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Abstract

Several Janus kinase (JAK) inhibitors (jakinibs) have recently been approved to treat
inflammatory, autoimmune and hematological conditions. Despite emerging roles for JAKs and
downstream signal transducer and activator of transcription (STAT) proteins in platelets, it remains
unknown whether jakinibs affect platelet function. Here, we profile platelet biochemical and
physiological responses /n vitro in the presence of five different clinically relevant jakinibs,
including ruxolitinib, upadacitinib, oclacitinib, baricitinib and tofacitinib. Flow cytometry,
microscopy and other assays found that potent JAK1/2 inhibitors baricitinib and ruxolitinib
reduced platelet adhesion to collagen, as well as platelet aggregation, secretion and integrin ajpP3
activation in response to the glycoprotein VI (GPVI) agonist collagen-related peptide (CRP-XL).
Western blot analysis demonstrated that jakinibs reduced Akt phosphorylation and activation
following GPVI activation, where ruxolitinib and baricitinib prevented DAPP1 phosphorylation.
In contrast, jakinibs had no effects on platelet responses to thrombin. Inhibitors of GPVI and

JAK signaling also abrogated platelet STAT5 phosphorylation following CRP-XL stimulation.
Additional pharmacologic experiments supported roles for STAT5 in platelet secretion, integrin
activation and cytoskeletal responses. Together, our results demonstrate that ruxolitinib and
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baricitinib have inhibitory effects on platelet function /in vitro and support roles for JAK/STAT5
pathways in GPVI/ITAM mediated platelet function.
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INTRODUCTION

Pleiotropic JAK/STAT pathways transduce receptor signaling events in response to a
plethora of more than 50 different cytokine and growth factors to regulate innate

and adaptive immune responses, as well as cell proliferation, differentiation, migration,
apoptosis, and cell survival.1:23 While JAK/STAT pathways serve key roles in maintaining
cellular hemostasis, their dysregulation is also tightly linked to the progression of
hematopoietic and immune diseases and represent important pharmacologic targets. In

the past decade, several JAK inhibitors (jakinibs) have been approved for a range of
conditions.* Ruxolitinib was the first jakinib approved for use in patients with polycythemia
vera® and myelofibrosis.® Tofacitinib was later approved for the treatment of rheumatoid
arthritis.” More recently, the Food and Drug Administration (FDA) approved upadacitinib
and baricitinib for rheumatoid arthritis, and oclacitinib for veterinary use.8:2:10

Despite safety and efficacy, some complications are apparent for jakinib therapies,11
including thrombotic12:13.14 as well as bleeding events,1® potentially involving
platelets.16:17.18 For instance, tofacitinib has been found to increase the risk of blood clot
formation in a dose-dependent manner.1® The recently approved JAK1/2 inhibitor baricitinib
significantly increases the incidence of venous thromboembolisms (VTE) in patients with
rheumatoid arthritis.29 Another JAK1/2 inhibitor, ruxolitinib, has been suggested to reduce
the risk of thromboembolic events in patients with myeloproliferative neoplasms, and has
also been associated with bleeding.?122.23.24 Other classes of therapeutic tyrosine kinase
inhibitors can also cause bleeding or thrombosis and are suspected of interfering with
platelet function. Recent studies have profiled mechanisms of other tyrosine kinase therapies
on platelet biology (i.e., the Bruton’s tyrosine-kinase (BTK) inhibitor ibrutinib, the BCR-
Abl inhibitor ponatinib):25:26.27.28 however, the effects of therapeutic jakinibs on platelet
function remain wholly unknown.

Platelets express several JAK and STAT proteins with the potential to be affected

by jakinibs. For instance, the JAK2/STAT3 axis has been shown to play a role in
collagen-mediated platelet activation,2%:30 and studies with STAT3 inhibitors have found
roles for STAT3 in platelets independent of transcription factor activities.31:32 Houck

and colleagues demonstrated a physical proximity of GPVI and the interleukin (IL)-6
receptor gp130 in membrane lipid rafts in a manner supporting the cross activation of

a JAK2/STAT3 axis in platelets stimulated with collagen.33:34 More recently, the Falet

lab has detailed roles for JAK2 in platelet GPVI/ITAM responses using Jak2/~ mouse
models.3® Roles for JAK2 and STAT proteins in platelet ITAM-mediated signaling are
further suggested by recent proteomics studies of phosphorylation events following platelet
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GPVI as well as C-type lectin (CLEC)-2 activation.36:37 JAK3 is also expressed by
platelets and phosphorylated following thrombin stimulation to mediate STAT1 and STAT3
activation.38:39 Other JAK and STAT family members, including tyrosine kinase 2 (TYK2)
and STAT5, are phosphorylated and activated in platelets in response to thrombopoietin
(TPO) stimulation.4041:42 Other studies using Jak2 V617F mutant mice have demonstrated
that gain-of-function Jak2 mutations impair platelet formation and upregulate platelet
responses to classical agonists.#344

While a number of studies demonstrate roles for JAK and STAT activation in platelet
physiology29:31:3845 _ most recently GPVI mediated platelet function30:32:34.35 _ the
effects of therapeutic JAK inhibitors on platelets remain unknown. Here, we investigate
whether jakinibs affect platelet activation /in vitroin response to stimulation of the platelet
immunoreceptor GPVI. We find that the JAK1/2 inhibitors ruxolitinib and baricitinib
effectively inhibit GPVI-mediated platelet function, whereas JAK1 and JAK3 inhibitors
upadacitinib, oclacitinib and tofacitinib have more limited effects on platelets. Additionally,
we show that platelet GPVI pathways incorporate STAT5S phosphorylation in a manner
associated with platelet functional responses /n vitro.

MATERIALS AND METHODS

Reagents

Soluble collagen was from Corning (Corning, NY, USA). Prostaglandin 12 (PGl,) was from
Cayman Chemical Company (Ann Arbor, MN, USA). Crosslinked collagen related peptide
(CRP-XL) was from CambCol Laboratories (Cambridge, UK) and human fibrinogen (FIB3)
was from Enzyme Research Labs (South Bend, IN, USA). Chrono-lume detection agent was
from Chrono-Log Corporation (Havertown, PA, USA). TRITC-phalloidin (P1951) was from
Sigma-Aldrich (St. Louis, MO, USA). Rhodocytin was kindly provided by Dr. Johannes
Eble (University of Munster, Germany).

Antisera.—Flow cytometry antibodies CD62P-APC and PAC1-FITC were from
BioLegend (San Diego, CA, USA) and Becton Dickinson (Franklin Lakes, NJ, USA)
respectively. Akt Sa73 (9271), BTK Y551 (18805), DAPP1 Y139 (13703), JAK1 Y1034/1035
(3331), JAK2 Y1007/1008 (3771), JAKS Yggo (5031), PAK1 S19,S197 (2605), PLCy2

Y1217 (3871), Syk Ys5p5 (2711), STAT3 Y795 (9131), STATS5A/B Ygos (9351), TYK2

Y 105471055 (9321), phosphorylated Akt substrate (9614) and phosphorylated PKC substrate
(6967) antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA).
Anti-STAT5a (MAB2174-SP) and STAT5b (MAB15841-SP) were from R&D Systems
(Minneapolis, MN, USA). Tubulin (T6199) antibody was from Sigma-Aldrich. Alexa Fluor
488 goat anti-mouse (A21042) and 594 goat anti-rabbit A32740) secondary antibodies were
from Invitrogen (ThermoFisher Scientific; Carlsbad, CA, USA).

Inhibitors.—Ruxolitinib (TLRL-Rux) was from Invivogen and baricitinib (HY-15315)
was from MedChem Express (Mounmouth Junction, NJ, USA). Tofacitinib (S2789),
entospletinib (S7523), upadacitinib (§8162) and oclacitinib (S8195) were from Selleck
Chemicals (Houston, TX, USA). STAT5 inhibitor (15784) was from Cayman Chemical
Company. PP2 (1407) and Ro 31-8220 (2002) were from Tocris (Bristol, UK).
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Platelet isolation

Human venous blood was drawn from healthy adult male and female volunteers by
venipuncture into 3.8% sodium citrate (1:9, v/v) following an Institutional Review Board
(IRB) protocol approved by Oregon Health & Science University. Blood was then
centrifuged (200x g, 20 min) at room temperature (rt) and the platelet-rich plasma (PRP)

was collected. PRP was then centrifuged at 1000x g for 10 min in the presence of PGl at

a final concentration of 0.1 pg/ml. The supernatant was discarded, and the platelet pellet
was resuspended in HEPES/Tyrode buffer (HT; 129 mM NaCl, 0.34 mM NayHPQy, 2.9 mM
KCI, 12 mM NaHCOg3, 20 MM HEPES, 5 mM glucose, 1 mM MgCl,; pH 7.3) and 10% acid
citrate dextrose buffer. Platelets were centrifuged in the presence of PGI, at 1000g for 10
min, resuspended in HT, and diluted in HT at the indicated concentrations for each assay.

Static adhesion and spreading assays

Glass coverslips (12 mm round, #1.5 thickness, 12-545-102) were coated with human
fibrinogen or soluble collagen at a final concentration of 50 pg/ml for 1 h at rt, followed

by surface blocking with denatured, boiled and filtered fatty-acid free bovine serum albumin
(BSA) at 5 mg/ml (1 h at rt). 500 pL of platelets at 2x107/ml were incubated with either
jakinibs or DMSO vehicle for 10 min. Platelets were then incubated for 45 min on collagen
or fibrinogen at 37°C and washed 3 times with phosphate buffered saline (PBS). Platelet
samples were fixed with 4% paraformaldehyde (PFA), washed 3 times with PBS and imaged
using Kohler-illuminated Nomarski differential interference contrast (DIC) optics with a
Zeiss 63x oil immersion lens.1 For fibrinogen experiments, platelets were stained for 15
min with Phalloidin-TRITC at 1:500 in the presence of sodium-dodecy! sulfate (SDS) 0.1%.
Platelets were imaged using Slidebook 5.0 software (Intelligent Imaging Innovations). For
collagen adhesion assays, data are expressed as the number of platelets per imaged field
(14,587 um?). For fibrinogen, the data are presented as area covered per platelet, which was
manually calculated using ImageJ.

Platelet aggregation

Jakinibs were added to 300 pl of platelets (2x108/ml) for 10 min at 37°C prior to stimulation
with low dose of CRP-XL (1 ug/ml) and monitored under continuous stirring at 1200 rpm
at 37°C by measuring changes in light transmission in a PAP-4 aggregometer. Data are
presented as percentage of inhibition relative to CRP-XL.

Platelet flow cytometry

Washed platelets (5x107/ml) were pre-treated with the indicated inhibitors for 10 min before
stimulation with CRP-XL (2-20 pg/ml), recombinant human thrombin (0.01-0.1 U/ml) or
rhodocytin (100 and 200 nM) for 30 min in the presence of CD62P-APC and PAC-1-FITC
antibodies (1:25). Samples were fixed with 2% PFA, diluted in PBS and analysed with

a BD FACSCanto Il flow cytometer. For F-actin content analysis, platelets were treated
with jakinibs for 10 min at 37°C prior to stimulation with CRP-XL for 20 min. Platelets
were then fixed with 2% PFA and then permeabilized with 0.1% Triton X-100, and stained
with phalloidin-TRITC (1:100), prior to flow cytometry analysis. Data were analysed using
FlowJo software and presented as mean fluorescence intensity (MFI).

Platelets. Author manuscript; available in PMC 2023 April 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Parra-lzquierdo et al.

Page 5

Western Blot

Platelets (1x10%ml) were pre-treated with inhibitors as indicated for 10 min at rt and
subsequently activated with CRP-XL at 10 ug/ml. Platelet lysates were prepared directly in
Laemmli sample buffer supplemented with 200 mM DTT. Platelet lysates were separated
by SDS-PAGE and transferred to nitrocellulose membranes. Primary antibodies were
incubated overnight at 4°C and secondary antibodies for 1 h at rt. Films were scanned

and densitometric analysis performed using QuantityOne analysis software (Bio-Rad). Data
were normalized to tubulin and expressed as fold induction compared to vehicle.

Dense granule secretion assay

ATP release was used to measure dense granule secretion followed by an ATP-luciferin-
luciferase luminescence reaction. Platelets (2x108/ml; 70 ul) were incubated with the
inhibitors before stimulation with CRP-XL, thrombin or rhodocytin in a Corning Costar
flat bottom 96-well plate. The Chrono-lume reagent (10 ul) was immediately added

and luminescence measured using an Infinite M200 spectrophotometer (Tecan). Data are
expressed as total luminescence arbitrary units (a.u.). Technical duplicates were performed
for each experiment.

Fluorescence microscopy

Platelets were seeded onto fibrinogen-coated slides for 45 min and then fixed with 4% PFA.
Cells were then permeabilized with a blocking solution containing 0.1% SDS in PBS and
stained with primary antibodies for STAT5a and STAT5b (15 ug/ml) overnight at 4°C. Alexa
Fluor secondary antibodies (1:500) were added in blocking buffer for 2h at rt. After washing
with PBS, platelet samples were mounted and imaged with a Zeiss 63x oil immersion lens.

Statistical analysis

RESULTS

Two group data presented in the study followed normal distribution and were analysed
performing a two-tailed Student’s t-test. For three or more groups, data were analysed by
one-way ANOVA with a Tukey post-hoc test. Statistical significance was considered for
p<0.05. Statistic calculations were performed using GraphPad PRISM 9 (San Diego, CA,
USA).

JAK1/2 inhibitors ruxolitinib and baricitinib reduce platelet adhesion to collagen

Following vascular injury, platelets rapidly engage collagen and activate via the immune
receptor tyrosine activation motif (ITAM)-coupled receptor GPVI to trigger the formation
of a hemostatic plug.46-47 First, we analyzed whether the adhesion of human platelets to
collagen was affected by jakinibs, including ruxolitinib, baricitinib, upadacitinib, oclacitinib
and tofacitinib. As shown in Figure 1A-B, only ruxolitinib (24 £ 7.8 platelets/field;
p=0.0225) and baricitinib (24 * 14.8 platelets/field; p=0.035) significantly impaired the
number of platelets attached to collagen under static conditions (57 + 21.5 platelets/field).
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Ruxolitinib and baricitinib inhibit GPVI/ITAM-mediated platelet activation

To determine whether JAK inhibition affects GPVI-mediated platelet responses, we next
carried out aggregation experiments in response to crosslinked collagen-related peptide
(CRP-XL), which specifically engages the GPVI and Fc receptor-y chain complex.*8
Preincubation of platelets with ruxolitinib and baricitinib blunted platelet aggregation in
response to low doses of CRP-XL to 46% (p=0.013) and 41% (p=0.007), respectively
(Figure 1C-D). Other jakinibs did not significantly inhibit aggregation. This data suggests
that JAK inhibitors may target GPVI-mediated responses in human platelets.

Platelets harbor bioactive molecules in dense- and a-granules, which are released upon
activation to propagate responses maintaining vascular hemostasis.#647 To analyze whether
jakinibs affect platelet dense granule secretion, we used a luminescence-based reaction
catalyzed by ATP secreted from dense granules. Preincubation of platelets with baricitinib
reduced dense granule secretion by 40% in response to 10 ug/ml of CRP-XL, while other
jakinibs had no significant effects (Figure 2A, upper panel). We next analyzed P-selectin
(CD62P) levels on activating platelets to measure a-granule secretion. Flow cytometry
analysis found that, relative to vehicle treated platelets (0.1% DMSOQ), P-selectin exposure
in response to CRP-XL stimulation was inhibited by 72% and 76% in the presence of
ruxolitinib or baricitinib, respectively. Upadacitinib and oclacitinib also reduced a-granule
secretion in a minor, although not statistically significant manner (Figure 2B, upper panel).
Baricitinib (p=0.008) and ruxolitinib (p=0.015) similarly inhibited platelet integrin a;pp3
activation in response to CRP-XL by more than 2-fold (Figure 2C, upper panel). The
effects of jakinibs on platelet function were similar in response to a range of lower and
higher doses of CRP-XL (Figure 2A-C, lower panel).

To determine whether the effects of ruxolitinib and baricitinib on platelet function are
common to ITAM-mediated signaling, we also analyzed their effects on CLEC-2 receptor
activation. As seen in Figure 2D, stimulation of platelets with the CLEC-2 agonist
rhodocytin (Rho) induced dense granule secretion, which was inhibited only by pretreatment
with baricitinib (Figure 2D). In contrast, platelet a-granule secretion and integrin activation
in response to rhodocytin were reduced by both ruxolitinib and baricitinib (Figure 2E-F).

As shown in Figure 2G-I, platelet response to the G protein-coupled receptor (GPCR) and
protease-activated receptor (PAR) agonist thrombin were not significantly affected by any

of the JAK inhibitors. Together these data support a targetable role for JAK1/2 in platelet
activation mediated by GPVI/ITAM pathways but not by GPCR agonists.

JAK inhibitors impair platelet actin cytoskeleton dynamics

We next examined whether cytoskeletal rearrangements following platelet integrin activation
are affected by JAK inhibition. Washed human platelets were incubated with fibrinogen-
coated cover glass in the presence of jakinibs or vehicle alone, prior to fixation, imaging and
analysis of platelet surface area. As seen in Figure 3A-C, platelet spreading on fibrinogen
was significantly reduced by all jakinibs (p<0.005) except for tofacitinib (p=0.53). Flow
cytometry analysis found that platelet filamentous actin (F-actin) nucleation in response to
CRP-XL stimulation was significantly inhibited by ruxolitinib and baricitinib (Figure 3D).
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Together, these results suggest that integrin activation and cytoskeletal nucleation responses
in platelet GPVI systems can be affected by JAK inhibitors /n vitro.

Jakinibs inhibit PI3K/Akt signaling following GPVI activation

Next, we investigated the effects of jakinibs on platelet GPVI signaling events in response
to CRP-XL stimulation. As seen in Figure 4A-B, CRP-XL stimulation of vehicle treated
platelets upregulated the phosphorylation of key nodes in GPVI pathways, including Syk
Y525, BTK Y551 and PLCy2 Y1217 as well as the phosphorylation of protein kinase C
(PKC) substrates. Pretreatment of platelets with jakinibs did not significantly affect the
phosphorylation of these proteins in response to CRP-XL, with the exception of ruxolitinib,
which had minor although significant effects on BTK phosphorylation (Figure 4A-B,
Supplemental Figure S1). Similarly, CRP-XL stimulated phosphorylation of LAT Y171, Fyn
Y530, Lyn Ysg7, Src Ya16 and p38 MAPK T1g0/Y 182 Were all unaffected by jakinibs (data
not shown).

In contrast, relative to vehicle controls, pretreatment of platelets with each jakinib
significantly inhibited Akt S473 phosphorylation (p<0.02) and the phosphorylation of Akt
substrates (p<0.01) in response to CRP-XL stimulation (Figure 4C-D). Akt phosphorylation
following thrombin stimulation was not affected by any jakinibs (Supplemental Figure S2).
Given associations between ITAM and PI3K/Akt signaling systems in other cell types,9:50
and emerging roles for Dual Adaptor of Phosphotyrosine and 3-Phosphoinositides 1
(DAPP1) in connecting platelet ITAM and PI13K/Akt pathways,3’>1 we also examined

the effects of jakinibs on DAPP1 phosphorylation. As seen in Figure 4C-D, baricitinib
(p=0.001) and ruxolitinib (p=0.002) significantly inhibited DAPP1 phosphorylation. Similar
experiments also suggest roles for jakinibs in as all jakinibs — with the exception of
tofacitinib (p=0.63) — significantly (p<0.005) limited the phosphorylation of the Rho
GTPase (Rac1/Cdc42) effector p21 Activated Kinase 1 (PAK1). Together, these data suggest
that jakinibs — especially inhibitors with high specificity for JAK2 — can disrupt crosstalk
between platelet ITAM and JAK-STAT pathways proximal to PI3K/Akt signaling.

JAK2/STATS signaling in GPVI/ITAM mediated platelet function

Previous studies have found that a JAK2/STAT3 axis is activated in human platelets

in response to GPVI agonists.30:32:34.52 However, roles for other STAT proteins in
platelet GPVI signaling remain unknown. We recently measured increased JAK2

Y 100771008 and STATS Ygg4 phosphorylation following GPV1 activation with quantitative
mass spectrometry and phosphoproteomic analyses.3” Accordingly, we next sought to
analyze whether STAT5 phosphorylation has roles in GPVI-mediated platelet responses.
Western blot and fluorescence microscopy determined that human platelets express both
STATS isoforms, STAT5a and STAT5b (Figure 5A-B). Consistent with our previous
phosphoproteomics findings, Western blot analysis found that JAK2 (p=0.003) and STAT5
(p<0.001) were phosphorylated in a time-dependent manner in platelets in response to 10
pg/ml of CRP-XL (Figure 5C). Additional experiments found TYK2 phosphorylation but
not JAK1 or JAK3 phosphorylation in response to CRP-XL (Supplemental Figure S3).
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To further examine the role of JAK activity in GPVI-mediated STAT phosphorylation, we
pretreated platelets with jakinibs prior to stimulation with CRP-XL. All JAK inhibitors
abrogated phosphorylation of STATS5 as well as STAT3 in response to CRP-XL (Figure
5D). To further determine how JAK2/STAT5 signaling may place into GPVI pathways, we
pretreated platelets with inhibitors of GPVI signaling prior to CRP-XL stimulation. The
Src inhibitor PP2 (p=0.02) and the Syk inhibitor entospletinib (p=0.01) reverted STAT5
activation triggered by CRP-XL (Figure 5E). In addition, the PI3K inhibitor wortmannin
(p=0.03) inhibited STAT5 phosphorylation (Figure 5E). The PKC inhibitor Ro-31-8820 had
no effect on STAT phosphorylation. Together with data above (Figure 4), these experiments
suggest that jakinibs may target a crosstalk between JAK/STAT5 and GPVI/ITAM systems
in platelets through PI13K/Akt pathways independent of PLCy2-PKC signaling.

Pharmacologic inhibition of STAT5 affects platelet function

Finally, we assessed potential roles for STAT5 in GPVI-mediated platelet responses using

a small molecule inhibitor (STAT5i) that blocks JAK-STAT5 SH2 domain interactions and
STATS5 function.53 Incubation of platelets with STAT5i did not affect the number of platelets
adherent to collagen under static conditions, but significantly reduced platelet spreading

on collagen (30.6 = 3.9 um? 1513.8 + 1.0 um?; p=0.002) (Figure 6A). In addition,

flow cytometry assays demonstrated that STATS5 inhibition reduced a.-granule secretion
(p=0.007) and integrin activation (p=0.006) in response to CRP-XL treatment (Figure 6B-
C). As shown in Figure 6D, STAT5 inhibition also impaired actin nucleation in response

to CRP-XL (p=0.004). Relative to vehicle control, STAT5i also reduced platelet spreading
on fibrinogen (31.3 + 4.1 um? v520.0 + 2.6 um?; p=0.036) (Figure 6E). Pretreatment

of platelets with STAT5i did not affect PLCy2 phosphorylation in response to CRP-XL
stimulation (Supplemental Figure S4). Together, these experiments support a role for STAT5
in GPVI-mediated platelet function.

DISCUSSION

Here, we demonstrate that clinically relevant, small molecule inhibitors targeting Janus
kinases impair JAK kinase activity in platelets in a manner that may affect platelet function
mediated by the platelet ITAM-coupled collagen receptor, GPVI. In addition, we establish
a previously unrecognized role for JAK-mediated STAT5 phosphorylation in platelet GPVI
pathways and platelet function. Altogether, this study provides further insights into the
emerging roles of the JAK/STAT pathways in regulating platelet function and suggests roles
for a JAK2/STAT5 axis in GPVI in an interconnected manner associated with PI3K/Akt
pathways (Figure 7).

In addition to their physiologically vital functions in hemostasis, platelets have increasingly
recognized roles in the regulation of the immunity and inflammation.17:54 As such, platelets
express and utilize several components of cytokine and growth factor receptor signaling
systems, where JAK/STAT pathways play major roles.5556 JAK pathways are not only
involved in signaling events triggered by immune mediators, but also in platelet responses
triggered by classical hemostatic agonists, including collagen and thrombin,30.38.52
Phosphoproteomics36:37 as well as computational modeling approaches also suggest roles
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for JAKSs in platelet activation programs.36:37 From a therapeutic perspective, JAK/STAT
pathways have been attractive targets for conditions involving an aberrant immune response,
such as rheumatoid arthritis and myeloproliferative neoplasms.>”:58 In this study we report
the effects of five clinically available drugs targeting JAK pathways in platelets isolated from
healthy male and female volunteers. Our findings suggest that JAK2, rather than the other
JAK members, is involved in GPVI-mediated platelet responses, which is consistent with our
previously published phosphoproteomic data.3”

Our data suggests that jakinibs modulate platelet activation in a manner specific to GPVI
and ITAM-mediated activation. Biochemical experiments demonstrate that JAK inhibition
impairs PI3K/Akt signaling, whereas PKC signaling (typically following PLCy2 activation)
appears unaffected. Consistent with our findings, Moore et al. have previously shown that
TPO, whose upstream signaling is mediated by JAK/STAT, potentiates platelet activation via
PI3K pathways.*2 Potential candidates connecting JAK with the DAPP1/PI3K/Akt include
Grb2 and Grb interacting proteins. In other cell types, JAK2 can directly phosphorylate
GRB proteins,>® which act as adaptors connecting the JAK2 and DAPP1 pathways in a
manner that regulates PI3K/Akt activation.*? Interestingly, the Hers group has demonstrated
associations among DAPP1 and Grb2 adaptor proteins (GAB1, GAB2, GAB3 and GRAP2)
in platelet PIP3 signalosomes.®! Cooperation between JAK/STAT and PI3K has also been
reported in other cellular models,®0:61.62 including other ITAM pathways (i.e., IgE-mediated
mast cell activation).3 Together with these prior studies, our current findings suggest that
PI3K/Akt and JAK/STAT pathways cooperatively modulate platelet function.

Comparatively, our results suggest that the JAK1/2 inhibitors ruxolitinib and baricitinib have
the most potent effects of platelet activation /n vitro, as demonstrated by biochemical,
imaging, flow cytometry and other functional assays. Oclacitinib, upadacitinib and
tofacitinib (JAK1 or JAK3 inhibitors) tended to decrease platelet adhesion, integrin
activation and granule secretion induced by CRP-XL but not in a statistically significant
manner. However, upadacitinib and oclacitinib significantly affected platelet spreading on
fibrinogen. The main difference between ruxolitinib and baricitinib was that only baricitinib
reduced platelet dense granule secretion, which may be explained by specific signaling
events downstream of PI3K/AKkt that remain to be explored. Interestingly, despite increased
risk of thromboembolic events,14 baricitinib was recently approved as a therapy to target
cytokine storm and immune dysregulation in severe acute respiratory syndrome-coronavirus
disease-2 (SARS-CoV-2) infection and COVID-19 in combination with remdesivir.53 As
platelets have roles in SARS-CoV-2 infection,%* how baricitinib treatment modulates
hemostasis and platelet function in these patients may help understand the roles of JAK/
STAT pathways in thromboinflammatory diseases.

Following JAK activation, the STATs are known to take on non-transcriptional roles to
regulate platelet function. For instance, preincubation with STA-21, a novel STAT3 inhibitor,
blunted collagen-driven platelet activation and aggregation.3 Similarly, piperlongumine
—an alkyl amide STAT3 inhibitor from long pepper fruit — impairs platelet aggregation
induced by collagen via blockade of STAT3.30 From a mechanistic point of view, STAT3 has
been described to act as a protein scaffold between Syk and PLCy2.52 Moreover, it has been
shown that GPVI is in physical proximity with immunity receptors in lipid rafts in a manner
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that enhances platelet activation via the JAK2/STAT3 axis.3* Apart from STATS3, roles for
other STAT family remained to be explored. In this study, we identify a potential role

for STATS in GPVI-mediated platelet responses. Our recently published phosphoproteomic
profiling of CRP-XL-triggered signaling events in platelets indicated that STAT5 is activated
in response to high doses of CRP-XL,37 which is in contrast with the lack of STAT5
activation reported by other studies using lower doses of CRP-XL.55

With Western blot and immunofluorescence microscopy (Fig. 5), we demonstrate that
human platelets express both STAT5 isoforms, namely STAT5a and STAT5b. These proteins
participate in hematopoiesis and immunoregulation,6 and have been described to play
differential roles in specific disease settings.8” Previous studies have reported the expression
and activation of STAT5 in TPO- and thrombin-stimulated platelets, whereas the functional
consequences as well as involvement in GPVI/ITAM pathways remained unexplored.41:42
To assess the potential role of STATS in platelet function, we used a novel inhibitor that
targets the SH2 domain of STAT5, thus impeding STATS5 recruitment by upstream JAK .53
Our platelet function assays showed that inhibition of STATS5 partially impaired platelet
spreading on collagen and fibrinogen, a-granule secretion and integrin activation. These
finding adds novel insights into the functionality of STATS5 in platelets beyond its role in
regulating TPO signaling.41.68

Conclusions

Our study demonstrates that the JAK1/2 inhibitors ruxolitinib and baricitinib partially inhibit
GPVI-induced platelet activation in vitro. Moreover, we describe a role for JAK/STAT5
signaling in GPVI-mediated platelet function. Future studies based upon this mechanistic
work will further advance an understanding of the effects of targeting JAK/STAT pathways
in human platelets.
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Figure 1. Ruxolitinib and baricitinib impair platelet adhesion to collagen and aggregation in
response to the GPVI agonist CRP-XL.

(A) Glass coverslips were coated with soluble collagen (50 pug/ml), blocked with BSA,

and incubated with replicate samples of washed human platelets (2x107/ml) pretreated

with vehicle (0.1% DMSO) or jakinibs (10 uM each). After 45 min (37°C), coverslips

were washed with PBS, and adherent platelets were fixed with PFA and imaged with

DIC microscopy. Representative images of adherent platelets for each condition are shown.
Scale bar = 10 um. (B) Mean adherent cell count per 63x-imaged field (14587 pm2); 3
images captured per condition; n=4 experiments. (C) Replicate samples of washed platelets
(2x108/ml) were preincubated with jakinibs (10 pM each) or vehicle (DMSO 0.1%) for 10
min at 37°C before stimulation with 1 pg/ml of CRP-XL. Platelet aggregation was monitored
in a PAP4 aggregometer at a stirring rate of 1200 rpm. Representative aggregation traces and
(D) % platelet aggregation in response to CRP-XL relative to vehicle pretreatment (n=3).

* indicates statistical significance (p<0.05) compared to vehicle (B) or CRP-XL (D). Error
bars indicate standard error of the mean (SEM).
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Figure 2. Baricitinib and ruxolitinib impair GPVI and CLEC-2 mediated platelet function.
Replicate preparations of washed human platelets were preincubated with jakinibs (10 pM)

for 10 min prior to stimulation with CRP-XL (2-20 pg/ml; A-C), rhodocytin (Rho; 100-200
nM; D-F) or thrombin (0.01-0.1 U/ml; G-1) and analysis of platelet granule secretion and
integrin activation. (A, D, G) Platelets (2x108/ml) were incubated with a luciferin luciferase
reagent to measure ATP release and dense granule secretion. Data are expressed as raw
mean luminescence (a.u.); n=4 experiments. (B-H) Platelets (5x107/ml) were pre-treated and
activated as above in the presence of fluorophore-conjugated antibodies against P-selectin
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(CD62P-APC) (B) or the activated conformation of human integrin app3 (PAC1-FITC) (C)
and subsequent analysis by flow cytometry; n=5 experiments. Data are presented as total
mean fluorescence intensity (MFI). * indicates statistical significance (p<0.05) compared to
CRP-XL or rhodocytin (Veh); ns = not significant. Error bars indicate standard error of the
mean (SEM).
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Figure 3. Jakinibs inhibit platelet lamellipodia formation and F-actin nucleation.

(A) Cover glass was incubated with fibrinogen (50 ug/ml) and blocked with BSA for 1

h. Platelets (2x107/ml) were pretreated with jakinibs (10 uM) for 10 min and incubated

on cover glass for 45 minutes under static conditions at 37°C. Platelets were then fixed

and stained for actin with phalloidin-TRITC at 1:500 and 3 images captured per condition.
Representative images are shown for DIC or Cyt3 fluorescence channels. (B) Mean cell area
calculation and statistical analysis and line plot showing cell size distribution (C) are shown;
n=3 experiments. (D) Platelets were pretreated with jakinibs, stimulated with CRP-XL (10
ug/ml) and fixed with PFA. Platelets were then permeabilized with Triton-X100 (0.1%) and
stained with phalloidin-TRITC (1:100). Mean fluorescence intensity (MFI) was analyzed by
flow cytometry. * indicates statistical significance (p<0.05) compared to vehicle (B) or to
CRP-XL (Veh) (D). n indicates the number of independent experiments using blood from
different donors. Error bars indicate standard error of the mean (SEM).
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(A) Replicate samples of washed human platelets (1x10%/ml) were pre-treated with jakinibs
(10 uM) for 10 min and stimulated with CRP-XL (10 ug/ml, rt). Cell lysates were

analyzed by immunoblot with indicated antibodies against key nodes in platelet GPVI
signaling. Representative blots n=4 experiments are shown. (B) Densitometric quantification
and statistical analysis of signal intensities. * indicates statistical significance (p<0.05)
compared to CRP-XL (Veh); ns = not significant; Error bars indicate standard error of

the mean (SEM). (C) Platelet lysates were similarly analyzed for Akt phosphorylation
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and phosphorylation of Akt substrates as well as DAPP1 and PAK1 phosphorylation.
Representative blots n=4 experiments are shown and (D) quantified for statistical analysis.
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Figure 5. STAT5 expression and phosphorylation in CRP-XL stimulated platelets.
(A) Washed human platelet, HUVEC and MDA cell lysates were analyzed for STAT5a and

STAT5b expression by Western Blot and (B) immunofluorescence microscopy. (C) Platelets
(1x10%ml) collected over a 10 min time course following stimulation with 10 pg/ml CRP-
XL for Western blot analysis with antibodies, as indicated. Representative Western blots
and densitometric analysis are shown. Tubulin serves as a control for equal protein loading
between samples. (D) Platelets were pretreated with jakinibs (10 uM) as indicated prior to
CRP-XL stimulation Western blot analysis for STAT3 and STAT5 phosphorylation; n=4. (E)
Platelets were pretreated with the Src kinase inhibitor PP2, the Syk inhibitor entospletinib
(En), the PKC inhibitor Ro 31-8220 (Ro) and the PI3K inhibitor wortmannin (Wo) prior

to stimulation with CRP-XL and Western blot analysis for STAT5 phosphorylation; n=4. *
indicates statistical significance (p<0.05) compared to untreated (C) or to CRP-XL (Veh)
(D-E). Error bars indicate standard error of the mean (SEM).
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Figure 6. STATS5i inhibits platelet function following GPVI activation.
(A) Replicate samples of washed human platelets were incubated with a STAT5 inhibitor

(STATSI, 40 uM) or vehicle alone (0.2% DMSO) for 10 min before assessing platelet
adhesion to and spreading on cover glass coated with soluble collagen (50 pug/ml) The mean
cell count and surface area per cell was assessed and analyzed (middle graphs). A histogram
showing population distribution is shown (right graph); n=4. Scale bar = 10 um. (B) Platelets
(5%107/ml) were activated with CRP-XL (10 pg/ml) in the presence of P-selectin (CD62P-
APC) or (C) PAC1-FITC antibody and subsequently analyzed in a Canto Il flow cytometer;
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n=4. (D) Platelets were pretreated with jakinibs, stimulated with CRP-XL (10 pg/ml) and
fixed with PFA. Platelets were then permeabilized with Triton-X100 (0.1%) and stained
with phalloidin-TRITC (1:100). Mean fluorescence intensity (MFI) was analyzed by flow
cytometry. (E) Spreading on fibrinogen (50 pg/ml) was analyzed similarly to A. Platelets
were then fixed and stained for actin with a phalloidin-TRITC and 3 random images taken
per condition. Representative images of an experiment using a 63x objective for DIC (left
images) or Cyt3 fluorescence channel (right images). The cell area, statistical analysis
(middle graph) and a histogram showing cell size distribution (right graph) are shown; n=3.
* indicates statistical significance (p<0.05) compared to vehicle or to CRP-XL (\Veh). Error
bars indicate standard error of the mean (SEM).
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Figure 7. Hypothesized model of platelet GPVI/ITAM and JAK/STAT crosstalk.
Following activation of GPVI, Src family kinases (SFKSs) activate Syk to establish a

LAT signalosome supporting. activation of PLCy2, PKC activation and several platelet
functional responses. Other PI3K signaling events around LAT also help to organize
pleckstrin homology (PH) domain-containing proteins, including BTK, DAPP1 and Akt,

to regulate platelet function. Chemokine receptors proximal to GPVI, such as c-Mpl or
gp130, activate JAKs promote the recruitment and phosphorylation of STAT5 as well as
feedback to PI3K/AKkt pathways to regulate GPVI signaling and platelet function. Inhibition
of JAKs by Jakinibs reduces the activation of PI3K/Akt pathways, thus affecting the extent
of platelet functional responses. GPVI: glycoprotein VVI; ITAM: immunoreceptor tyrosine-
based activation motif; JAK: Janus kinases; LAT: linker for activation of T-cells; PI3K:
phosphoinositide 3-kinase; PKC: protein kinase C; PLC+y2: phospholipase gamma 2; SFK:
Src family of protein kinases; STAT: signal transducers and activators of transcription; SYK:
spleen tyrosine kinase.
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Table 1:

Pharmacology of the different JAK inhibitors used in the study.
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Inhibitor (Brand name)

Target 1Csq enzymatic assays (nM)*

Indication (FDA approved)

JAK1 JAK2 | JAK3 | TYK2
Ruxolitinib (Jakafi®) 3.3 2.2 428 19 Polycythemia vera, acute graft-versus-host disease, myelofibrosis
Oclacitinib (Apoquel®) 10 18 99 84 Veterinary use
Upadacitinib (Rinvoq®) 43 200 2300 4700 Rheumatoid arthritis
Baricitinib (Olumiant®) 5.9 5.7 560 53 Rheumatoid arthritis
Tofacitinib (Xeljanz®) 1 20 112 472 Rheumatoid arthritis, ulcerative colitis, psoriatic arthritis

*
1C50 values are from References as well as manufacturer data (Selleck Chemicals, Invivogen, MedChemExpress)
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