfusion. (A) The flow chamber was coated with collagen III (100 µg/mL).
(Ai) Thrombus surface coverage and (Aii) multi-layered thrombi after 3.5minutes. (Aiii) Representative images shown after 3.5minutes (n¼ 3
donors; arrow indicates direction of flow). (Aiv) Phosphatidylserine (PS) exposure, (Av) P-selectin expression (CD62P), and (Avi) integrin αIIbβ3
activation were calculated from fluorescent images. (B) The flow chamber was coated with pooled plaque homogenate (500 µg/mL). (Bi)
Thrombus surface coverage and (Bii) and multi-layered thrombus size after 3.5minutes. (Biii) Representative images shown after 3.5minutes
(n¼ 3 donors; arrow indicates direction of flow). (Biv) Phosphatidylserine (PS) exposure, (Bv) P-selectin expression (CD62P), and (Bvi) integrin
αIIbβ3 activation were calculated from fluorescent images. The statistical significance between two groups was analyzed using a paired t-test.
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markers were not altered in the presence of AYP1F(ab)
(10 µg/mL), compared to controls (►Fig. 4B).

These results demonstrate that blockade of CLEC-2 by AYP1
has no effect on thrombus formation when human blood is
perfused over collagen types I and III, aswell as atherosclerotic
plaque at arterial shear in two widely used flow models.

CLEC-2-Ligand Inhibition by Recombinant Human CLEC-
2-Fc Does Not Alter Thrombus Surface Coverage
The ligand for CLEC-2 that supports thrombus formation in
mice, andpotentially in human, is not known. To date, the only
known ligand found in the blood is hemin, which is formed
from lysed red blood cells, but is rapidly quenched by hemo-
pexin.16 Importantly, AYP1 does not block hemin-induced
aggregation,16 and indeed may not block the unidentified
ligand, proposed in studies of mouse thrombosis models,
if present. Therefore, we utilized recombinant human
CLEC-2-Fc (hFc-CLEC-2) to block a potential role of hemin or
aCLEC-2-ligand thatbinds to asitedistinct toAYP1. Inaddition,
hFc-CLEC-2 (10 µg/mL) blocked rhodocytin- and podoplanin-
expressing HEK-293T cell-induced platelet aggregation
(►Fig. 5A, B); we have previously demonstrated that hFc-
CLEC-2 inhibits hemin-induced platelet aggregation.16 Fur-
thermore, hFc-CLEC-2 inhibited rhodocytin-induced platelet
activation in whole blood, as shown by P-selectin (CD62P)
surface expression (►Fig. 5C). hFc-CLEC-2 did not alter throm-
bus formationwhenperfusedoverHormcollagen in an Ibidi µ-
Slide VI 0.1 flow chamber, or the Maastricht flow chamber
(►Fig. 5D, ►Supplementary Fig. S7, available in the online
version).

These results strengthen the evidence against a role for
CLEC-2 in thrombus formation on collagen in human plate-
lets at arterial shear.

CLEC-2 Does Not Alter Platelet Adherence or Leukocyte
Recruitment in Blood Perfused over Endothelial Cells
The endothelium plays a critical role in driving thrombus
formation at sites of inflammation in the venous system
(thromboinflammation) through recruitment of platelets
and leukocytes via binding von Willebrand factor- and
Mac-1-GPIb, respectively,35 with additional binding of plate-
let and endothelial P-selectin to leukocyte-PSGL1. We have
therefore investigatedwhether CLEC-2 also plays a role in the
recruitment of platelets and leukocytes by perfusion over a
monolayer of resting and activated endothelial cells.

To model human vasculature, a monolayer of primary
HUVECs was cultured in an Ibidi µ-Slide VI 0.4 and activated
by TNF-α to significantly upregulate the expression of inter-
cellular adhesion molecule 1 (ICAM-1) and vascular cell
adhesion molecule (VCAM-1); VE-cadherin expression was
not significantly altered (►Supplementary Fig. S8, available
in the online version). Surface coverage of platelets and
leukocytes was significantly increased in TNF-α-activated
HUVECs versus unstimulated controls (►Fig. 6A). CLEC-2
inhibition at venous shear stress by AYP1 F(ab)2 did not alter
leukocyte recruitment, nor platelet surface coverage
(►Fig. 6B). Surface coverage was also unchanged in the
presence of AYP1 F(ab)2 at arterial shear (►Fig. 6C).

Our data suggest that CLEC-2 does not contribute to
leukocyte recruitment, nor platelet adhesion at arterial or
venous shear rates over TNF-α-activated HUVECs.

Discussion

In this study, we have investigated the role of CLEC-2 in
platelet aggregate formation under arterial shear rates using
both mouse and human blood, as well as in mouse models
of arterial thrombosis. We used a recently generated
clec1bfl/flGPIbα-Cre mouse which, in contrast to the
clec1bfl/flPF4-Cre mouse, specifically deletes CLEC-2 on meg-
akaryocytes and platelets. Results confirm a role for mouse
CLEC-2 in supporting thrombus growth, but not initiation,
both in in vivo and ex vivo studies.12,36 In contrast, we did not
observe a role for CLEC-2 in thrombus formation using
human blood perfused over collagen types I and III, plaque,
or inflammatory endothelial cells at arterial shear rates using
F(ab) fragments of the CLEC-2-podoplanin blocking antibody,
AYP1, or recombinant CLEC-2. This suggests that CLEC-2 may
not contribute to platelet activation in arterial thrombosis in
humans, consistent with the absence of an identified ligand
for CLEC-2 in human blood.

The critical role of CLEC-2 in supporting arterial throm-
bosis in vivo in mice was shown using FeCl3 and laser injury
models, with the former mediated by oxidative stress- and
free-radical-dependent lipid peroxidation-induced endo-
thelial damage.37,38 In addition, FeCl3 induces direct hemo-
lysis to release free hemin,39,40which is rapidly scavenged by
hemopexin,41,42 but may also activate CLEC-2 in this model.
On the other hand, speculations of erythrocyte lysis post-
laser injury43 have been countered bymore recent studies.37

Similarly, there is no evidence for significant hemolysis in in
vitro flow models. The absence of podoplanin in healthy
vasculature and the lack of evidence for a role of hemin
suggest the presence of a novel ligand for CLEC-2 in mouse
blood to support thrombus formation. The identification of
the CLEC-2 ligand is required to further determine its role in
the regulation of thrombosis and to establish if this pathway
is conserved in human. The observation of thrombus forma-
tion in a CLEC-2 signaling-dead transgenic mouse15 suggests
that the ligand supports thrombus formation as an adhesion
molecule.

The present study provides evidence against a role for
CLEC-2 in platelet aggregation under arterial shear rates in
human blood on multiple surfaces, including atherosclerotic
plaque. CLEC-2 was inhibited using the CLEC-2-podoplanin
blocking monoclonal antibody, AYP1, and recombinant
CLEC-2. Whilst a ligand to CLEC-2 in mouse, but not human
blood, may explain this trans-species variation, this also may
be explained by the copy number of CLEC-2 on mouse
platelets, which is 10-fold higher than human plate-
lets.27,44–46 The level of expressionmay be a key determinant
of the role of CLEC-2 as an adhesion receptor.15

The observation that CLEC-2 does not play a role in platelet
aggregation on atherosclerotic plaque material is of particu-
lar interest, given reports of expression of podoplanin on
advanced human plaque.18 The plaque material used in this
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Fig. 5 The effect of recombinant human CLEC-2-Fc on platelet aggregation and thrombus formation. (A, B) Washed platelet aggregation was
assessed by light transmission aggregometry, in the presence or absence of recombinant human CLEC-2-Fc (hFc-CLEC-2) (10 µg/mL). (Ai)
Representative platelet aggregation trace induced by rhodocytin (100 nM) and (Aii) maximum aggregation (n¼ 3 donors). (Bi) Representative
platelet aggregation trace induced by HEK-293T cells and (Bii) final aggregation (n¼ 3 donors). (C) Inhibition of CLEC-2 by hFc-CLEC-2 in whole
blood was assessed by flow cytometry in the presence of rhodocytin (100 nM) for 20minutes. Platelets were identified as shown in Fig. 3(Ci) and
their activation was measured by P-selectin (CD62P) median fluorescence intensity (MFI) using an Accuri C6 flow cytometer (n¼ 3 donors). (D)
Whole blood was perfused over Horm collagen-coated (100 µg/mL) µ-Slide VI 0.1 flow chamber at 1000 s�1, in the presence or absence of hFc-
CLEC-2 for 10minutes prior to perfusion. (Di) Thrombus surface coverage over 4minutes, measured using DiOC6 fluorescence (2 µM). (Dii)
Subsequent area under the curve (AUC) was calculated (a.u.¼ arbitrary units). (Diii) Thrombus formation after 4minutes. (Div) Representative
images shown after 4minutes (n¼ 3 donors; arrow indicates direction of flow). The statistical significance between two groups was analyzed
using a paired t-test with Mann–Whitney correction and the statistical difference between multiple groups was analyzed using one-way ANOVA
with Tukey’s multiple comparisons test. �p < 0.05, ����p < 0.0001. ANOVA, analysis of variance.
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study was pooled from 10 donors and therefore is represen-
tative of material from multiple patients. In contrast, the
adhesion of platelets on plaque under flow is abrogated
when the GPVI–collagen interaction is blocked by an anti-
GPVI antibody, suggesting platelet activation by plaque is
almost entirely mediated by GPVI.47,48 More recently, it has
been shown that deletion of CLEC-2 (using the PF4-Cre)
decreases GPIbα-mediated integrin αIIbβ3 activation, which
may also contribute to the loss of platelet activation perfused
at arterial shear in the GPIbα-Creþ mice.49

There are a number of limitations in this study. Whilst in
vivo studies were blinded throughout procedures, presenta-
tion of blood-filled lymph nodes was evident in platelet-CLEC-
2-deficient mice26; to combat this, the analysis of thrombus
formationwas analyzed by an independent, blinded research-

er. The studies in humans are limited to in vitro flow adhesion
models and these do not represent all human vascular beds.
Haining et al demonstrated that CLEC-2 did not contribute to
thrombus occlusion in amechanical injury of the aorta, which
was recently confirmed using a humanized CLEC-2 mouse
model.15,50 This illustrates a varied contribution of vascular
beds to thrombus formation in mice.

To conclude,wehave strengthened the evidence for the role
of platelet CLEC-2 in mouse arterial thrombosis using a
clec1bfl/flGPIbα-Creþ, which has a higher specificity of
megakaryocytes/platelet-deletion, relative to clec1bfl/flPF4-
Creþ mouse. In contrast, we did not observe a role of human
CLEC-2 in platelet aggregation under flow conditions on a
variety of surfaces using CLEC-2-blocking antibody, AYP1, or
hFc-CLEC-2. Podoplanin has been shown to be markedly

Fig. 6 CLEC-2 inhibition by F(ab)2 does not alter thrombus formation or leukocyte recruitment over activated endothelial cells. (A) Whole blood
in the presence of an IgG control to F(ab)2 was perfused in a µ-Slide VI 0.4 flow chamber over 24 h-TNF-α activated (10 ng/mL) or unstimulated,
human umbilical vein endothelial cells (HUVEC) for 3minutes. (Ai) Thrombus surface coverage over 3minutes, measured using DiOC6
fluorescence (2 µM); (Aii) subsequent area under the curve (AUC) was calculated (a.u.¼ arbitrary units). (B) Whole blood was perfused at venous
shear stress (5 dyn.s/cm2) over 24 h-TNF-α activated (10 ng/mL) HUVEC for 3minutes in the presence or absence of F(ab)2 (10 µg/mL) for
10minutes prior to perfusion. (Bi) Leukocyte recruitment was analyzed by manual identification from five fields of view per donor and (Bii)
representative images were taken postperfusion. (Biii) Thrombus surface coverage over 3minutes, measured using DiOC6 fluorescence (2 µM)
and (Biv) subsequent area under the curve (AUC) was calculated (a.u.¼ arbitrary units). (Bv) Representative images presented after 4minutes
(n¼ 8 donors; arrow indicates direction of flow). (C) Whole blood was perfused at arterial shear stress (10 dyn.s/cm2) over 24 h-TNF-α activated
(10 ng/mL) HUVEC for 3minutes in the presence or absence of F(ab)2 (10 µg/mL) for 10minutes prior to perfusion. (Ci) Thrombus surface
coverage over 3minutes, measured using DiOC6 fluorescence (2 µM) and (Cii) subsequent AUC was calculated. (Ciii) Representative images
shown after 4minutes (n¼ 8 donors; arrow indicates direction of flow). The statistical significance between two groups was analyzed using a
paired t-test. ���p< 0.001. IgG, immunoglobulin G.
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upregulated in the sub-endothelium during DVT and liver
inflammation in humans.51,52 The present results suggest
that blocking the CLEC-2–podoplanin interaction in patients
at riskofvenous thrombosiswill not interferewithhemostasis,
reinforcing CLEC-2 as a target for a new class of antiplatelet
agent in thromboinflammatory disorders.

What is known about this topic?

• In murine models of venous thrombosis, CLEC-2 has
been shown to support thrombus growth during
thromboinflammation.9,10

• CLEC-2 has previously been shown to support thrombus
growth during models of arterial thrombosis in mice
using radiation chimeric mice, a Clec1bfl/flPF4-Cre
mouse, and a CLEC-2-depleting antibody, INU1.12–14

• The role of CLEC-2 during arterial thrombosis in mice
has been shown to be independent of classical CLEC-2
hemITAM signaling.15

What does this paper add?

• We utilize a GPIbα-Cre to delete CLEC-2 on plate-
lets25,26 and confirm a role for platelet CLEC-2 in
thrombus growth in twomodels of arterial thrombosis
in mice, as well as in ex vivo flow models.

• For the first time, we use fragments of human CLEC-2-
blocking antibody, AYP1, as well as recombinant CLEC-2,
to block CLEC-2-induced platelet activation by its ligands.

• We observe no role for CLEC-2 in human blood in
thrombus growth at arterial shear rateswhenperfused
over multiple surfaces, including inflamed endothelial
cells ex vivo.
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