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Abstract

Background: C-type lectin receptor family members play a role in many cells includ-
ing platelets, where they are crucial in the separation of lymphatic and blood vessels
during development. The C-type lectin-like receptor 2 (CLEC-2) receptor contains the
canonical intracellular hemITAM motif through which it signals to activate Syk.
Objectives: One proposed hypothesis for signaling cascade is that Syk bridges two
receptors through phosphorylated hemITAM motifs. We demonstrated that the phos-
phorylated hemITAM stimulates PI3 kinase/Btk pathways to activate Syk. To address
this controversy, we used a CLEC-2 selective agonist and studied the role of Btk in
platelet activation.

Results and Conclusions: Platelet activation and downstream signaling were abol-
ished in murine and human platelets in the presence of the Btk inhibitors ibrutinib or
acalabrutinib when a low concentration of a CLEC-2 antibody was used to crosslink
CLEC-2 receptors. This inhibition was overcome by increasing concentrations of the
CLEC-2 antibody. Similar results were obtained in X-linked immunodeficient mouse
platelets, with an inactivating mutation in Btk or in Lyn null platelets. We conclude
that at low crosslinking conditions of CLEC-2, Btk plays an important role in the acti-
vation of Syk, but at higher crosslinking conditions their role becomes less important

and other mechanisms take over to activate Syk.
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o C-type lectin receptor family members play a role in many cells including platelets.

e To address the controversies in C-type lectin-like receptor 2 (CLEC-2) signaling, we used a CLEC-2 selective agonist and studied the role of

Btk in platelet activation.

e We conclude that at low crosslinking conditions of CLEC-2, Btk plays an important role in the activation of Syk.

1 | INTRODUCTION

The C-type lectin proteins belong to a large family containing C-type
lectin-like domains.! These proteins activate receptors that are both
cytoplasmic and transmembrane in a variety of cells.? C-type lectin
receptors (CLRs) are functionally diverse and play an essential role
in several processes including phagocytosis, endocytosis, pathogen
recognition, and complement activation.® These CLRs are mainly
expressed in immune cells but are also expressed on platelets.* The
immunoreceptor tyrosine-based activation motif (ITAM) contains
two canonical YXXL motifs separated by a defined distance. Other
C-type lectin receptors contain a single ITAM-like motif (hemITAM)
with either YXXL or YXXXL in the intracellular domain through
which they signal.®

CLEC-2 is highly expressed in platelets and is known to play a
crucial role in the separation of lymphatic and blood vessels during
develc»pment.é’7 CLEC-2 is activated by podoplanin expressed on
the endothelial cells at the junction of lymphatic and blood vessels
causing platelet activation and plug formation.®” The lack of CLEC-2
receptors results in the blood flowing into the lymphatic vessels.®”
CLEC-2 receptors can also be activated by the snake venom protein
rhodocytin or by crosslinking the receptors with an antibody or by
double crosslinking the antibody bound to CLEC-2 receptors with a
secondary antibody.® Such double crosslinking of the primary anti-
body by secondary antibodies has been used for clustering FcRIIA

However, at higher crosslinking conditions, the role of Btk becomes less important and other mechanisms take over to activate Syk.

receptors in platelets.® CLEC-2 receptors contain a single YXXL
motif in the intracellular domain (hemITAM) that is phosphorylated
upon agonist interaction by Src family kinases.” Such phosphory-
lated hemITAM was proposed to bind to Syk by bridging two recep-
tor molecules to one Syk molecule and activate Sykf”’10 Once Syk
is activated, it triggers a signaling cascade similar to ITAM signaling
involving the linker for activation of T cells (LAT) signalosome, lead-
ing to phospholipase C gamma-2 (PLCy2) activation.® In this model,
there is activation of PI3 kinase downstream of Syk that activates
Tec family kinases that phosphorylate PLCy2 in a redundant path-
way‘11 Thus, inhibition of PI3 kinases or Tec kinases only leads to
partial inhibition of PLCy2 activation. While there was no direct ev-
idence for such interaction, this model was based on the peptide
interaction studies.”1°

We studied CLEC-2 signaling in platelets and proposed a dif-
ferent model for Syk activation by phosphorylated hemITAMs.*? In
this model, PI3 kinase is activated by binding to the phosphorylated
hemITAM and generates phosphatidylinositol triphosphate (PIP3).
Tec family kinases translocate to the membrane by binding to PIP3
and get activated, possibly involving phosphorylation by Src family
kinases (SFKs). In support of our model, activated Tec family kinases
(Btk and Tec) were shown to phosphorylate and activate Syk that is
bound to the phosphorylated hemITAM.'® Hence, inhibition of ei-
ther PI3 kinase or Tec family kinases leads to complete inhibition of
hemITAM signaling. Recently, a study was published that showed no
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inhibition of rhodocytin-induced CLEC-2 signaling by the inhibition
of Tec family kinases.’® Hence, we initiated our study to resolve the
differences between these studies.

Using multiple pharmacological and molecular genetic ap-
proaches, we show that low-level activation of CLEC-2 receptors is
influenced by the PI3 kinase/Tec family kinase/Syk activation path-
way while increased crosslinking of the CLEC-2 receptors switches
from this signaling to a mechanism that is primarily independent of

Tec family kinases in the activation of Syk.

2 | MATERIALS AND METHODS

2.1 | Antibodies and reagents

All reagents were purchased from Thermo Fischer Scientific
(Waltham, MA, USA) unless otherwise stated. Chronolume, used
for the detection of secreted ATP, was purchased from Chrono-log
Corporation (Havertown, PA, USA). The CLEC-2 activating antibody
for human was purchased from R & D Systems (Minneapolis, MN,
USA). The CLEC-2 activating antibody (clone 17D9) for mouse was
purchased from BioLegend (San Diego, CA, USA) and the donkey
anti-rat (DAR) IgG was purchased from Novex (Wadsworth, OH,
USA). Anti-pSyk Y352 (Y346 in mouse) and anti-pSyk Y348 (Y342
in mice) were purchased from Abcam (Cambridge, England). Anti-
Syk and anti-PLCy2 were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Anti-pSyk Y525/526 (mouse Y519/520),
anti-pPLCy2 Y1217, and anti-pLAT Y191 were purchased from Cell
Signaling Technology (Danvers, MA, USA). Anti-LAT was purchased
from EMD Millipore (Burlington, MA, USA). Anti-human CD32 an-
tibody, clone IV.3 was obtained from STEMCELL Technologies
(Vancouver, BC, Canada). Odyssey blocking buffer and secondary
antibodies IRDye 800CW goat anti-rabbit and IRDye 680LT goat
anti-mouse were purchased from Li-Cor (Lincoln, NE, USA).

2.2 | Animal housing and production

Mice were housed in a pathogen-free facility, and allanimal procedures
were approved by the Temple University Institutional Animal Care
and Use Committee (Protocol No. 4864). X-linked immunodeficient
(Xid) mice were purchased from the Jackson Laboratory (Bar Harbor,
ME, USA; Stock No. 001011; CBA/CaHN-Btk*?/J). Recommended
control mice were also purchased from Jackson Laboratory (000654

CBA/CalJ). Lyn null mice were previously described.**

2.3 | Preparation of mouse platelets

Mouse blood was collected and platelets were isolated as previously de-
scribed.'® The resulting platelets were counted using a Hemavet 950FS
blood cell analyzer (Drew Scientific, Miami Lakes, FL, USA). Platelet
counts were adjusted to a final concentration of 1.5 x 10® cells/mL in

sssssssssssssssssss

Tyrode's solution (137 mM sodium chloride, 2.7 mM potassium chlo-
ride, 2 mM magnesium chloride, 0.42 mM sodium phosphate monoba-
sic, 10 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid and
0.1% dextrose adjusted to pH 7.4) containing 0.2 U/mL apyrase.

2.4 | Isolation of human platelets

Blood was drawn from informed healthy volunteers according to
a protocol approved by the Institutional Review Board of Temple
University in accordance with the Declaration of Helsinki into
one-sixth volume of acid-citrate-dextrose (85 mM sodium citrate,
111 mM glucose, 71.4 mM citric acid). Platelet-rich plasma (PRP) was
isolated by centrifugation at 230 g for 20 minutes. Platelets were
obtained by centrifugation of the PRP for 10 min at 980 g and resus-
pended in Tyrode's buffer as described above. Platelet counts were
adjusted to 2 x 108 platelets/mL.

2.5 | Platelet aggregation and ATP secretion

All platelet aggregation and secretion experiments were carried out
using a lumi-aggregometer (Chrono-log Corporation) at 37°C under
stirring conditions. Platelet aggregation was measured using light
transmission, and ATP secretion was measured using Chrono-lume

(a luciferin/luciferase reagent).

2.6 | Western blotting

Western blotting procedures were performed as described previ-
ously.™ Briefly, platelets were stimulated for the indicated time points
in a Lumi-aggregometer with a CLEC-2 agonist. The reaction was
stopped by precipitating the platelet proteins using a final concentra-
tion of 0.6 N HCIO,. The protein pellet was washed with water before
the addition of sample loading buffer. Platelet protein samples were
then boiled for 5 minutes before resolution by SDS-PAGE and trans-
fer to nitrocellulose membranes. The membranes were then blocked
using Odyssey blocking buffer and incubated overnight with primary
antibodies against the indicated protein. The membranes were then
washed with Tris-buffered saline containing 0.1% Tween-20 before
incubation with appropriate secondary antibodies for 1 hour at room
temperature. The membranes were washed again and imaged using a

Li-Cor Odyssey infrared imaging system.

2.7 | Statistics

All statistical analysis was performed using Kaleidagraph (Synergy
Software, Reston, VA), and data were analyzed using a Student’s
t test where P < .05 was considered statistically significant. All
data are presented as means + SD of at least three independent
experiments.
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FIGURE 1 |Ibrutinib abolishes platelet
aggregation and secretion at low
concentrations of CLEC-2 Ab. Isolated
mouse (A-C) or human (D-F) platelets
were preincubated with vehicle (0.2%
DMSO) or 20 nM Ibrutinib for 5 minutes
at 37°C. Platelets were subsequently
activated with various concentrations
of CLEC-2 Ab as indicated. Aggregation
tracings and ATP secretion (A, D) are
representative of four independent
experiments. Platelet aggregation (B, E)
and ATP secretion (C, F) are calculated
as mean + standard deviation. *P < .05.
Ab, antibody; CLEC-2, C-type lectin-like
receptor 2
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3 | RESULTS express FcyRIIA receptors that can be activated by the CLEC-2 mAb. We
used an antibody to CD32 (FcyRIIA), clone IV.3, to block these receptors
3.1 | Effect of ibrutinib or acalabrutinib on CLEC-2- and then performed the experiment with an antibody to human CLEC-2.
mediated platelet activation Unlike mouse platelets, the human platelets required higher concentra-
tions of a CLEC-2 mADb to elicit a response, possibly because human
The CLEC-2 receptor can be activated by a number of agonists that platelets express far less CLEC-2 receptors (2000 copies)*’ compared
cluster the receptor, including a monoclonal antibody against CLEC-2, to mouse platelets (about 40 000 copies).?’ As shown in Figure 1D,
the snake venom protein rhodocytin, and podoplanin, CLEC-2's endog- ibrutinib abolished human platelet aggregation and secretion when
enous ligand expressed on cells.>1618 Of these agonists, the monoclo- lower concentrations of the anti-human CLEC-2 mAb were used, but
nal antibody is highly selective, can be added to platelets in a soluble not when higher mAb was used. These data indicate that at low cluster-
form, and clusters two CLEC-2 molecules to initiate signaling. Hence, ing signaling conditions, CLEC-2 depends on Tec family kinases but at
we used a CLEC-2 monoclonal antibody (mAb) to activate platelets higher clustering, CLEC-2 signals independently of Tec family kinases.
and evaluated the effect of the Tec family kinase inhibitor ibrutinib. As To evaluate the effects of ibrutinib on downstream signaling

shown in Figure 1A, the CLEC-2 mAb activated mouse platelets in a events, we measured phosphorylation of LAT and PLCy2 under the

concentration-dependent manner, and ibrutinib (20 nM) abolished conditions of low and high clustering of CLEC-2 in both mouse and
platelet aggregation and secretion induced by low concentrations of human platelets. As shown in Figure 2, phosphorylation of Syk at
the CLEC-2 mAb, inhibited at moderate concentrations of CLEC-2 mAb 519/520, 346, and 342 were dramatically inhibited by ibrutinib at low
but was without effect at high concentrations. These experiments were CLEC-2 clustering conditions, but this inhibition was not significant at
slightly more difficult to perform in human platelets, as human platelets high clustering conditions. LAT tyrosine residue 191 was dramatically
B C NS
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FIGURE 2 Ibrutinib dramatically inhibits Syk, LAT, and PLCy2 phosphorylation at low concentrations of CLEC-2 Ab in mouse platelets.
Isolated mouse platelets were treated as in Figure 1. Reactions were stopped by the addition of perchloric acid as described in Experimental
Methods. Platelet proteins were separated by SDS-PAGE, western blotted, and probed for phospho-Syk 519/520, phospho-Syk 346,
phospho-Syk 342, phospho-LAT (Y191) or phospho-PLCy2 (Y1217) (A). Ratios were calculated by dividing the phosphorylated protein by the
total protein. Phosphorylations (B-F) are graphed as mean + SD from four independent experiments. *P < .05. Ab, antibody; CLEC-2, C-type
lectin-like receptor 2; LAT, linker for activation of T cells; PLCy2, phospholipase C gamma-2
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Ibrutinib dramatically inhibits Syk, LAT, and PLCy2 phosphorylation at low concentrations of CLEC-2 Ab in human platelets.

Isolated human platelets were treated as in Figure 1. Reactions were stopped by the addition of perchloric acid as described in Experimental
Methods. Platelet proteins were separated by SDS-PAGE, western blotted, and probed for phospho-Syk 519/520, phospho-Syk 346,
phospho-Syk 342, phospho-LAT (Y191) or phospho-PLCy2 (Y1217) (A). Ratios were calculated by dividing the phosphorylated protein by the
total protein. Phosphorylations (B-F) are graphed as mean =+ standard deviation from 4 independent experiments. *P < .05. Ab, antibody;
CLEC-2, C-type lectin-like receptor 2; LAT, linker for activation of T cells; PLCy2, phospholipase C gamma-2

inhibited by ibrutinib in the low clustering conditions of CLEC-2 in
mouse platelets. However, at higher clustering conditions, these
phosphorylations were unaffected by ibrutinib (Figure 2E). Similar
effects were observed on PLCy2 tyrosine 1217 phosphorylation
(Figure 2E), except that even at the high clustering conditions, PLCy2
phosphorylation was significantly inhibited. This could be because of
an additional role for PI3K/Btk downstream of Syk in the activation of
PLCyZ.21 As shown in Figure 3, identical results of Syk, LAT, and PLCy2
phosphorylations were obtained when human platelets were used
with varied CLEC-2 clustering. Similar results were obtained when the

second-generation Btk inhibitor acalabrutinib was used (Figures 4,5).

3.2 | CLEC-2-induced platelet activation in Xid
mouse platelets

A genetically altered mouse with an inactivating mutation in the Tec
kinase Btk is available and has been used in our previous study with
rhodocytin. To evaluate the role of Btk in CLEC-2 clustering-dependent

platelet activation, we stimulated Xid mouse platelets with different
concentrations of the CLEC-2 mAb. These data were compared to con-
trol mouse platelets as recommended by Jackson Laboratory. As can be
seen in Figure 6, when low concentrations of CLEC-2 mAb were used,
platelet activation was dramatically inhibited in Xid mouse platelets
compared to control mouse platelets. However, as the concentration
of mAb was increased, this inhibition of platelet activation was less ap-
parent in Xid mouse platelets. Consistently, LAT and PLCy2 phospho-
rylations were dramatically inhibited in Xid mouse platelets with low
CLEC-2 clustering conditions, while LAT was unaffected with high clus-
tering of CLEC-2 (Figure 6C-E). Phosphorylation of PLCy2 on tyrosine
1217 was still inhibited at high clustering conditions, indicating that Btk
may contribute to its phosphorylation (Figure 6E). These data suggest
an essential role for Btk in low clustering conditions of CLEC-2, while
Btk appears to be dispensable when CLEC-2 receptor clustering is very
high. The reason for the lack of abolishment of platelet responses in low
clustering conditions in Xid mice is that, although they lack a functional
Btk, they still express Tec kinase, which might have a redundant func-
tion as Btk, similar to glycoprotein VI (GPVI) activation.??
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FIGURE 4 Acalabrutinib abolishes platelet aggregation and secretion at low concentrations of CLEC-2 Ab. Isolated mouse platelets were
preincubated with vehicle (0.2% DMSO) or 1 pM acalabrutinib for 5 minutes at 37°C. Platelets were subsequently activated with various
concentrations of CLEC-2 Ab as indicated. Aggregation tracings and ATP secretion (A) are representative of four independent experiments.
Aggregation (B) and ATP secretion (C) is calculated as mean =+ standard deviation. *P < .05. Ab, antibody; CLEC-2, C-type lectin-like receptor
2; LAT, linker for activation of T cells; PLCy2, phospholipase C gamma-2

3.3 | CLEC-2 activation of Src family kinase- different concentrations of CLEC-2 mAb on the functional responses
deficient mouse platelets in Lyn null mouse platelets, to evaluate the role of Lyn under differ-

ent clustering conditions of CLEC-2. As shown in Figure 7, platelet
Severin et al®® have shown that aggregation was dramatically delayed aggregation and secretion were abolished when a low concentration
in Lyn null mouse platelets when the platelets were activated with of the CLEC-2 mAb was used in Lyn null mice, but the functional re-
CLEC-2 mAb but not in Fyn or Src null platelets. However, they used sponses began to recover as the concentration of CLEC-2 mAb was

a single concentration of CLEC-2 mAb. We investigated the effect of increased. Consistently, PLCy2 and LAT phosphorylations were also
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FIGURE 5 Acalabrutinib dramatically inhibits LAT and PLCy2 phosphorylation at low concentrations of CLEC-2 Ab. Isolated mouse
platelets were treated as in Figure 4. Reactions were stopped by the addition of perchloric acid as described in Experimental Methods.
Platelet proteins were separated by SDS-PAGE, Western blotted, and probed for phospho-Syk 519/520, phospho-Syk 346, phosphor-Syk
342, phospho-LAT (Y191) or phospho-PLCy2 (Y1217) (A). Ratios were calculated by dividing the phosphorylated protein by the total protein.
Phosphorylations (B-F) are graphed as mean + standard deviation from four independent experiments. *P < .05. Ab, antibody; CLEC-2, C-
type lectin-like receptor 2; LAT, linker for activation of T cells; PLCy2, phospholipase C gamma-2

abolished when low CLEC-2 mAb was used. When high mAb was ITAM and hemITAM motifs are phosphorylated by SFKs upon re-
used, PLCy2 phosphorylation completely recovered (Figure 7E), al- ceptor clustering. The phosphorylated ITAM, containing two YXXL
though LAT phosphorylation recovered partially (Figure 7D). motifs separated by a specific distance, can bind to the two Src ho-

mology 2 (SH2) domains of Syk and activate Syk possibly by inducing

a transition from autoinhibited to the active conformation and sub-
4 | DISCUSSION sequent phosphorylation events. However, in the case of the heml-

TAM, there is only one YXXI/L motif that can be phosphorylated and
CLRs, such as Dectin-1 and CLEC-2, have been known to signal only one SH2 of Syk that can bind to it. Hence, extending the model
through phosphorylation of a hemITAM motif in the cytoplasmic of ITAM binding, a model was proposed for hemITAM signaling in
tail. The collagen receptor, which is not a CLR, also associates with which each SH2 domain of Syk binds to one phosphorylated heml-

the FcRy chain and signals through ITAM motifs. In both cases, these TAM on each receptor. This was a widely accepted model, although

FIGURE 6 Btk plays an essential role under low clustering conditions of CLEC-2. Isolated platelets from control or Xid mice were
activated with varying concentrations of the CLEC-2 Ab as indicated. Aggregation and ATP secretion were monitored in a lumi-aggregometer
(A). Reactions were stopped with perchloric acid, proteins separated by SDS-PAGE, Western blotted and probed for the indicated proteins
(C). ATP secretion (B) and phosphorylated protein ratios (D, E) are graphed as means + SD from 3 independent experiments. *P < .05. Ab,
antibody; CLEC-2, C-type lectin-like receptor 2; LAT, linker for activation of T cells; PLCy2, phospholipase C gamma-2; WT, wild-type; Xid,
X-linked immunodeficient
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FIGURE 7 Lyn plays an essential role under low clustering conditions of CLEC-2. Isolated platelets from control or Lyn'/' mice were
activated with varying concentrations of the CLEC-2 Ab as indicated. Aggregation and ATP secretion were monitored in a lumi-aggregometer
(A). Reactions were stopped with perchloric acid, proteins separated by SDS-PAGE, western blotted, and probed for the indicated proteins
(C). ATP secretion (B) and phosphorylated protein ratios (D, E) are graphed as means + standard deviation from three independent
experiments. *P < .05. DAR, double crosslinked (5 pg/mL CLEC-2 Ab + 10 pg/mL dk x rt 1gG). Ab, antibody; CLEC-2, C-type lectin-like
receptor 2; LAT, linker for activation of T cells; PLCy2, phospholipase C gamma-2; WT, wild-type; Xid, X-linked immunodeficient

there is no direct evidence to support this model. Indirect evidence
comes from the use of peptides from hemITAM that can bind to Syk
and vice versa.

We have published that CLEC-2/hemITAM signaling involves
P13 kinase and Tec kinase activation that is essential for the stimula-
tion of Syk.'? In this model, we provided evidence that inhibition of
either PI3 kinase or Tec kinases leads to abolished CLEC-2-mediated
phosphorylation of Syk as well as its in vitro kinase activity.12 We
demonstrated that this was not the case for the ITAM-linked GPVI-
mediated Syk activation.'?> However, a recent study indicated that
ibrutinib, a Tec family kinase inhibitor, failed to inhibit 300 nM
rhodocytin-induced platelet activation.’® Hence, we investigated
the discrepancies between our studies.

While there are several agonists that can activate CLEC-2, the
mADb against CLEC-2 provides the lowest activation as it can cluster
two CLEC-2 molecules. The strength of CLEC-2 clustering can be
enhanced by crosslinking the mAb with anti-IgG secondary anti-
bodies in which four CLEC-2 receptors could be activated, as has
been shown for the FcRIIA receptor on platelets.2 Rhodocytin is a
snake venom protein and can crosslink 8 CLEC-2 molecules,24 but
its effects on other platelet receptors cannot be ruled out.? Finally,
podoplanin, a physiological agonist, can only be used when it is ex-
pressed on cells, and its avidity depends on the expression levels
and cannot be regulated accurately. CLEC-2 receptors have been
shown to exist as monomers, oligomers, and oligomers of higher
order on the platelet surface.” These different structures of CLEC-2
might have varied affinity for the ligands and might proceed with
activation of monomers to higher-order oligomers as the ligand
concentrations increase.? This aspect is further complicated by
the fact that human platelets express far fewer CLEC-2 receptors
(=2000 copies)'? compared to mouse platelets (=40 000 copies).?°
Thus, work with mouse platelets, as they are more sensitive, re-
quires much more careful design of the ligand concentrations.

We initiated our studies using a mAb against CLEC-2 to cluster
under the lowest activation conditions using the lowest concen-
tration of the mAb. Under these conditions, the signal is low but
sufficient to activate platelets. Our data show that, under these con-
ditions, ibrutinib abolished platelet activation induced by the CLEC-2
mAb. When the concentrations of mAb were increased, the inhibi-
tion by ibrutinib became less apparent. Thus, as the mAb concentra-
tion is increased, more CLEC-2 receptors are engaged in signaling,
and this results in the decreased effect of ibrutinib. This effect
was demonstrated in both human and mouse platelets (Figures 1-
3). Consistently, ibrutinib abolished phosphorylations of LAT and
PLCy2 when a low concentration of the CLEC-2 mAb was used but
not when higher mAb concentrations were used.

In our experience, platelet preparations play a key role in the
responsiveness to the CLEC2 mAb minimal concentrations to ac-
tivate platelets. We caution that blindly using one concentration
of agonist to evaluate the effect of ibrutinib will not accurately
represent the state of signaling, and one must do a titration of
agonist to determine the lowest concentration to activate plate-
lets. We could correlate the differences in this platelet reactivity
to the desensitization of ADP receptors; the less responsive the
ADP receptors are, the more mAb needed. The second point we
want to emphasize is that the concentration of rhodocytin does
not accurately represent the active amount of rhodocytin in the
preparation.’®> We have noticed that there is a great batch-to-
batch variation of rhodocytin. While some batches are weak and
require higher concentrations (up to 40 nM), other batches needed
only 3 nM to activate platelets. Hence, one cannot blindly follow
the concentration of rhodocytin in the publications and should
titer each batch in the laboratory to determine the low and high
concentrations required for platelet activation. In this context, we
feel that 300 nM of rhodocytin used by Nicolson et al*® could be
high, and that could be the reason they did not see any inhibition
by ibrutinib.

The results obtained with ibrutinib were confirmed using Xid
mice that lack a functional Btk (Figure 5). In the Xid mice, plate-
let aggregation and secretion were dramatically inhibited by low-
avidity conditions of CLEC-2 clustering compared to wild-type mice.
However, at high clustering conditions of CLEC-2 engagement, there
was no difference between Xid and wild-type mouse platelet ag-
gregation and secretion. The lack of complete inhibition of platelet
aggregation in Xid mice at low clustering conditions is due to Tec ki-
nase, which might be taking over the function of Btk to some extent.
Consistently, the phosphorylations of LAT and PLCy2 were also dra-
matically inhibited under low CLEC-2 clustering conditions but unaf-
fected at high clustering conditions, compared to wild-type platelets.
Consistent with the role of Tec kinases, we have previously shown
that separation of lymphatic and blood vessels is disrupted only in
the Btk/Tec double-knockout mice but not in single-knockout mice.
These data indicate that Btk and Tec can serve redundant functions
downstream of CLEC-2 receptors during development.

While the platelet functional studies are carried out with ex vivo
platelets and low CLEC-2 clustering conditions require Btk for the
functional activation of Syk, one wonders what the relevant physi-
ological condition for CLEC-2 clustering may be. Under physiologi-
cal conditions, the primary function of platelet CLEC-2 is to interact
with endothelial podoplanin and form a microthrombus at the junc-
tions of lymphatic and blood vessels, thereby aiding the lymphatic
and blood vessel separation during development. Our data showing
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the disruption of lymphatic and blood vessel separation during de-
velopment in Btk/Tec double-knockout mice demonstrates that the
Tec kinases play a role in the CLEC-2 signaling under physiological
conditions. If the physiological podoplanin engagement of platelet
CLEC-2 were with high clustering then, based on the results where
we show that Tec kinases are not important under high clustering
conditions, we should not have seen dysfunctional lymphatic and
blood vessel separation in Btk/Tec double-knockout mice.

Our studies extend the observations made by Severin et al®® who
reported that CLEC-2 -induced platelet aggregation was delayed
in Lyn null mice with CLEC-2 mAb but not with rhodocytin. In our
studies, we also show that under low clustering conditions, Lyn is
absolutely necessary for platelet activation by CLEC-2 but becomes
dispensable as more CLEC-2 receptors are engaged. Furthermore,
specific phosphorylations on LAT and PLCy2 are also abolished when
low CLEC-2 mAb is used. Our studies are also consistent with the ob-
servations of Severin et al®® that Lyn plays an important role when
low-valency agonists of CLEC-2 are used and multivalent ligand en-
gagement with podoplanin expressing Chinese hamster ovary cells
or CLEC-2 IgM antibodies can bypass the Lyn-dependent pathways.

We connect the dependency of CLEC-2 signaling on Lyn and
Tec family kinases at low clustering conditions and propose that Lyn
initially phosphorylates the hemITAM motif on CLEC-2 under low
clustering conditions (model outlined in Figure 8). Subsequently,

Low level
clustering

P13 kinase binds to the phosphorylated hemITAM and is activated,
converting phosphatidylinositol bisphosphate (PIP2) to PIP3. Tec
family kinases translocate to the membrane by binding to PIP3 and
then phosphorylate and activate Syk, which might be bound to the
phosphorylated hemITAM or in the cytosol. Lyn might also be in-
volved in the phosphorylation of Y551 on PIP3-bound Btk, and
this phosphorylation might be necessary for the Tec family kinase
activation.?” Hence, under low clustering CLEC-2 conditions, Lyn
deficiency or inhibition of Tec family kinases with ibrutinib, Syk
activation is abolished resulting in dramatically inhibited platelet
functional responses. Interestingly, Fyn and Src, still present in the
Lyn null platelets, are not able to phosphorylate CLEC-2 under these
conditions, most likely due to the conformational requirements of
CLEC-2 for these kinases. As the multivalent ligands are used, under
high clustering engagement of CLEC-2, Lyn is dispensable and other
SFKs can phosphorylate the hemITAM, and Syk is activated by al-
ternate pathways. Interestingly, Severin et al®® observed that the
CLEC-2 cytoplasmic tail was not phosphorylated in Syk-deficient
platelets, suggesting an essential role for Syk in this event. They
also observed that pyrazolopyrimidine compound PP2, an inhibitor
of SFKs, failed to inhibit CLEC-2 tyrosine phosphorylation, although
it blocked CLEC-2-mediated platelet activation. Hence, they con-
cluded that SFKs play an important role in the downstream signaling
events. However, it is not clear how Syk is activated downstream of

CLEC-2
High level
Clustering
SFK - -
£118
SYK
4
LAT
4
Aggregation & Secretion ]

FIGURE 8 Models for differential signaling downstream of CLEC-2. We propose the following: under low clustering conditions, (1) upon
activation of CLEC-2 in platelets, Lyn phosphorylates the hemITAM. (2) PI3K binds to phosphorylated hemITAM and gets activated. (3) Once
activated, PI3K generates PIP, that is important for the recruitment of Tec family kinases to the membrane, where it is phosphorylated and
activated. (4) Activated Btk then phosphorylates and activates Syk that is already bound to phosphorylated CLEC-2 hemITAM. The exact
site of phosphorylation on Syk by Tec kinase is not known. Under high clustering conditions, as proposed by other investigators, Syk binds to
two phosphorylated hemITAM through its SH2 domains and gets activated. There is no role of Tec kinases under these conditions. Whether
hemITAM bound Syk gets phosphorylated by SFKs for activation remains to be established. Once activated, Syk causes phosphorylation of
LAT and activation of PLCy2, leading to platelet aggregation and secretion. Ab, antibody; CLEC-2, C-type lectin-like receptor 2; LAT, linker
for activation of T cells; PLCy2, phospholipase C gamma-2; WT, wild-type; Xid, X-linked immunodeficient
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CLEC-2 if it must phosphorylate and bind to phosphorylated heml-
TAM. It is possible that if the hemITAM is phosphorylated, then the
classical model of one Syk molecule binding to two CLEC-2 receptors
through phosphorylated hemITAM occurs as the clustering increases
and the CLEC-2 intracellular domains come closer. An alternative
mechanism was proposed in which Syk could be activated by actin-
cytoskeleton/ezrin, radixin, moesin proteins, by translocating Syk
to the plasma membrane.?® This has the potential to represent an
alternate mode of Syk recruitment to the membrane. Thus, while we
have supporting evidence for the involvement of Lyn and Tec family
kinases under the conditions of low CLEC-2 clustering, we only have
possible models of alternate pathways of Syk engagement and acti-
vation under a high CLEC-2 clustering condition, which certainly do
not depend on Lyn or Tec kinases.

In conclusion, we provide evidence that CLEC-2 signals differ-
ently under low and high clustering conditions. Under low clustering
conditions, CLEC-2 signaling depends on Lyn and Tec kinases, while
under high clustering conditions, alternate pathways, without the in-

volvement of Lyn and Tec family kinases, take over.
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