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Targeted downregulation of platelet CLEC-2 occurs through
Syk-independent internalization
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Platelet aggregation at sites of vascular injury is not only essential for hemostasis, but
may also cause acute ischemic disease states such as myocardial infarction or stroke.
e CLEC-2 can be downregulated | The hemi-immunoreceptor tyrosine-based activation motif-containing C-type lectinlike
from circu|ating platelets by receptor 2 (CLEC-2) mediates powerful platelet activation through a Src- and spleen
anti-CLEC-2 antibodies tyrosine kinase (Syk)-dependent tyrosine phosphorylation cascade. Thereby, CLEC-2
through Src-family kinase- not only contributes to thrombus formation and stabilization but also plays a central role
dependent internalization. in blood-lymphatic vessel development, tumor metastasis, and prevention of inflamma-
« Platelet- spe cific Syk deficien cy tory bleedmg,.maklng ita potentlla! ph.armacologlc t.arget to modl:JIate these processe.s.
. We have previously shown that injection of the anti-CLEC-2 antibody, INU1, results in

abrogates anti—-CLEC-2 ) : - - g
X R . virtually complete immunodepletion of platelet CLEC-2 in mice, which is, however, pre-
antlbodles-lnducgd ceded by a severe transient thrombocytopenia thereby limiting its potential therapeutic
thrombocytopenia, but not use. The mechanisms underlying this targeted CLEC-2 downregulation have remained
CLEC-2 internalization. elusive. Here, we show that INU1-induced CLEC-2 immunodepletion occurs through Src-
family kinase—-dependent receptor internalization in vitro and in vivo, presumably followed
by intracellular degradation. In mice with platelet-specific Syk deficiency, INU1-induced CLEC-2 internalization/degradation was
fully preserved whereas the associated thrombocytopenia was largely prevented. These results show for the first time that CLEC-2
can be downregulated from the platelet surface through internalization in vitro and in vivo and that this can be mechanistically

uncoupled from the associated antibody-induced thrombocytopenia. (Blood. 2015;125(26):4069-4077)

Introduction

Platelet activation at sites of vascular injury is not only crucial to limit-
ing posttraumatic blood loss, but also causes myocardial infarction and
stroke.' Mainly 2 major classes of receptors induce platelet activation,
characterized by shape change, upregulation of integrin adhesion re-
ceptor activity, release of granule content, and enhanced procoagulant
activity. Soluble agonists, such as thrombin, adenosine 5’-diphosphate,
and thromboxane A2, stimulate receptors that couple to heterotrimeric
G proteins and activate downstream effectors.” The other pathway is
triggered by the major activatory platelet collagen receptor, glycopro-
tein VI (GPVI), which signals via the immunoreceptor tyrosine-based
activation motif (ITAM)-bearing Fc receptor (FcR) y-chain, or by the
C-type lectinlike receptor-2 (CLEC-2), where signaling is initiated
by tyrosine phosphorylation of a single YxxL sequence, called hemi-
ITAM (hemITAM), in its cytoplasmic tail.*

CLEC-2 is a ~32-kDa type II transmembrane protein, encoded by
the Clecb gene,” that was originally identified as a transcript in immune

cells and later found to be highly expressed in platelets where it serves
as the receptor for the powerful platelet-activating snake venom protein
thodocytin (RC).® Upon ligand engagement of CLEC-2, hemITAM
phosphorylation of the receptor is mediated by Src-family kinases
(SFKs) and spleen tyrosine kinase (Syk), which is essential for signal-
ing and downstream phosphorylation of effector proteins, including
phospholipase Cy2.%7

CLEC-2 is a unique platelet receptor, which is critical for devel-
opmental processes, most notably for maintaining the separation of
blood and lymph vessels®'! and the formation of lymph nodes."?
Beyond development, it is required for the maintenance of high
endothelial venule barrier integrity.'* These functions depend on
the interaction of CLEC-2 with its major physiological ligand,
podoplanin, a transmembrane glycoprotein widely expressed out-
side the blood vascular system, most notably on lymphatic endo-
thelial cells, lymph node stromal cells, and some immune cells during
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inflammation. In addition, platelets can be activated by podoplanin-
expressing tumor cells and this has been shown to critically contribute
to hematogenous metastasis.'*'®

On the other hand, studies in mice have shown that the lack of
platelet CLEC-2 affects thrombus stability in vitro and in vivo and
protects mice from occlusive arterial thrombus formation while
only moderately increasing tail bleeding times,”'”"'® thereby es-
tablishing the receptor as a potential target for antithrombotic
therapy.'”""” Interestingly, however, CLEC-2 appears to share func-
tional redundancy with GPVI, as mice deficient in both receptors
display virtually abolished arterial thrombus formation and a pro-
nounced bleeding defect.'® Furthermore, recent evidence suggests
that CLEC-2/GPVI-dependent signaling is of particular significance
for the maintenance of vascular integrity under conditions of in-
flammation.? Despite its central function in multiple physiological
and pathophysiological processes, not much is known about the cel-
lular regulation of CLEC-2 in platelets. This may, however, be of
major importance for the development of pharmaceuticals that mod-
ulate CLEC-2 function under diseased conditions.

We have previously demonstrated that CLEC-2 can be targeted
and specifically depleted from platelets and/or megakaryocytes
(MKSs) in mice by in vivo administration of the monoclonal anti-
body, INU1.'7 Importantly, however, INU1 injection caused a se-
vere transient thrombocytopenia, with the appearance of newly
produced CLEC-2—deficient platelets on day 2 to 3 after injection. It
is currently unclear by which mechanism antibody-induced down-
regulation of the receptor occurs in vivo and whether signaling
downstream of the receptor is involved in this process. Similarly, it
is unknown whether CLEC-2 is removed from circulating platelets
or only downregulated in MKs, thus resulting in the release of
CLEC-2—depleted platelets.

Here, we show that INU1-induced CLEC-2 downregulation in vivo
occurs through internalization of the receptor in circulating platelets
and that this process, as well as the associated thrombocytopenia, can
be blocked by inhibition of SFK activity. Remarkably, INU1-induced
thrombocytopenia is also strongly attenuated in mice with a platelet-
specific Syk deficiency, whereas CLEC-2 downregulation is fully
preserved.

Methods
Mice

Male NMRi and C57BL/6JRj mice maintained under specific-pathogen-
free conditions were obtained at an age of 6 to 9 weeks (Janvier Labs).
Animal studies were approved by the district government of Lower Franconia
(Bezirksregierung Unterfranken). The generation of the Sykﬂ/ﬂ mouse is
described in the supplemental Methods and supplemental Figure 1 (see
supplemental Data available on the Blood Web site) and the mice were
intercrossed with mice carrying the Cre-recombinase under control of the
platelet factor 4 (Pf4) promoter.>!

ClecIp™" < (further referred to as Clec-2~""), Pf4-Cre, Fcerlg™’~
(further referred to as Fe cRyf/ ™), and Tlnl ™"~ mice were described earlier.'%%!2

Platelet preparation, western blotting, flow cytometry,
immunofluorescence staining, and differentiation of fetal liver
cell-derived MKs

Platelet preparation, western blotting, flow cytometry, immunofluorescence
staining, and in vitro differentiation of fetal liver cell-derived MKs were
performed as previously reported'”>*?* and are described in detail in the
supplemental Methods.
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CLEC-2 internalization in vivo

Mice were injected with fluorescence-tagged INU1 (INU1-Alexa-F488, referred
to as INU1-F488). After 15 minutes, platelets were isolated and allowed to adhere
to poly-L-lysine (PLL)—coated cover slips for 30 minutes and further processed as
described in the previous section.

Chemicals and data analysis

Alist of antibodies and reagents and a statistical data analysis are provided in the
supplemental Methods.

Results

INU1-induced thrombocytopenia occurs independently of
activatory FcyRs and platelet aggregation

To study the mechanisms underlying targeted CLEC-2 downregulation
in vivo, wild-type (Wf) mice were IV injected with 100 g of the anti-
mouse CLEC-2 antibody, INU1 (rat immunoglobulin G1k [IgG1k]).
Free INU1 was detectable in the plasma by enzyme-linked immu-
nosorbent assay until day 5 postinjection (data not shown). Immu-
nofluorescence staining of whole femora cryosections revealed
a robust a-rat IgG-Cy3 signal on MKs (counterstained with anti-
GPIb antibodies) that was maintained for 5 days, showing that INU1
efficiently binds to MKs in vivo (supplemental Figure 2). In parallel,
circulating platelets were studied ex vivo at different time points
after injection (Figure 1). As described previously,'” this treatment
caused a severe transient thrombocytopenia with platelet counts
dropping below 10% of control within the first hour, recovering
back to normal levels on days 3 to 4 postinjection (Figure 1A).
Newly generated platelets lacked CLEC-2 for up to day 6, whereas
the expression of other major glycoprotein receptors in these plate-
lets was unaltered compared with control (data not shown and
May et al'”). Western blot analysis confirmed the complete loss of
platelet CLEC-2 on day 5 after INU1 injection and platelets were
refractory toward the CLEC-2 agonist RC, whereas responses to
other agonists, such as thrombin, were unaltered compared with
control (Figure 1B-C and data not shown) confirming previous
results.!” To test whether the INU1-induced thrombocytopenia
depends on platelet CLEC-2, we treated mice with a MK/platelet-
specific CLEC-2 deficiency (Cleclp™ F7#-cr¢ 19 fyrther referred
to as Clec-2~"") with 100 wg of the antibody. As expected, this
treatment did not cause thrombocytopenia (Figure 1A).

One possible explanation for the rapid and severe thrombocytope-
nia in W mice upon INU1 injection might be Fcy receptor (FcyR)—
dependent clearance of the antibody-opsonized platelets. To address this
directly, we used FcR +y-chain—deficient mice (Fcerlg ™~ ,?* further
referred to as FcRy "), which lack the activatory FcyRs (FcRyL, III,
and IV) and thus their macrophages are unable to phagocytose
antibody-opsonized particles.”>*® Remarkably, IV injection of 100 pg
of INU1 in FcRy ™~ mice caused a profound thrombocytopenia and
a complete loss of the CLEC-2 protein in newly generated platelets
comparable to Wt mice (Figure 2; day 5 postinjection).

We have previously shown that binding of INU1 to CLEC-2 po-
tently induces aggregation of mouse platelets in vitro."” Therefore,
we speculated that INU1 may induce the formation of platelet aggre-
gates which are then filtered out by the capillary bed in the lungs and/or
cleared by the reticuloendothelial system, thereby causing the severe
thrombocytopenia. To test this directly, we analyzed the effect of
INU1 treatment in conditional talin1-deficient mice (Tln /™! PF4-cre 23
further referred to as Tinl /"), which are unable to activate their
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Figure 1. INU1-induced thrombocytopenia depends
on platelet CLEC-2 expression. (A) Wt and Clec2™/~
mice were 1V injected with 100 wg of INU1 and platelet 160
counts were determined on a FACSCalibur at the
indicated time points. Results are mean = SD in
percentage of the initial platelet counts (n = 5 mice per
group). (B) Western blot analysis of CLEC-2 levels,
before and on day 5 post-INU1 injection in platelet
lysates of Wt and Clec2™’~ mice. GPllla served as
a loading control. (C) Flow cytometric analysis of
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platelet integrins and thus fail to form platelet aggregates. Unex-
pectedly, INU1 treatment of Tlnl /" mice resulted in severe throm-
bocytopenia and CLEC-2 deficiency in newly generated platelets
comparable to Wt mice (Figure 2A-B; day 5 postinjection). Similar
results were obtained when integrin allb3 was functionally blocked
with Fab fragments of the anti-aIIbp3 antibody, JON/A?? (100 pg
1 hour before the experiment; supplemental Figure 3A-C). Together,
these results indicated that INU1-induced thrombocytopenia depends
on binding of the antibody to platelet CLEC-2, but can occur
independently of FcRy-mediated phagocytosis or integrin-mediated
platelet aggregation.

INU1-induced thrombocytopenia depends on CLEC-2 signaling

To test whether signaling downstream CLEC-2 is required for INU1-
induced CLEC-2 downregulation and thrombocytopenia, we analyzed
mice with a platelet-specific Syk deficiency (Syk™" £/ further
referred to as Syk ’"). Platelets from these mice display abolished
activation upon stimulation with ITAM-specific agonists whereas acti-
vation with thrombin and other G-protein-coupled receptors agonists
is normal (Figure 3A, Séverin et al’ and Konigsberger et al*®).
Surprisingly, Syk deficiency in platelets markedly attenuated INU1-
triggered thrombocytopenia (1 hour after injection: 56% = 5%
of control in Sykf/ ~ mice vs 1% = 0% in Wr; Figure 3B) and the
platelets were in a resting state as revealed by flow cytometric mea-
surement of forward scatter (FSC)/side scatter (SSC) characteristics,
integrin allbf3 activation, and degranulation-dependent P-selectin
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exposure (Figure 3C). Additionally, these platelets showed an un-
altered ultrastructure in electron microscopy and a normal activa-
tion response to agonists, such as thrombin (data not shown and
Figure 3C). CLEC-2 surface levels in circulating platelets were,
however, strongly reduced 1 hour after antibody injection indicat-
ing that the receptor had been efficiently downregulated from
the surface independently of Syk activity and cellular activation
(Figure 3D). Western blot analysis of platelet lysates 2 hours after
the injection revealed the presence of reduced but still robustly
detectable CLEC-2 protein levels in these platelets (66% * 7%
of initial protein levels), strongly suggesting that the antibody-
opsonized receptor had been internalized (Figure 3E). Similar to
Wi mice,'” platelets of Syk™"~ mice completely lacked CLEC-2 on
day 5 after INU1 injection, indicating that the internalized receptor
underwent intracellular degradation (Figure 3E). Together, these
results demonstrate for the first time that targeting of CLEC-2
by INUI can efficiently trigger downregulation of the receptor
in circulating platelets. Furthermore, this process is independent
of Syk and cellular activation and can be mechanistically un-
coupled from the undesired antibody-induced transient severe
thrombocytopenia.

SFK activity is essential for INU1-induced receptor
internalization

To address the hypothesis that INU1-induced CLEC-2 downregula-
tion occurs through internalization in more detail, Sykf/ " mice were
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Figure 3. Syk is required for INU1-induced thrombocytopenia. (A) Flow cytometric analysis of naive Wtand Syk '~ platelets incubated with various agonists. Displayed
are the FSC and SSC characteristics as well as integrin alIbB3 activation (JON/A-PE) and degranulation-dependent P-selectin exposure (RC, 0.12 p.g/mL; Thr, 0.1 U/mL). (B)
Wtand Syk™~ mice were IV injected with 100 g of INU1 and platelet counts were determined on a FACSCalibur at the indicated time points. Results are mean * SD in
percentage of the initial platelet counts (n = 5 mice per group). (C) Flow cytometric analysis of control and INU1-treated Syk™’~ platelets 1 hour after injection. Displayed are
the FSC and SSC as well as the «llb3 activation and degranulation-dependent P-selectin exposure. (D) Syk™~ mice were bled 1 hour after INU1 injection and washed blood
was incubated with an a-rat Ig-FITC antibody for 15 minutes and subsequently analyzed on a FACSCalibur. As in vitro control, untreated mice were bled, blood was incubated
with 20 wg/mL INU1 for 15 minutes, washed, and incubated with an o-rat Ig-FITC antibody for 15 minutes. (E) Western blot analysis of CLEC-2 levels at the indicated time
points post-INU1 injection in platelets lysates of Syk’/’ mice. GPllla served as a loading control. (F) Syk’/’ mice were injected with 100 pg of INU1-F488 antibody,
15 minutes after injection platelets were isolated, allowed to adhere to PLL-coated cover slips, fixed and stained with a-rat IgG-Cy3 under permeabilizing or nonpermeabilizing
conditions, and stained subsequently with PhalF647 diluted in permeabilizing buffer. Samples were visualized using a Leica TCS SP5 confocal microscope equipped with

a 100%/1.4 oil objective. Scale bar represents 1 um. Results are representative of 3 individual experiments.

injected with 100 g of Alexa F488—conjugated INU1 (INU1-F488)
and after 15 minutes, platelets were isolated and fixed on PLL-coated
cover slips. To determine the localization of INU1, the cells were then
stained with a-rat IgG-Cy3 antibodies with or without membrane
permeabilization. After removal of unbound antibody, all samples were
counterstained with phalloidin-Atto647N (Phal-F647) under permea-
bilizing conditions to visualize the filamentous actin cytoskeleton.
Under these experimental conditions, we consistently found a punctate
distribution of INU1-F488 close to the cell membrane. This bound
INU1-F488 antibody could, however, only be counterstained with
a-rat IgG-Cy3 antibodies under permeabilizing, but not under non-
permeabilizing, conditions demonstrating internalization of the
INU1/CLEC-2 complex (Figure 3F).

These findings prompted us to test whether INU1 could also in-
duce internalization of CLEC-2 in vitro and whether INU1 binding to
CLEC-2 alone is sufficient to induce this process. Therefore, platelets
of Wrand Syk™’~ mice were incubated with INU1-F488 for 15 minutes
and then fixed on PLL-coated slides for 30 minutes followed by
staining with a-rat IgG-Cy3 antibodies with or without membrane
permeabilization. Nonpermeabilized Wt or Syk "~ platelets yielded
only a very weak staining with a-rat IgG-Cy3 antibodies, whereas
permeabilization of the cells resulted in strong intracellular staining
with a pattern resembling and colocalizing with that of INU1-F488,
confirming that the CLEC-2/INU1 complex had efficiently been inter-
nalized in both Wr and Syk™~ platelets (Figure 4A). In Wt but
not in Syk~ /" platelets, INU1 induced a marked shape change,

reflecting cellular activation. Accordingly, the INU1-F488 signal was
centralized in Wz but not in Syk™’~ platelets (Figure 4A), the latter
displaying a punctate staining of CLEC-2 similar to that observed in
platelets from INU1-treated Syk ™’ mice. To test whether the altered
staining pattern for internalized CLEC-2/INU1 complexes in Syk "~
platelets was indeed due to defective CLEC-2 signaling, we repeated
the experiment in the presence of thrombin which indeed induced
a strong centralization of the INU1-F488 signal in Syk ”~ platelets
comparable to Wr platelets (Figure 4B). These results suggested that
INU1 binding to platelet CLEC-2 potently induces receptor inter-
nalization under both in vivo and in vitro conditions independently of
Syk and platelet activation.

A previous study has shown that the antibody-induced tyrosine
phosphorylation of both CLEC-2 and the downstream kinase Syk is
completely blocked by PP2, a potent SFK inhibitor.” Thus, we hy-
pothesized that phosphorylation of the hemITAM of CLEC-2 might
be sufficient to trigger antibody-induced internalization of the recep-
tor. To test this directly, Wt mice were injected with the SFK inhibitor
Dasatinib (5 mg/kg) or vehicle.?® In line with previous data,*® we
detected an ITAM-specific activation defect in platelets of Dasatinib-
treated mice, whereas other signaling pathways were unaffected,
confirming the selectivity of the inhibitor (supplemental Figure 4).
Surprisingly, injection of 100 pwg of INU1 in Dasatinib-treated Wt
mice resulted in thrombocytopenia after 2 hours, albeit to a lesser
extent than in vehicle-pretreated mice (Figure 5A). The remain-
ing platelets were in a resting state as revealed by flow cytometric
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Figure 4. CLEC-2 downregulation occurs through Syk-independent internal-
ization. (A) Wt and Syk /" platelets were in vitro incubated with 20 rg/mL INU1-
F488 for 15 minutes. Thereafter, platelets were stained and imaged as described
in Figure 3F. Scale bars represent 1 um. (B) Wt and Syk™’~ platelets were in vitro
incubated with 20 wg/mL INU1-F488 for 15 minutes followed by 2-minute incubation
with Thr (0.1 U/mL). Subsequently, platelets were stained and imaged as described
in Figure 3F. Results are representative of 3 individual experiments.

measurement of FSC/SSC characteristics, integrin alIb3 activation,
and P-selectin exposure and showed a normal activation response to
agonists such as thrombin (Figure 5B). Importantly, INU1 was de-
tected at maximal levels on the surface of these circulating platelets
(Figure 5C), indicating that activation of SFK upon antibody-induced
CLEC-2 dimerization is a prerequisite for the internalization of the
receptor. Because under these conditions circulating platelets were
opsonized with INU1, we speculated that they might be cleared by
Fc-dependent mechanisms. Therefore, we treated FcRy ™~ mice with
Dasatinib (5 mg/kg) or vehicle 1 hour before the injection of INU1. In
line with our previous results (Figure 2A), vehicle-treated FcRy ™~
mice became thrombocytopenic upon INU1 injection. In sharp con-
trast, platelet counts of Dasatinib-treated FcRy ™"~ mice remained at
88% = 9% of control (Figure 5A), indicating that the antibody-
opsonized platelets were indeed cleared by FcyR-dependent mecha-
nisms. The circulating platelets displayed robust CLEC-2 expression
on their surface, which was comparable to that of in vitro INU1-stained
control platelets (Figure 5C). Additionally, these platelets were in
a resting state and showed a normal activation response to agonists
such as thrombin (Figure 5B). Collectively, these results provide
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strong in vivo evidence that CLEC-2 immunodepletion is an SFK-
dependent internalization process.

To further confirm these in vivo findings under in vitro con-
ditions, we preincubated Wt and Syk /" platelets with the SFK
inhibitor PP2 (25 uM) or PP3 (25 uM)), its inactive control, followed
by incubation with 20 pg/mL INU1-F488 (15 minutes). PP3 did not
affect INU1-induced responses of Wrand Syk ™~ platelets, resulting
in CLEC-2 receptor internalization in both genotypes, and cen-
tralization of the antibody/receptor complex in Wz, but not Syk™’~,
platelets (Figure SD-E). In sharp contrast, antibody-induced down-
regulation of CLEC-2 was abolished in PP2-pretreated Wrand Syk ™~
platelets, as revealed by the robust detection of INU1-F488 with
the a-rat IgG-Cy3 antibody in the absence of permeabilization
(Figure 5D-E). To further corroborate these findings, we performed
flow cytometric time-course experiments in Wr and Syk™~ platelets.
Platelets were preincubated with eptifibatide (40 wg/mL), to pre-
vent aggregate formation, and PP2 (25 uM) or PP3 followed by
incubation with 20 pg/mL INU1 for up to 3 hours. Wr platelets
preincubated with PP3 had already internalized 30% of surface
CLEC-2-INU1 complexes after 15 minutes and only a weak signal
was detectable on the surface after 60 minutes, demonstrating effi-
cient internalization of INUI-opsonized CLEC-2 (supplemental
Figure 5). In Syk "~ platelets, similar observations were made, albeit
with a delayed time course. In sharp contrast, PP2-treated Wr as well
as Syk~’~ platelets did not show a decrease in INU1 IgG surface
signal over time (supplemental Figure 5). This clearly demonstrates
that CLEC-2 internalization occurs independently of Syk, but re-
quires SFK activity.

Finally, to investigate whether INU1-induced receptor shedding
of CLEC-2 contributes to the loss of the receptor from the surface,
western blot analysis of Wt platelets, incubated in vitro for different
time periods with INU1 (20 pwg/mL) in the presence of eptifibatide
(40 pg/mL), was performed (Figure S5F). Using an antibody rec-
ognizing the N-terminal intracellular portion of CLEC-2, we did not
observe any fragments or changes in the molecular weight of the
CLEC-2 band, but a gradual decrease of the CLEC-2 signal at later
time points (>30 minutes). In light of our previous experiments, it
appears conceivable that intracellular degradation of INU1-bound
CLEC-2, but not CLEC-2 downregulation through ectodomain
shedding, is responsible for the loss of the CLEC-2 signal, which is
in agreement with a previous study.>!

One question that remained was how CLEC-2—deficient platelets
are generated in Wr animals where platelets undergo activation after
INUI binding. To address this in vitro, differentiated fetal liver
cell-derived MKs were incubated with INU1-F488 for different time
periods, fixed and stained with a-rat-IgG-Cy3 under membrane
permeabilizing or nonpermeabilizing conditions, as well as with
phalloidin-F647 and 4,6 diamidino-2-phenylindole (DAPI) diluted
in permeabilizing buffer. A robust INU1-F488 signal was detectable
at all time points, demonstrating the presence of the INU1/CLEC-2
complex (Figure 6). However, like in platelets, this could only be
counterstained by a-rat IgG-Cy3 antibodies under permeabilizing
conditions, arguing for the internalization of the INU1/CLEC-2 com-
plex also in MKs (Figure 6). In contrast to platelets, no significant
loss of total CLEC-2 was observed in MKs over time (Figure 6,
supplemental Figure 2). This may be explained by the fact that MKs,
in contrast to platelets, possess a nucleus and a highly active tran-
scriptional machinery which may resynthesize CLEC-2 upon loss.
Of note, on both in vitro and in situ stained MKs, we observed a
signal for the INU1/CLEC-2 complex on proplatelets indicating that
degradation of the internalized CLEC-2 might occur in platelets
very early in the course of their biogenesis.
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Figure 5. CLEC-2 internalization depends on SFK activity. (A) Wtand FcRy ™~ mice were pretreated with Dasatinib (5 mg/kg) for 1 h followed by IV injection of 100 p.g of
INU1. Platelet counts were determined 2 hours after injection on a FACSCalibur. Results are mean = SD in percentage of starting values (n = 5 mice per group). (B) Flow
cytometric analysis of INU1-injected Dasatinib-treated Wtand FcRy " platelets 2 hours after injection. Displayed are the FSC and SSC as well as the allbp3 activation and
degranulation-dependent P-selectin exposure (Thr, 0.1 U/mL). (C) Two hours after INU1 injection, washed blood of Dasatinib-treated Wtand FcRy '~ mice was incubated for
15 minutes with an a-rat Ig-FITC antibody and subsequently analyzed on a FACSCalibur. As in vitro control untreated mice were bled, blood was incubated with 20 wg/mL
INU1 for 15 minutes, washed and incubated with an a-rat Ig-FITC antibody for 15 minutes. (D) Wt and (E) Syk /" platelets were in vitro incubated for 15 minutes with 25 uM
PP3 (negative control) or PP2 followed by an incubation with 20 pg/mL INU1-F488 for 15 minutes. Thereafter, platelets were stained and imaged as described in Figure 3F.
(F) Wtplatelets were in vitro incubated for 5 minutes with eptifibatide (40 pg/mL) and 20 ng/mL INU1 antibody. Subsequently, platelets were lysed at the indicated time points.
Western blot analysis was performed with an antibody recognizing the intracellular N-terminal region of CLEC-2. B-actin served as a loading control. Results are

representative of 3 individual experiments.

Discussion

In this study, we show that the targeted downregulation of CLEC-2 oc-
curs through SFK-dependent, but Syk-independent, internalization in
circulating platelets. In contrast, anti-CLEC-2 antibody-induced throm-
bocytopenia depends on SFK- and Syk-mediated platelet activation,
thereby allowing the mechanistic uncoupling of these 2 processes.
CLEC-2 has increasingly been recognized as a central activating
platelet receptor in thrombus formation and stabilization as well as
tumor metastasis and maintenance of vascular integrity during in-
flammation. Our data provide the first evidence that anti-CLEC-2
antibody treatment results in CLEC-2 immunodepletion via inter-
nalization, presumably followed by intracellular degradation. To
our knowledge, CLEC-2 is so far the second receptor to be down-
regulated from the surface of circulating platelets through antibody
targeting, with this process previously described for GPVI in mouse
and human platelets.>*** However, in the case of GPVI, the major
pathway immunodepletion is ectodomain shedding, whereas inter-
nalization becomes the prevailing mechanism only under conditions

of impaired GPVI signaling.* Our data show for the first time that
the major route of CLEC-2 downregulation in platelets and MKs is
internalization whereas there is no evidence for ectodomain shed-
ding of CLEC-2 under any of the tested experimental conditions in
vitro and in vivo. This finding is in line with a previous in vitro study,
which also found no evidence for ectodomain shedding of CLEC-2
following autoactivation or in response to activation of ITAM recep-
tors in human platelets.®' Interestingly, however, in that study, west-
ern blot and flow cytometric analyses indicated that CLEC-2 surface
expression was not regulated at all.>! Different experimental condi-
tions and reagents may explain why CLEC-2 internalization was not
detected in this previous study. For example, in our in vitro studies,
we used the allbB3 blocker eptifibatide to inhibit platelet aggregate
formation and enable the analysis of activated single platelets. Under
these conditions, INU1 binding very efficiently induces virtually com-
plete internalization of CLEC-2 in platelets in vitro. Importantly, how-
ever, and in agreement with previous findings, we could not observe
any downregulation of surface CLEC-2 after stimulation with other
agonists (data not shown).*! Furthermore, the previous study used a
different anti-CLEC-2 antibody (AYP1), which detects CLEC-2 on
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Figure 6. INU1-induced CLEC-2 internalization in fetal A
liver—derived MKs. The livers of 13.5- to 14.5-day-old
mouse embryos were isolated from time-mated mice
and a single-cell suspension was cultured for 72 hours;

mature MKs were enriched on day 3 of culturing using g
a bovine serum albumin density gradient. These MKs §
were treated with INU1-F488 for the indicated time points.
Subsequently, they were spun onto glass slides, fixed,
and stained with a-rat IgG-Cy3 under (B) permeabilizing
or (A) nonpermeabilizing conditions, as well as with
phalloidin-F647 (red) diluted in permeabilizing buffer. E
Nuclei were stained using DAPI. Samples were visual- ]
ized with a Leica TCS SP5 confocal microscope. Scale 3
bar represents 10 um.
£
£
©
c .
&

human platelets. It is likely that AYP1 binds a different epitope in the
extracellular domain of CLEC-2 than INU1. Thus, epitope-specific
differences could be 1 reason for the discrepancies between the 2
studies. This would, however, stand in stark contrast to the targeted
downregulation of GPVI, which occurs epitope independently. The
contradictory findings may as well be explained by species-specific
differences, however, this is considered very unlikely. Unfortunately,
INUI antibody does not cross-react with human CLEC-2 thus ex-
cluding studies on human platelets. In conclusion, further studies and
development of new anti-CLEC-2 antibodies will be required to
assess whether CLEC-2 is similarly downregulated in human platelets.

Our results demonstrate that INU1-induced CLEC-2 internalization
is strictly dependent on SFK activity in vitro and in vivo, strongly sug-
gesting that phosphorylation of the CLEC-2 hemITAM is a critical
step required for this process to occur. Indeed, Dasatinib, a widely used
anti-cancer drug for patients with, for example, Imatinib-resistant
chronic myelogenous leukemia or prostate cancer’®>° that effi-
ciently inhibits SFK activity prevented INU1-induced CLEC-2 down-
regulation in vivo (Figure 5). It was previously shown that upon
stimulation of CLEC-2 by multimeric ligands such as rhodocytin,
and presumably podoplanin, hemITAM phosphorylation by Syk is
sufficient to trigger downstream signaling and platelet activation.
In contrast, for dimeric activation with ligands such as antibodies,
SFKs are essential,” indicating that signal strength might affect
CLEC-2 phosphorylation and thereby CLEC-2 regulation. Although it
is currently unclear under which conditions CLEC-2 internalization
occurs in normal physiology, itis likely that this mechanism may regu-
late platelet reactivity. Given the multimeric nature of podoplanin it
appears unlikely that CLEC-2 is internalized upon binding to this
ligand. Podoplanin is, however, not present in the blood stream and
the relevance of CLEC-2 for thrombus formation and stabilization'”
argues for the presence of different, hitherto unidentified, CLEC-2
ligands, which could trigger internalization of the receptor. Further
studies are required to identify novel CLEC-2 ligands and assess
their effect on CLEC-2 surface expression. Of note, a decrease in
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CLEC-2 surface expression upon stimulation with rhodocytin was
reported recently, which was, however, ascribed to steric hindrance
between RC and the anti-CLEC-2 antibody.?' In the context of
thrombus formation CLEC-2 downregulation might also represent
anegative feedback regulation of platelet reactivity. This could be of
particular relevance because it was recently shown that CLEC-2—
mediated platelet activation is insensitive toward classical inhibitors
such as nitric oxide or prostacyclin (PGL,).*° Further studies are
required to understand whether this might play a role in limiting sta-
bility of a growing thrombus, or during lymph-vessel development,
thereby preventing overshooting aggregation responses.

Our data clearly show that whereas INU1-induced CLEC-2 down-
regulation is strictly dependent on hemITAM signaling through the
receptor, it still efficiently occurs in the absence of Syk in vitro and in
vivo (Figures 3F, 4A). This result was unexpected as we found, in line
with previous reports,®’® that Syk~~ platelets are entirely refrac-
tory to stimulation with CLEC-2 agonists, including RC and INU1
(Figure 3A). Thus, we propose that a hemITAM-triggered signaling
pathway downstream of CLEC-2 exists in platelets that triggers
internalization of the receptor independently of classic cellular
activation. This is of particular relevance, as the severe transient
thrombocytopenia seen in INU1-treated Wt mice was not observed
in Syk™"~ mice (Figure 3B), and hence seems to depend on the
classical activation pathway. Together, our data demonstrate for the
first time that the targeted downregulation of CLEC-2 occurs in
circulating platelets in vivo and can be mechanistically uncoupled
from the undesired associated thrombocytopenia.

Interestingly, a similar downregulation mechanism has been
described for the T-cell receptor that is as well dependent on SFK, in
this case Lck, but independent of Syk.*' Phosphorylation of the T-cell
receptor by Lck results in recruitment of adaptor proteins and ubiquitin
ligases leading to internalization and degradation.*' It was recently
shown that the anti-CLEC-2 antibody-induced phosphorylation of the
CLEC-2 hemITAM depends on the SFK Lyn” and our results support
the concept of SFK being upstream of Syk in hemITAM signaling.
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Our study also demonstrated that INU1 can induce thrombocyto-
penia in 2 different ways: one that is platelet activation-dependent and
FcyR~independent and a second one that depends on FcyRs. The first
mechanism applies to the situation in Wt mice, where platelets are rap-
idly activated and internalize the CLEC2/INU1 complexes. These
activated platelets are then rapidly cleared from the circulation inde-
pendently of FcyRs (Figures 1-2). FcyR-dependent platelet clear-
ance, however, becomes relevant in Dasatinib-treated mice, where
INUI does not cause platelet activation and remains on the surface of
the cells (due to blocked internalization). In Sykf/ " mice, however,
INUT1 does not cause platelet activation and is rapidly internalized
and thus inaccessible for FcyRs. As a result, INU1-induced throm-
bocytopenia is largely prevented in these animals (Figure 3). The
partial drop in platelet counts in Syk-deficient mice most likely rep-
resents a short time frame of FcyR-dependent platelet clearance until
full internalization of the CLEC-2 has occurred. In line with this,
blockade of FcyRs further reduced INU 1-induced thrombocytopenia
in Syk-deficient mice (supplemental Figure 6).

Taken together, our results provide the first evidence of an active
mechanism that regulates CLEC-2 surface abundance in mouse plate-
lets that strongly depends on phosphorylation events mediated via SFK.
Moreover, Syk appears to be the central molecular checkpoint that is
dispensable for CLEC-2 immunodepletion but required for INU1-
induced thrombocytopenia. This offers the possibility of mechanistically
uncoupling targeted CLEC-2 downregulation from the undesired
anti-CLEC-2—-induced platelet activation and consumption. Further-
more, our data show that MKs can also downregulate CLEC-2 from
their surface through internalization, which may explain the appearance
of CLEC-2—deficient platelets in the circulation of Wt mice 2 to 3 days
after anti-CLEC-2 antibody treatment. These results may have impli-
cations for the development of therapeutic agents to interfere with
CLEC-2 activity in thrombotic, inflammatory, or malignant diseases.

References

BLOOD, 25 JUNE 2015 - VOLUME 125, NUMBER 26

Acknowledgments

The authors thank Stefanie Hartmann for excellent technical assis-
tance, and the microscopy platform of the Bioimaging Center (Rudolf
Virchow Center) for providing technical infrastructure.

This work was supported by the British Heart Foundation (CH/03/003),
the Deutsche Forschungsgemeinschaft (Sonderforschungsbereich 688
[B.N.] and Sonderforschungsbereich 914/TP A02 [B.W.]), and the
Rudolf Virchow Center. S.S. was supported by a grant of the German
Excellence Initiative to the Graduate School of Life Sciences, University
of Wiirzburg. For the generation of Syk™" ES cells, J.S. was supported
by EMBO Short-term Fellowship ASTF 291.00-2006.

Authorship

Contribution: V.L., D.S., S.S., and T.V. performed experiments, ana-
lyzed data, and wrote the manuscript; B.W., F.K., S P.W., J.S,, and
W.W. contributed vital new reagents and mice; and B.N. designed
research, analyzed data, and wrote the paper.

Conlflict-of-interest disclosure: The authors declare no competing
financial interests.

The current affiliation for J.S. is Department Respiratory Diseases
Research, Boehringer-Ingelheim Pharma GmbH & Co KG, Biberach,
Germany.

Correspondence: Bernhard Nieswandt, University Hospital Wiirzburg
and Rudolf Virchow Center for Experimental Biomedicine, University
of Wiirzburg, Josef-Schneider-Strasse 2, 97080 Wiirzburg, Germany;
e-mail: bernhard.nieswandt@virchow.uni-wuerzburg.de.

. Jackson SP. Arterial thrombosis—insidious,
unpredictable and deadly. Nat Med. 2011;17(11):
1423-1436.

based activation motif signaling. J Biol Chem.
2011;286(6):4107-4116.

. Bertozzi CC, Schmaier AA, Mericko P,
et al. Platelets regulate lymphatic vascular

development through CLEC-2-SLP-76 signaling.
Blood. 2010;116(4):661-670.

analysis of the pathophysiological binding of the
platelet aggregation-inducing factor podoplanin to
the C-type lectin-like receptor CLEC-2. Cancer
Sci. 2008;99(1):54-61.

Nakazawa Y, Takagi S, Sato S, et al. Prevention
of hematogenous metastasis by neutralizing mice
and its chimeric anti-Aggrus/podoplanin

9. Suzuki-Inoue K, Inoue O, Ding G, et al. Essential " S

. Nieswandt B, Pleines I, Bender M. Platelet in vivo roles of the C-type lectin receptor CLEC-2: antibodies. Cancer Sci. 2011;102(11):2051-2057.
adhesion and activation mechanisms in arterial embryonic/neonatal lethality of CLEC-2-deficient 17. May F, Hagedorn |, Pleines |, et al. CLEC-2
thrombosis and ischaemic stroke. J Thromb mice by blood/lymphatic misconnections and is an essential platelet-activating receptor in
Haemost. 2011;9(suppl 1):92-104. impaired thrombus formation of CLEC-2-deficient hemostasis and thrombosis. Blood. 2009;114(16):

. . . platelets. J Biol Chem. 2010;285(32): 3464-3472.

. Conti CR, Mehta JL. Acute myocardial ischemia: D4494-24507. . )
role of atherosclerosis, thrombosis, platelet ) ) . 18. Bender M, May F, Lorenz V, et al. Combined in
activation, coronary vasospasm, and altered 10. Finney BA, Schweighoffer E, Navarro-Nufiez L, vivo depletion of glycoprotein VI and C-type lectin-
arachidonic acid metabolism. Circulation. 1987; et al. CLEC-2 and Syk in the megakaryocytic/ like receptor 2 severely compromises hemostasis
75(6 Pt 2):V84-V95. platelet lineage are essential for development. and abrogates arterial thrombosis in mice.
Steaner D. Haining EJ. Nieswandt B. Tardetin Blood. 2012;119(7):1747-1756. Arterioscler Thromb Vasc Biol. 2013;33(5):
glycgoprote‘in \ ang thé immunoreceptor tsrosige- " Hess_ PR, Rawnsley DR, Jakus Z,. etal. P.Iate.lets 926-954, -
based activation motif signaling pathway. mediate lymphovenous hemostasis to maintain 19. Navarro-Nufez L, Langan SA, Nash GB, Watson
Arterioscler Thromb Vasc Biol, 2014;34(8): blood-lymphatic separation throughout life. J Clin SP. The physiological and pathophysiological
1615-1620. Invest. 2014;124(1):273-284. roles of platelet CLEC-2. Thromb Haemost. 2013;

iy 12. Bénézech C, Nayar S, Finney BA, et al. CLEC-2is 109(6):991-998.

- Colonna M Samand|s < Angman L. 'V'°!e°,“'ar required for development and maintenance of 20. Boulaftali Y, Hess PR, Getz TM, et al. Platelet
f::e;;f;(:;z:r:sr;fovart]\?g] ?50\5'2:62;:353 Licr::_r;'sh:ee din lymph nodes. Blood. 2014;123(20):3200-3207. ITAM signaling is critical for vascular integrity in
human dendritic cells. Eur J fmmunol. 2000;30(2):  13. Herzog BH, Fu J, Wilson SJ, et al. Podoplanin inflammation. J Cin Invest. 2013;123(2):908-916.
697-704. maintains high endothelial venule integrity by 21. Tiedt R, Schomber T, Hao-Shen H, Skoda RC.

. ; interacting with platelet CLEC-2. Nature. 2013; Pf4-Cre transgenic mice allow the generation of

. guiudkhlno;e Kt Fullir GL, Ge}rulatAi ett al.t'A ft‘_0V9| 502(7469):105-109. lineage-restricted gene knockouts for studying
b))/, theege_:tr;/pznlegie: r:g;sprtr;ro CpL;g_g_ g(;ol;;lon 14. Jurasz P, Alonso-Escolano D, Radomski MW. gzgzkzg'ggfg;xf;gﬁf;g;”cnon in vivo.
2006;107(2):542-549. Platelet—cancer mteractlons:Amechamsms and R : .

pharmacology of tumour cell-induced platelet 22. TakaiT, Li M, Sylvestre D, Clynes R, Ravetch JV.

. Séverin S, Pollitt AY, Navarro-Nufez L, et al. Syk- aggregation. Br J Pharmacol. 2004;143(7): FcR gamma chain deletion results in pleiotrophic
dependent phosphorylation of CLEC-2: a novel 819-826. effector cell defects. Cell. 1994;76(3):519-529.
mechanism of hem-immunoreceptor tyrosine- 15. Kato Y, Kaneko MK, Kunita A, et al. Molecular 23. Nieswandt B, Moser M, Pleines I, et al. Loss of

talin1 in platelets abrogates integrin activation,
platelet aggregation, and thrombus formation in
vitro and in vivo. J Exp Med. 2007;204(13):
3113-3118.

%20z AeN 81 uo 3sanb Aq ypd 690%/012.L8€E1/6901/92/ST | /1pd-ajoe/poojqAeusuoneoligndyse//:diy woy papeojumoq


mailto:bernhard.nieswandt@virchow.uni-wuerzburg.de

BLOOD, 25 JUNE 2015 « VOLUME 125, NUMBER 26

24.

25.

26.

27.

28.

29.

Deppermann C, Cherpokova D, Nurden P, et al.
Gray platelet syndrome and defective thrombo-

inflammation in Nbeal2-deficient mice [published
online ahead of print July 1, 2013]. J Clin Invest.

Bender M, Stritt S, Nurden P, et al.
Megakaryocyte-specific Profilin1-deficiency alters
microtubule stability and causes a Wiskott-Aldrich
syndrome-like platelet defect. Nat Commun.
2014;5:4746.

Nimmerjahn F, Ravetch JV. Fcgamma receptors:
old friends and new family members. Immunity.
2006;24(1):19-28.

Bergmeier W, Schulte V, Brockhoff G, Bier U,
Zirngibl H, Nieswandt B. Flow cytometric
detection of activated mouse integrin
alphallbbeta3 with a novel monoclonal antibody.
Cytometry. 2002;48(2):80-86.

Konigsberger S, Proddhl J, Stegner D, et al.
Altered BCR signalling quality predisposes to
autoimmune disease and a pre-diabetic state.
EMBO J. 2012;31(15):3363-3374.

Luo FR, Yang Z, Camuso A, et al. Dasatinib
(BMS-354825) pharmacokinetics and
pharmacodynamic biomarkers in animal models
predict optimal clinical exposure. Clin Cancer
Res. 2006;12(23):7180-7186.

30.

31.

32.

33.

34.

35.

Gratacap MP, Martin V, Valéra MC, et al. The new
tyrosine-kinase inhibitor and anticancer drug
dasatinib reversibly affects platelet activation in
vitro and in vivo. Blood. 2009;114(9):1884-1892.

Gitz E, Pollitt AY, Gitz-Francois JJ, et al. CLEC-2
expression is maintained on activated platelets
and on platelet microparticles. Blood. 2014;
124(14):2262-2270.

Nieswandt B, Schulte V, Bergmeier W, et al.
Long-term antithrombotic protection by in vivo
depletion of platelet glycoprotein VI in mice. J Exp
Med. 2001;193(4):459-469.

Boylan B, Chen H, Rathore V, et al. Anti-GPVI-
associated ITP: an acquired platelet disorder
caused by autoantibody-mediated clearance of
the GPVI/FcRgamma-chain complex from the
human platelet surface. Blood. 2004;104(5):
1350-1355.

Rabie T, Varga-Szabo D, Bender M, et al.
Diverging signaling events control the pathway
of GPVI down-regulation in vivo. Blood. 2007;
110(2):529-535.

Schulte V, Rabie T, Prostredna M, Aktas B,
Griner S, Nieswandt B. Targeting of the collagen-
binding site on glycoprotein VI is not essential for
in vivo depletion of the receptor. Blood. 2003;
101(10):3948-3952.

TARGETED CLEC-2 DOWNREGULATION

36.

37.

38.

39.

40.

41.

4077

Talpaz M, Shah NP, Kantarjian H, et al. Dasatinib
in imatinib-resistant Philadelphia chromosome-
positive leukemias. N Engl J Med. 2006;354(24):
2531-2541.

Shah NP, Tran C, Lee FY, Chen P, Norris D,
Sawyers CL. Overriding imatinib resistance with
a novel ABL kinase inhibitor. Science. 2004;
305(5682):399-401.

Tokarski JS, Newitt JA, Chang CY, et al. The
structure of Dasatinib (BMS-354825) bound to
activated ABL kinase domain elucidates its
inhibitory activity against imatinib-resistant ABL
mutants. Cancer Res. 2006;66(11):5790-5797.

Agarwal N, Di Lorenzo G, Sonpavde G, Bellmunt
J. New agents for prostate cancer. Ann Oncol.
2014;25(9):1700-1709.

Borgognone A, Navarro-Nufiez L, Correia JN,
et al. CLEC-2-dependent activation of mouse
platelets is weakly inhibited by cAMP but not
by cGMP. J Thromb Haemost. 2014;12(4):
550-559.

Myers MD, Sosinowski T, Dragone LL, et al.
Src-like adaptor protein regulates TCR
expression on thymocytes by linking the
ubiquitin ligase c-Cbl to the TCR complex.
Nat Immunol. 2006;7(1):57-66.

%20z AeN 81 uo 3sanb Aq ypd 690%/012.L8€E1/6901/92/ST | /1pd-ajoe/poojqAeusuoneoligndyse//:diy woy papeojumoq



