Effects of ibrutinib treatment on murine platelet func-
tion during inflammation and in primary hemostasis

Ibrutinib is an irreversible inhibitor of Bruton’s tyrosine
kinase (BTK), which has emerged as a potent molecular
therapy in the treatment of B-cell malignancies, and con-
tinues to be investigated for treatment in a variety of
blood cancers. Despite an excellent safety profile and
high tolerability, a large number of patients have bleeding
as a side effect.”* These events are typically low grade,
presenting as mucosal or skin bleeding;"® however, more
severe bleeding has been reported, and is a concern when
scheduling surgery or if anti-coagulants are needed, such
as in patients with atrial fibrillation.” Therefore, identify-
ing the cause of ibrutinib-associated bleeding is critical
for improved treatment management in these patients.

In platelets, BTK acts within the signalosome down-
stream of several receptors, including the collagen recep-
tor GPVI and the podoplanin receptor CLEC-2,* where it
promotes phospholipase (PL) Cy phosphorylation.
Several labs have shown that ibrutinib can impair platelet
activation in vitro,*” and platelets taken from ibrutinib-
treated patients have an impaired response to collagen
and reduced adhesion to von Willebrand Factor (vWF) ex
vivo.”” It has therefore been suggested that ibrutinib-
induced platelet dysfunction underlies bleeding in
patients. In contrast, administration of ibrutinib analogs
in non-human primates had no significant effect on
bleeding time despite the ability to inhibit collagen-medi-
ated platelet activation in vitro and ex vivo following treat-
ment.® This begs the question as to whether ibrutinib
alone is responsible for causing bleeding in patients. In
the present study, we examined the impact of ibrutinib
on platelet function in the context of inflammatory hem-
orrhage and primary hemostasis in mice.

Platelets are responsible for maintaining vascular
integrity even in the absence of overt vascular injury,
such as during development and inflammation. In the
setting of inflammation, thrombocytopenia leads to loss
of vascular integrity and localized hemorrhaging.” This
protective effect of platelets was shown to be dependent
on signaling through the (hem)ITAM receptors GPVI and
CLEC-2." Infections and inflammation are common in
cancer patients, so we hypothesized that since ibrutinib
inhibits (hem)ITAM receptor activation in platelets,
bleeding events such as petechiae may be due to inflam-
matory hemorrhage in ibrutinib-treated patients. We first
established the ibrutinib dose required to inhibit murine
platelet activation via the (hem)ITAM receptors GPVI
(collagen) and CLEC-2 (podoplanin). While 0.5 uM ibru-
tinib inhibited aggregation in response to low dose colla-
gen, a dose of 5 uM ibrutinib was required to completely
inhibit aggregation in response to high dose collagen
(Figure 1A). Similarly, podoplanin-induced aggregation
was slightly delayed by pre-treatment with 0.5 uM ibru-
tinib, but was completely inhibited by 5 uM ibrutinib
(Figure 1B). Interestingly, the inhibitory effect of ibrutinib
on platelet aggregation was lessened in the presence of
plasma, suggesting that residual integrin activation
occurred even when cells were treated with 5 uM ibruti-
nib (Online Supplementary Figure S1). These findings were
mitrored in flow cytometry experiments, where integrin
activation and granule secretion in response to convulxin
stimulation (GPVI-specific agonist) were slightly
impaired in the presence of 0.5 uM ibrutinib but almost
completely abolished in the presence of 5 uM ibrutinib

(Online Supplementary Figure S2A). Importantly, the
platelet response to PAR4 activating peptide or ADP was
not affected with 5 uM ibrutinib treatment (Online
Supplementary Figure S2 B, C).

Next, we tested the impact of ibrutinib on the ability of
platelets to secure vascular integrity during inflammation.
We used two models of inflammation; the reverse passive
Arthus (rpA) reaction in the skin, and LPS-induced lung
inflammation. For these studies, we took advantage of a
model for adoptive platelet transfer where vehicle- or
ibrutinib-treated platelets can be transfused into platelet-
depleted mice (Online Supplementary Figure S3A). This
bypasses the need to administer ibrutinib, which can
impair neutrophil function and suppress inflammation in
mice. Platelet counts of recipient hIL-4Ro/GPIba-Tg mice
before and after platelet depletion/transfusion are shown
in Ounline Supplementary Figure S3B. As expected, throm-
bocytopenic mice had robust hemorrhage at sites of
inflammation in the skin (Figure 1C, left panel).
Transfusion of vehicle-treated platelets significantly pro-
tected against hemorrhage (Figure 1C, middle panel).
Surprisingly, however, transfusion of ibrutinib-treated
platelets was also able to prevent inflammatory hemor-
rhage in the skin (Figure 1C, right panel). Tissue hemo-
globin analysis of skin biopsies confirmed visual observa-
tions in the rpA model (Figure 1D). We observed similar
results in the LPS-induced lung inflammation model,
where both vehicle- and ibrutinib-treated platelets could
prevent bleeding into the bronchoalveolar lavage (BAL)
fluid (Figure 1E). Platelet activation was tested at the end
of each experiment, and ibrutinib-treated platelets had
markedly reduced ollbp3 integrin activation in response
to convulxin stimulation (Figure 1F). Importantly, no
change in surface expression of important adhesion
receptors such as allbp3, GPIba, GPVI or 1 integrin sub-
unit was observed in ibrutinib-treated platelets (not
shown). Together, these findings suggest that while ibru-
tinib can almost completely inhibit (hem)ITAM-induced
platelet activation and aggregation in vitro, platelets treat-
ed with ibrutinib retained the capacity to secure vascular
integrity during inflammation.

Finally, we assessed the effect of ibrutinib on platelet
function during hemostatic plug formation, both in the
presence and absence of an additional platelet defect. To
visualize platelet plug formation, we performed intravital
microscopy on small lesions induced by laser ablation in
the saphenous vein." In wild-type mice, ibrutinib admin-
istration did not significantly increase the bleeding time
after laser injury (Figure 2A). We also observed these find-
ings in a small cohort of mice using the saphenous vein
needle injury model, where the saphenous vein is fully
transected using a 23G needle (Online Supplementary
Figure S4). We next investigated whether ibrutinib
impairs hemostatic plug formation when given to mice
lacking the P2Y12 receptor (P2ry127), i.e., mice with an
additional platelet defect.” In our laser injury model,
P2ry127 mice exhibited reduced platelet adhesion (anti-
GPIX-488 intensity) at the site of injury (Figure 2C, left
panel vs. middle panel) but no significant increase in the
bleeding time (Figure 2A). However, administration of
ibrutinib significantly increased the bleeding time in
P2ry12” mice (Figure 2A). A significant increase in the
number of platelet plug disruptions and re-bleeding was
also observed (Figure 2B; Figure 2C, white arrow). These
results suggest that ibrutinib can compromise hemostasis
when additional platelet defects are present, but has min-
imal effects in healthy mice.
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Figure 1. Ibrutinib impairs (hem)ITAM-mediated platelet activation but does not cause bleeding in mouse models of inflammatory hemorrhage. A, B) washed
murine platelets were resuspended in modified Tyrode’s buffer with 1 mM Ca?* in the absence of fibrinogen under stirring conditions. Platelets were pre-incu-
bated with 0.5% DMSO or ibrutinib (0.5 or 5 uM) for 5 minutes, followed by the addition of collagen (A) or podoplanin-Fc (PDPN-Fc) and anti-mouse F(ab’), 1gG
(B). C-F) hiL-4Ro,/GPlba transgenic (Tg) mice were depleted of endogenous platelets by administration of an anti-hIL-4Ra antibody, and then transfused with
wild-type platelets treated with vehicle or 5 uM ibrutinib. Non-transfused thrombocytopenic mice served as positive controls for hemorrhage. C) hiL-4Ro,/GPlba-
Tg mice were subjected to the intradermal reverse passive Arthus (rpA) inflammatory model. Anti-bovine serum albumin (BSA) antibody (dashed circles) was
injected intradermally and buffer (closed circles) was injected as a control for bleeding from needle puncture, and inflammation was initiated by intravenous
administration of BSA. Mice were sacrificed after 4 hours, and the dorsal skin was removed and reversed for imaging. D) Tissue hemoglobin was assessed in
the rpA reaction. Skin biopsies were taken at sites of inflammation and homogenized in PBS. After centrifugation, hemoglobin in the supernatant was deter-
mined after addition of formic acid and measuring the optical denstiy at 405 nm. ** P<0.01 vs. no plts. E) Lung inflammation was induced by intranasal inoc-
ulation with P. aeruginosa LPS in hiL-4Ra/GPIba-Tg mice which were platelet-depleted and then transfused with vehicle- or ibrutinib-treated platelets or not
transfused for thrombocytopenic control. 24 hours later, mice were sacrificed and lungs were lavaged with PBS. Representative images of bronchoalveolar
lavage (BAL) fluid are shown. F) Whole blood was collected from hIL-4Ra/GPlba-Tg mice transfused with either vehicle- or ibrutinib-treated platelets and treated
with convulxin (250 ng/ml) in the presence of JON/A-PE to determine levels of activated allbf3 integrin. * P<0.05, ** P<0.01, *** P<0.001, n=4.
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We were surprised to find that ibrutinib-treated
platelets could prevent hemorrhage during inflammation.
The (hem)ITAM receptors GPVI and CLEC-2 have been
shown to be necessary for platelets to secure vascular
integrity during inflammation,"””® and we expected the
in vitro inhibitory effects of ibrutinib to manifest in a
mouse model of inflammatory hemorrhage. However,
when we tested platelet activation at the conclusion of
the rpA reaction, we observed residual activation in ibru-
tinib-treated platelets activated via GPVI or CLEC-2 even
at very high doses of the inhibitor. Considering that very
few platelets are sufficient to prevent inflammatory hem-
orrhage,’ this residual platelet activation response may
explain the lack of inflammatory hemorrhage in the pres-
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ence of ibrutinib. At sites of more severe vascular lesions,
such as after laser ablation injury, ITAM receptors play a
minor role for platelet activation and plug formation
when compared to GPCRs." Consistently, ibrutinib treat-
ment reduced platelet accumulation at sites of injury, but
did not cause prolonged bleeding times in mice. A signif-
icant increase in the bleeding time, however, was
observed when ibrutinib was given to P2ry12” mice, i.e.,
mice with a partial defect in platelet GPCR signaling.
Thus, our studies in mice suggest that ibrutinib alone
does not cause bleeding after mechanical injury or at sites
of inflammation, but that it can exacerbate disease/ther-
apy-related defects in platelet function and hemostasis.
We believe that these results have important implica-
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saphenous vein laser injury model devel-
oped in our lab.** Mice were anesthetized
and the saphenous vein exposed. Before
injury, mice received an injection of anti-
GPIX-AlexaFluor488 and anti-fibrin-
AlexaFluor647 antibodies. The saphe-
nous vein was then injured and the injury
site was recorded for 5 minutes. A)
Cumulative bleeding time was deter-
mined by the amount of time blood could
be seen flowing from the injury site,
including both the bleeding time follow-
ing initial injury and during injury rebleed-
ing. The dashed line indicates the maxi-
mum bleeding time, which was only
achieved in one injury site in a P2ry127-
mouse treated with ibrutinib. n.s. = not
statistically significant. B) The number of
rebleeds, or injury re-openings, per injury
site following occlusion of the initial
injury. n.s. = not statistically significant.
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C) Platelet and fibrin accumulation was
observed at the site of laser injury. Wild-

+ibrutinib type mice quickly occluded the injury site

wild-type

Blood flow

wild-type P2ry12+

P2ry12--

and robust platelet accumulation was
observed within the first minute, after
which loosely-adhered platelets began to
embolize and the platelet plug stabilized.
In P2ry127- mice, the vascular lesion
occluded in a time frame comparable to
wild-type mice. However, the peak of
platelet accumulation was lost, and
rebleeding occurred in several mice. In
P2ry127-mice treated with ibrutinib, the
cumulative bleeding time was significant-
ly increased (Fig 2A), and a significant
number of rebleedings occurred (Fig 2B),
which were visually observed by blood
flowing from the injury site (white arrow).
In this study, P2ry127- mice were used
as their own control; mice were injured at
1-2 sites, followed by ibrutinib adminis-
tration, and then subjected to 2-3 more
injuries at upstream sites along the
saphenous vein.

P2ry12+
+ ibrutinib
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tions for our understanding of the cause of bleeding in
humans taking ibrutinib. Patients on ibrutinib are typical-
ly elderly and may be on various medications, reported or
unreported. The interaction of ibrutinib and aspirin or
fish oils leading to increased bleeding risk has recently
been suggested.! Additionally, non-prescription NSAIDS
such as ibuprofen can affect platelet function and may
have important interactions with ibrutinib.”® Not all
patients are on platelet inhibitors, and this interaction
cannot explain all bleeding events in patients; however,
the concept of multiple “hits” being required to impair
hemostasis may be pertinent to these patients.
Interestingly, in patients with CLL, it was also shown
that the disease itself was a risk factor for impaired
platelet function, independent of platelet count.! A criti-
cal limitation of our study is that it was performed in
young, healthy mice. In future studies, the effects of ibru-
tinib on hemostasis should also be tested in mouse mod-
els of B-cell mediated malignancies, and the whole of
these complicating factors should be considered when
examining the impact of ibrutinib on platelet function
in vivo. Overall we conclude that, based on our results,
caution should be taken in over-interpretation of the
effects of ibrutinib from in vitro platelet function assays
when discussing the in vivo situation, and further studies
on the interaction of ibrutinib with other factors that
inhibit platelet function are warranted.
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