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Abstract

Background—Immune complexes (ICs) bind to and activate platelets via FcyRIIA causing
patients to experience thrombocytopenia, as well as an increased risk of forming occlusive
thrombi. While platelets have been shown to mediate 1C-induced pathologies, the mechanisms
involved have yet to be fully elucidated. We identified that Apoptosis Signal-Regulating Kinase 1
(ASK1) is present in both human and mouse platelets and potentiates many platelet functions.

Objectives—Here we set out to study ASK1’s role in regulating IC-mediated platelet functions
in vitro and IC-induced pathologies using an /n vivo mouse model.

Methods—Using human platelets treated with an ASK1-specific inhibitor and platelets from
FCGRZ2A | AskI™~ transgenic mice, we examined various platelet functions induced by model ICs
in vitro and in vivo.

Results—We found that ASK1 was activated in human platelets following cross-linking of
FcyRIIA using either anti-hCD9 or 1V.3+GAM. While genetic deletion or inhibition of ASK1
significantly attenuated anti-CD9-induced platelet aggregation, activation of the canonical
FcyRIIA signaling targets Syk and PLCy2 was unaffected. We further found that anti-mCD9-
induced cPla, phosphorylation and TxA, generation is delayed in Ask1 null transgenic mouse
platelets leading to diminished &-granule secretion. /17 vivo, absence of Askl protected FCGRZA
transgenic mice from thrombocytopenia, thrombosis, and systemic shock following injection of
anti-mCD3. In whole blood microfluidics, platelet adhesion and thrombus formation on fibrinogen
was enhanced by Ask1.
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Conclusions—These findings suggest that ASK1 inhibition may be a potential target for the
treatment of 1C-induced shock and other immune-mediated thrombotic disorders.
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Introduction

Immune complexes (ICs) occur when 1gG antibodies bind to their antigens and have been
implicated in a wide array of pathologies from lupus erythematosus[1] and anti-phospholipid
syndrome[2] to bacterial sepsis[3,4] and heparin-induced thrombocytopenia and thrombosis
(HIT)[5-8]. The Fc region of ICs can bind, cross-link, and activate FcyRIIA, a low affinity
immune receptor expressed on monocytes/macrophages and platelets, among other cells. IC-
induced cross-linking of platelet-FcyRIIA activates platelet integrin apB3, precipitating
immune-induced thrombocytopenia and thrombosis (ITT). Patients who develop HIT, for
example, face a 10% mortality risk and significant morbidity.[9]

There has been growing appreciation of platelets in the immune response, promoting
activation/recruitment of leukocytes to the site of injury. The immunological role of platelets
is distinct from the role of platelets in hemostasis. Previous work identified platelet-
FcyRIIA as a key mediator of 1C-induced systemic shock/anaphylaxis (henceforth
abbreviated as shock), highlighting the role of platelets as effectors of the immune
system[10,11]. More recently two independent groups revealed that platelet-FcyRIIA is
required for IC-induced serotonin release from platelets to produce symptoms of
shock[12,13], thus linking platelet activation and IC-induced pathologies. IC-induced
platelet serotonin secretion[14] can induce endothelial hyperpermeability[15] and
vasodilation[16], thus causing hypoperfusion and shock[17], while also contributing to
feedback activation of platelets[18].

Apoptosis Signal-Regulating Kinase 1 (ASK1) is a Mitogen-Activated Protein 3 Kinase
present in human and mouse platelets.[19,20] Previously, we identified that ASK1 is
activated in a Ca2* dependent manner following agonist stimulation[21] to potentiate platelet
function[19]. To further understand the mechanism of ITT and IC-induced shock, we
investigated ASK1’s role in IC-induced platelet function, shock, and ITT.

We found that the FcyRIIA agonists anti-hCD9- or IV.3+goat-anti-mouse (GAM) induced
ASK1 activation in human platelets. In addition, ASK1 inhibition reduced anti-hCD9- and
IV.3+GAM-induced aggregation without affecting activation of the FcyRIIA signaling target
Syk. Deletion of AskZ in human FCGR2A** (hFcR) transgenic mice significantly attenuated
anti-mCD9-induced platelet function ex vivoand protected AFcRIAskI™'~ mice from anti-
mCD39-induced thrombocytopenia, shock, and pulmonary thromboembolism /7 vivo.
Together, our results strongly suggest that ASK1 is a prominent regulator of 1C-induced
platelet activation and may play a pivotal role in mediating ITT and shock.
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Anti-mCD?9 [#553758, clone KMCS, rat 19G,,], FITC-conjugated anti-mCD62p [#561923],
FITC-conjugated anti-mCD41 [#553848], and FITC-annexin V [#556419] were purchased
from BD Pharmingen. Anti-hCD9 [#IM0117, clone Alb6, migG4] was purchased from
Beckman Coulter. Goat-anti-mouse (GAM) IgG, F(ab’), [#SAB3701127, lot R138886] was
purchased from Sigma. Anti-mGPIX IgG [#M051-0, clone Xia.B4] was purchased from
Emfret analytics. Anti-hFcyRIIA [#60012, clone 1V.3] and FITC-conjugated anti-hFcyRIIA
[#60012FI, clone 1V.3] were purchased from Stemcell technologies. PE-conjugated anti-
mGPVI [#FAB6758P] was purchased from R&D Systems. The serotonin ELISA kit
[ADI1-900-175] was purchased from ENZO. EDTA coated micro capillary tubes [#1—
000-1000] were purchased from Drummond Scientific Company. EDTA coated specimen
tubes [20.1288.100] were purchased from Sarstedt AG & Co. Selonsertib (GS-4997,
NCGC00479176-01) was obtained from the NCATS Pharmaceutical Collection.
Acetylsalicylic acid (aspirin, 510016) was obtained from VetOne.

Generation of the Ask1™~/ FCGR2A*/* Transgenic Mice

FCGR2A*"*(hFcR) transgenic mice[22] and AskZ ™~ mice[23], both on the C57BL/6J strain
background, were crossed to generate the F1 generation (AskZ*/~/ FCGR2A*~) transgenic
mice. The F1 generation was then intercrossed to generate the F2 generation (AskZ”~/
FCGR2A*"*)and (Ask1?*/*/ FCGR2A**) transgenic mice used in this study. Genotypes of
all mice used in this study were confirmed, as previously described, by PCR analysis of
genomic DNA for Ask1[23] and FCGR2A[22].

Platelet Preparation

Human—Whole blood was drawn, with written informed consent, by venipuncture from 13
healthy adult volunteers (6 female; 6 White, 6 Black, 1 Asian [self-reported]). Approval for
this study was obtained from the Institutional Review Board of Thomas Jefferson University,
according to the Declaration of Helsinki. Blood was collected and washed platelets were
prepared in Tyrode’s buffer as previously described.[24]

Mouse—Male and female 8-12-week-old #FcR/Ask1*/* and hFcR/Ask1™~ mice on the
C57BL/6J background were used in these studies. Isolation of mouse platelets was
performed as described.[19] Approval for animal experimental studies was received from the
Institutional Animal Care and Use Committee of Thomas Jefferson University.

Flow Cytometry

Receptor Surface Expression—~100 pL of mouse whole blood was drawn by retro-
orbital bleed using 300 pg of EDTA and 2 U of heparin as anticoagulants. Whole blood was
diluted 1:40 with PBS and aliquoted into 50 pL reaction volumes. Samples were then
incubated with PE-conjugated anti-mGPVI [1:50 dilution] and either FITC-conjugated anti-
mCD41 [1:50 dilution], FITC-conjugated anti-hFcyRIIA [1:50 dilution], or FITC-
conjugated IgG isotype control [1:50 dilution] for 20 minutes at room temperature. The
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reaction was stopped by the addition of 450 L of ice-cold PBS (containing 1%
paraformaldehyde and 0.2% BSA).

PS Exposure—Surface expression of PS was measured by flow cytometry, as has been
previously described.[25] Briefly, 50 uL of washed mouse platelets (0.6x108 platelets/mL)
were stimulated with various agonists for 10 minutes at room temperature. Next, samples
were incubated with FITC-annexin V [1:20 dilution] for 10 minutes. The reaction was
stopped by the addition of 450 uL of ice-cold PBS (containing 1% paraformaldehyde and
0.2% BSA).

JON/A and anti-P-selectin binding—Surface binding of PE conjugated JON/A and
FITC conjugated Anti-P-selectin (CD62P) IgGs was assessed as previously described.[26]
Briefly, 50 UL of washed mouse platelets (0.6x108 platelets/mL) were incubated with 2 pL
of PE-rat anti-mouse JON/A (Emfret Analytics) for 5 minutes at room temperature after
which they were stimulated with anti-mCD9 for 10 minutes at room temperature. Next 1
pg/mL of FITC-rat anti-mouse CD62p was added to each sample and incubated for 20
minutes at 37°C. The reaction was stopped by the addition of 450 uL of ice-cold PBS
(containing 1% paraformaldehyde and 0.2% BSA). All samples were held at 4°C until
analysis. All antibody-binding activity was measured as mean fluorescent intensity (MFI) or
percent positive (% Positive) by a BD Accuri C6 flow cytometer.

Platelet Aggregation

Aggregation was performed with washed platelets (2x108 platelets/mL) using a Chrono-Log
Lumi-Aggregometer using Aggrolink software (Chrono-Log), as previously described.[26]
Lag-time was determined from the time of agonist addition to the start of the downward
deflection. Due to known inter-individual variability in the human platelet response to anti-
hCD9, each donor was tested with a concentration range (100-1200 ng/mL, 100 ng/mL
increments) to determine the intra-donor ‘threshold-dose’, defined as the lowest
concentration to induce >60% aggregation within 10 minutes. When 1V.3+GAM was used as
an agonist pair, 1.3 was added 60 seconds prior to the addition of GAM (recorded as the
reaction start time).

Western blotting

100uL aliquots of washed human platelet suspension (4x108 platelets/mL) or washed mouse
platelet suspension (2x108 platelets/mL) in Tyrode’s buffer were placed in an aggregometer
and stimulated with various agonists under identical conditions as for platelet aggregation.
When 1V.3+GAM was used as an agonist pair, GAM was added 60 seconds after the
addition of I1V.3. Addition of GAM was recorded as the reaction start time. At select time
points, samples were lysed by the addition of 25 UL 5X reducing Laemmli-sample buffer.
Platelet lysates (30 pL) were then subjected to immunoblotting as described.[27]
Membranes were immunoblotted with the following antibodies: Anti-P-p38 (T180/Y182)
[#9211, 1:5000 (against-human) 1:4000 (against-mouse)]; Anti-p38 [#9212S, 1:3000
(against-human & mouse)]; Anti-P-Syk (Y525/Y526) [#2711S, 1:1000 (against-human &
mouse)]; Anti-Syk [#2712, 1:1000 (against-human & mouse)]. Anti-P-PLCy2 (Y759)
[#3874, 1:1000 (against-mouse)]; Anti-PLC-y2 [#3872S, 1:1000 (against-mouse)]. Anti-P-
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CPLA, (S505) [#2831S, 1:1000 (against-mouse)]; and, Anti-rabbit IgG, HRP conjugated [#
7074, 1:2000-10000] were all obtained from Cell Signaling, Danvers, MA. Anti-ASK1
[sc7931, (H-300), 1:1000 (against-human)] was obtained from Santa Cruz Biotechnology.
Additionally, the phosphospecific ASK1 T838 polyclonal rabbit antibody [1:2000] was raised
against an antigenic synthetic peptide (830-AGINPCTEpTFTGTLQY-845) of human ASK1.
The antisera were analyzed by ELISA to determine specificity for ASK1. A polyclonal
phospho-specific antibody was affinity-purified from the antisera by Neo Scientific
(Cambridge, MA). Blots were incubated with LumiGLO chemiluminescent substrate (Cell
Signaling, #7003) and detected using either X-ray film or a ChemiDoc Imaging System
(Bio-Rad Laboratories, #17001401). Band intensities were quantified using NIH Image J
software.

Serotonin Secretion

100 pL aliquots of washed mouse platelets (2x108 platelets/mL) were stimulated in an
aggregometer for 10 minutes under identical conditions as for aggregation. Where indicated,
platelets were pretreated with aspirin (1mM) for 30 minutes at 37°C. Following 10-minute
stimulation, samples were centrifuged at 10,000 g for 1-minute, the supernatant collected
and frozen in a dry-ice/ethanol bath, and stored at —80°C. The concentration of serotonin in
the releasate was measured using a serotonin ELISA kit following the manufactures
instructions. The total serotonin content from platelets for each replicate was determined by
lysing 100 pL of resting platelets with 100 uL of a platelet lysis buffer (L00 mM Tris-HCI,
150 mM NacCl, 2% (vol./vol.) IGEPAL, pH 7.4). The concentration of secreted serotonin
was normalized to their intra-replicate total serotonin level (set as 100%).

Thrombin-Antithrombin Complex Measurement

hFcR/Ask1** and hFcR/Ask1™~ mice were injected with various doses of anti-mCD9 (5 to
40 ug/20 g mouse body weight) by retro-orbital injection. One hour after injection of anti-
mCD9, whole was drawn by retro-orbital bleeding following the protocol for hematologic
analysis. Whole blood was diluted (1:10) with sterile PBS, centrifuged at 2000 g for 10
minutes, and the plasma fraction collected and stored at —80°C until analysis. Plasma
concentration of thrombin-antithrombin complexes (TAT) was determined using a TAT
Mouse ELISA Kit (Abcam, Ab137994) following the manufactures instructions.

Whole Blood Microfluidics

Microfluidic flow assays were performed in channels with dimensions of 100 um in height
and 500 pm in width over fibrinogen (200 pug/mL) that was adsorbed onto a clean glass
surface, as has been described.[28] Briefly, blood from A#FcR/Ask1*/* and hFcR/Ask1™~
mice was collected using heparin (2 U/mL) and 40 uM of d-phenylalanyl-I-prolyl-I-arginine
chloromethyl ketone (PPACK; Calbiochem). Whole blood was diluted 1:2 in calcium-free
Tyrode’s buffer and incubated with ImM Aspirin (or vehicle control) for 30 minutes, DiOC6
(1 mg/mL; Sigma) for 10 minutes, and 500 ng/mL anti-mCD?9 for 5 minutes at room
temperature. Blood was perfused through the flow channel for 3 minutes at a shear rate of
800 s~1. The chamber was rinsed with Tyrode’s buffer containing 1 mg/mL DiOC6 for 3
minutes and fixed with 4% paraformaldehyde for 10 minutes. Phase contrast and fluorescent
images were taken with a x20 objective on an EVOS microscope (Thermo Scientific) and
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analyzed with Image J (National Institutes of Health). Relative thrombus size was
determined from fluorescent intensity. Platelet coverage was calculated from phase contrast
images.

In Vivo Models of ITT

ITT was induced using the AFcR transgenic mouse model.[10,22,25,29,30] Briefly, ITT was
induced by injecting anti-mCD?9 (5 to 50 pg/20 g mouse body weight) into the retro-orbital
sinus of isoflurane-anesthetized mice. Where indicated, aspirin (2 mg/20 g mouse body
weight or DMSO control) was injected i.p. 2 hours before anti-mCD9, a regimen known to
inhibit arachidonic acid-induced platelet aggregation.[31]

Whole blood samples (50-75 L) were collected by retro-orbital bleeding, using EDTA
coated micro capillary tubes and placed into a tube containing EDTA to prevent coagulation,
at various time points post anti-mCD9 injection for complete blood cell count analysis. The
blood cell analysis was performed using a Hemavet 950 (Drew Scientific). Counts were
normalized to baseline counts (taken 3—4 days prior).

Symptoms of shock (severe [complete immobility, loss of consciousness], moderate
[impaired mobility, irregular respiration], mild [lethargy, shallow respiration], or none) were
assessed based on blinded observations of mice from 10-15 minutes following injection of
anti-mCD9 as previously described.[10,32] Mouse movements were tracked from 10-15
minutes following injection of anti-mCD?9 using Tracker 4 software (Douglas Brown).

Platelets were labeled 7 vivo by retro-orbital injecting mice with anti-mGPIX 1gG (2 pg/20
g mouse body weight) conjugated to an 800CW fluorophore using a kit from Licor, as
previously described).[32] 5 minutes after injection of anti-GP1X, thrombosis and
pulmonary embolism was initiated by retro-orbital injecting anti-mCD9 (50 ug/20 g mouse
body weight).[29,30] Mice were sacrificed 30 minutes later, their lungs perfused with PBS
and excised. Platelet deposition in the lungs (fluorescence intensity/mm?2) was assessed
using a LI-COR Odyssey scanner.

Statistical Analysis

Results

Data (mean = standard deviation (SD)) were plotted and statistical analysis performed using
Prism 8 (GraphPad). Student’s t-test, Mann-Whitney test, and One- or Two-way ANOVA
were used to determine statistical significance, correcting for multiple hypothesis testing
where appropriate. P<0.05 was regarded as statistically significant. Experiments were
repeated independently at least 3 times using platelets isolated from individual donors/mice.

FcyRIIA signaling activates ASK1 in human platelets

To first investigate if FcyRIIA signaling activates ASK1 in platelets, we stimulated washed
human platelets with anti-hCD9 IgG, which activates FcyRIIA via Fc-domain cross-linking.
As expected, anti-hCD9 induced activation of Syk (an early and key event in the FcyRIIA
signaling cascade) within 1-minute following agonist addition, which steadily increased over
time. When assessed for ASK1 activation, we found ASK1 was rapidly activated, peaking
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within 3 minutes, as denoted by Thr845[33] autophosphorylation (Figure 1A). Since ASK1
is the sole MAP3K to activate platelet p38, as assessed by phosphorylation at Thr180/
Tyr182,[19,20,34] we evaluated the activation of p38. Anti-hCD9 induced a robust and
sustained phosphorylation of p38 (Figure 1A). In contrast to anti-hCD9 which induces
relatively slow FcyRIIA activation, Fab driven crosslinking of FcyRIIA with the IV.3+GAM
induces fast FcyRIIA activation.[30,35] Consistent with this notion, IV.3+GAM stimulated
rapid activation of ASK1, Syk, and p38 that peaked within 1-minute following agonist
addition. While Syk and p38 phosphorylation was sustained, ASK1 was rapidly
dephosphorylated. Together these data show that FcryRI1A/Syk signaling activates
ASK1/p38 in platelets.

To further explore ASK1’s role as a regulator of FcyRIIA signaling, we investigated the
effect of GS-4997, a small molecule inhibitor of ASK1, on FcyRIIA-mediated platelet
function. While GS-4997 did not affect anti-hnCD9- and IV.3+GAM-induced Syk activation,
GS-4997 blocked ASK1 and p38 activation (supplemental Figure 1).

Additionally, when platelets were stimulated with a threshold dose of anti-CD9, we found
that 10 uM of GS-4997 reduced platelet aggregation and lag-time response to anti-hCD9.
This dose of GS-4997 is one at which ASK1 is effectively inhibited in human platelets[34]
and which shows no apparent off target effects [36]. Due to inter-individual variability in the
anti-CD9 aggregation response,[30] a threshold dose, defined as the lowest concentration
able to induce >60% aggregation within 10 minutes, was used instead of a fixed agonist
concentration. When stimulated with 1V.3+GAM (which has little if any inter-individual
variability) we found that 10 uM of GS-4997 also decreased 1V.3+GAM-induced platelet
aggregation, suggesting that ASK1 regulates 1C-induced platelet activation (Figure 2).

Ask1 regulates anti-mCD9-induced transgenic mouse platelet activation

As mice do not contain an FcyRIIA ortholog, we crossed AskZ ™~ mice[23] with AFcR
transgenic mice[22] to generate hFcR/AskI** and hFcR/Ask1™~ mice. PCR analysis
confirmed that both strains (#FcR/Ask1*/* and hFcR/Ask1™") contain AFcR and are WT or
KO for AskI (supplemental Figure 2A). Surface expression of FcyRIIA, GPVI, and CD41,
as well as hematological parameters, were equivalent for both strains, suggesting that Ask1
does not affect receptor expression or platelet numbers (supplemental Figure 2B—C).

We next stimulated washed platelets, isolated from AFcR/Ask1** and hFcR/Ask1™~ mice,
with anti-mCD9. With the tested doses of anti-mCD9 (440-510 ng/mL), hFcR/Ask1*/*
platelets fully (>60%) aggregated, while #FcR/Ask1™~ platelets had a significantly
attenuated dose response (Figure 3A). When stimulated with doses of anti-mCD9 < 490
ng/mL, hFcR/Ask1™" platelets underwent shape-change and initial aggregation, but failed to
fully aggregate within 10 minutes.

The effect on maximal aggregation appears to be a consequence of increased lag-time, as
hFcR/Ask1™~ platelets aggregated when stimulated with anti-mCD9 doses = 500 ng/mL,
albeit with considerable delay. The lag-time in response to 500 ng/mL anti-mCD9 was still
significantly increased (~8 min vs. ~5 min) when Ask1 was knocked out. These findings
suggest that #FcR/Ask1™~ platelets have an overall delayed response to FcyRIIA
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stimulation and that the apparent effect on the final extent of aggregation seen at doses < 500
ng/mL could be due to differences in the timing of when platelets started aggregating.
(Figure 3Av).

We observed a similar blunted response to anti-mCD9 stimulation when JON/A binding and
P-Selectin surface expression on AFcR/Ask1™" platelets was compared to hFcR/Ask1™*
platelets (Figure 3B—C). However, due to the fact that low concentrations of platelets were
used in flow cytometry assays and that anti-CD9’s effect is proportional to platelet
concentration[37,38], higher agonist concentrations were required to sufficiently activate
platelets.

Since loss of Ask1 reduced the response of platelets to anti-mCD9, we investigated
activation of the FcyRIIA signaling pathway. Consistent with our findings in GS-4997-
treated human platelets, anti-mCD9-induced activation/phosphorylation of Syk and Plc-y2
was not affected by the loss of Askl (Figure 4Bi-Biii). Given that GPVI, a platelet ITAM
receptor like FcyRIIA, stimulates ASK1 activation via PLCy2,[21] and that FcyRIIA
signaling induced p38 activation via Syk,[39] our findings suggest that Ask1 may be
downstream of FcyRIIA-induced Syk and Plcy2 activation in platelets.

Ask1 regulates anti-mCD9-induced cPLA, phosphorylation and TxA, generation

Anti-CD9-induced Ca?* release and platelet aggregation are dependent on TxA, generation,
notably at agonist concentrations near threshold.[40-43] As Ask1 regulates TxA, generation
by other ITAM-receptors,[19] we next investigated ASK1’s role in regulating IC-induced
TxA;, generation. Anti-mCD9 (500 ng/mL) induced TxA, generation within 2.5 minutes of
agonist addition to hFcR/Ask1*/* platelets— with a larger amount of TxA, generated by 5
minutes, coinciding with the start of hFcR/Ask1*/* platelet aggregation. TxA, generation,
however, was delayed past 5 minutes in hFcR/Ask1 ™/~ platelets, only reaching a significant
level 5-10 minutes after stimulation, corresponding to the start of hFcR/Ask1 ™/~
aggregation. These data suggest that the increased lag-time of hFcR/Ask1~/~ platelets is
related to delayed TxA, generation (Figure 4A).

cPLA; is the main phospholipase responsible for releasing arachidonic acid for subsequent
TxA, generation in platelets.[19,44-46] Platelet stimulation increases cPLA,
phosphorylation at Ser-505, which increases cPLA, activity.[47-50] In platelets both
ERK1/2 and p38 are activated by anti-CD9,[51] are known kinases for cPLA; Ser-505,
[19,34,52-55] and are needed for cPLA, phosphorylation downstream of FcyRIIA.[56] As
ASK1 is a known regulator of p38 in platelets, we examined anti-mCD9-induced cPlay
phosphorylation. While anti-mCD9 induced phosphorylation of both cPla, and p38 in AFcR/
Ask1** platelets, activation/phosphorylation of p38 was blocked in AFcR/Ask1™~ platelets.
While early cPla, phosphorylation (< 3 minutes) was reduced, cPla, phosphorylation
occurred at later timepoints in #FcR/Ask1™~ platelets, matching the kinetics of TxA,
generation in AFcR/Ask1™" platelets (Figure 4Biv—v). These data are consistent with our
previous findings that ASK1 regulates early, but not late (likely ERK1/2 dependent), cPLA,
phosphorylation in platelets[34].
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These findings also suggest that Ask1 regulates anti-CD9-induced platelet activation via
regulation of TxA, generation. In agreement with this hypothesis, when stimulated directly
with arachidonic acid, bypassing any difference in TxA, generation, we observed no
difference in aggregation or JON/A binding between AFcR/Ask1*/* and hFcR/Ask1™~
platelets, suggesting that ASK1 regulates integrin activation and platelet aggregation via
TxA;, generation (supplemental Figure 3).

Askl regulates anti-mCD9-induced thrombocytopenia and shock in vivo

To determine ASK1’s role in regulating IC-mediated thrombocytopenia, we measured
platelet counts in AFcR mice treated with anti-mCD9. When treated with a low dose of anti-
mCD9 (5 pg/mouse), AFcR/Ask1*/* platelet counts fell by ~55% within 1-hour, whereas
hFcR/Ask1™~ mice only fell by ~25% (Figure 5Ai). However, when the dose of anti-mCD9
was increased to 10 ug, we found no difference in the level of thrombocytopenia, suggesting
that Ask1 may not regulate all mechanisms of platelet clearance in vivo (Figure 5Aii).

Previous studies showed that ICs concurrently induce thrombocytopenia and shock.
[12,13,57] To probe this, we injected #FcR/Ask1** mice with 5 or 10 pg/mouse anti-mCD9
to elicit a shock phenotype.[10] While #FcR/AskI*’* mice receiving either dose developed
shock, characterized by loss of consciousness, #FcR/Ask1™~ mice were protected from anti-
mCD9-induced shock, even at doses that caused severe thrombocytopenia (Figure 5Bi). To
further quantify the shock phenotype, we tracked mouse movements after anti-mCD9
injection. In agreement with our results, #FcR/Ask1™~ mice retained a significantly greater
degree of mobility compared to #FcR/Ask1*/* mice (Figure 5Bii). Combined, these data
strongly suggest that Ask1 plays a prominent role in regulating IC-induced shock.

Prior studies identified that platelet serotonin secretion mediates 1C-induced shock.[12,13]
As TxA, potentiates 6-granule secretion[19,58,59], we next asked if Askl regulates anti-
mCD9-induced serotonin secretion via TxA, generation. While there was no difference in
total serotonin content between hFcR/AskI** and hFcR/Ask1™~ platelets (supplemental
Figure 4), hFcR/Ask1™~ platelets had significantly attenuated (~40% reduction) serotonin
secretion when stimulated with a low (450 ng/mL) dose of anti-mCD9. Importantly, this
difference was related to defective TxA, generation in AFcR/Ask1™~ platelets, as
pretreatment with aspirin removed any genotype difference (Figure 5C), in agreement with
Ask1’s role in regulating 8-granule secretion via TxA, generation.[19] When stimulated
with a higher dose of anti-mCD9 (500 ng/mL), we found no difference in serotonin secretion
between hFcR/Ask1™* and hFcR/Ask1™~ platelets suggesting that TxA, generation is not
absolutely required for serotonin secretion at higher agonist doses (Figure 5C). Further,
when stimulated directly with arachidonic acid, we found no genotype difference in
arachidonic acid-induced a-granule secretion as measured by P-selectin exposure (Figure
5D).

As aspirin treatment blocked Ask1-dependent serotonin secretion, we next investigated if
aspirin could affect the shock phenotype caused by platelet serotonin secretion /n vive.
When pretreated with aspirin, #FcR/Ask1*/* mice displayed a significantly attenuated shock
phenotype (Figure 5E). Combined, these data suggest that Ask1 participates in regulating
serotonin secretion and I1C-induced shock via regulation of TxA, generation.
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Ask1 regulates anti-mCD9-induced thrombosis in vivo

To determine if Askl regulates IC-induced thrombosis, we measured platelet thrombi in the
lungs of hFcR/Ask1*”* and hFcR/Ask1™~ mice treated with anti-mCD9 using fluorescently
labeled anti-mGPI1X 1gG.[29] When injected with 50 pg of anti-mCD9, a dose known to
induce pulmonary thrombi[30], lungs of #FcR/Ask1*/* mice showed visible evidence of
thrombi within 30 minutes. In contrast, platelet deposition was significantly lower in lungs
of hFCcR/Ask1™~ mice, consistent with fewer pulmonary thrombi following anti-mCD9
injection (Figure 6A).

To further explore anti-mCD39 induced thrombosis, we utilized an ex vivo thrombosis assay
using fibrinogen-coated microfluidic channels. Whole blood isolated from AFcR/Ask1?*
mice showed potentiated platelet coverage and thrombus size when preincubated with anti-
mCD9, and these were reduced in whole blood isolated from AFcR/Ask1™~ mice (Figure
6B). Aspirin pretreatment reduced AFcR/AskI*’* platelet coverage and thrombus size to that
of hFcR/Ask1™~ whole blood, without affecting these parameters in AFcR/Ask1™~ whole
blood (Figure 6B). These data suggest that Ask1 regulates IC-induced thrombosis via
regulation of TxA, generation.

Thrombin generation is a key mediator of IC-induced thrombosis. /n7 vivo, efficient thrombin
generation requires surface exposure of phosphatidylserine (PS) on activated platelets.[60]
To determine Ask1’s role in regulating PS exposure, we measured Annexin-V binding to the
surface of hFcR/Ask1** and hFcR/Ask1™ platelets. There was no difference in Annexin-V
binding between hFcR/Ask1** and hFcR/Ask1™~ platelets when stimulated with either
thrombin (0.02-1 U/mL) or a combination of thrombin (0.02 U/mL) and anti-mCD?9 (0-10
ug/mL) (supplemental Figure 5). To determine if Ask1 regulates thrombin generation /n vivo
we measured thrombin-antithrombin (TAT) complexes 1-hour after injection of anti-mCD?9.
While anti-mCD9 dose-dependently increased TAT concentrations, there were no genotype
differences (Figure 6C). These results suggest that Ask1 does not regulate platelet
procoagulant activation or thrombin generation during ITT. At a higher dose of anti-mCD9
(= 20 ug), hFcR/Ask1™~ mice displayed the same shock phenotype as AFcR/Ask1*/* mice
(Figure 6D). These data are consistent with our findings that the effects of Ask1 knockout on
serotonin secretion are overcome at high agonist dose (Figure 5C).

Discussion

During the course of IC-induced pathologies, patients may experience thrombocytopenia
and increased thrombosis leading to tissue ischemia/necrosis, heart attack or stroke.[61,62]
Much work has been done to further our understanding of IC-induced pathologies, including
recent studies demonstrating that platelet-FcyRIIA is required for IC-induced platelet
activation which mediates shock and thrombus formation in the microvasculature.[12,13]
While these studies highlight platelet activation as an attractive target for treating ITT, the
current anti-platelet drugs (aspirin, P2Y 1 inhibitors, dipyridamole) are ineffective in clinical
cases of ITT[63,64]. Therefore, elucidation the intracellular mechanisms involved and
validation of novel targets that are more robust regulators of platelet activity during ITT is
vital to more effectively treat ITT.
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One such mechanism is the link between activation of the platelet FcyRIIA receptor and
serotonin secretion. ASK1 was recently revealed to be an important regulator of platelet
function and a key player in regulating thrombosis /n vivo.[19,20] However, ASK1’s role in
mediating IC-induced platelet activities has not been addressed. Since ASK1 can be
activated downstream of other platelet ITAM receptors[19,20], we postulated that ASK1 is
activated in platelets by FcyRIIA signaling and may mediate 1C-dependent platelet
activation.

Our findings extend our knowledge of ASK1 and the critical role it plays in IC-induced
platelet function and shock. We showed that ASK1 is robustly activated in platelets
following FcyRIIA activation. While ASK1 was not needed for activation of the initial steps
of the FcyRIIA signaling pathway, inhibition or deletion of ASK1 significantly reduced IC-
induced platelet function. As TxA, generation[3,4,29,65-67] and ADP
secretion[4,29,32,68,69] are known to potentiate FcryRI1A-induced platelet activation, and
since TxA signaling potentiates §-granule secretion[19,58,59], our findings suggest that
ASK1 promotes IC-induced platelet activation, in part, by regulating TxA, generation.
Consistent with this hypothesis, when we used arachidonic acid to bypass any difference in
activation of cPLA,, a key enzyme in the pathway of TxA, synthesis, we found that
arachidonic acid-induced platelet function was not affected by the loss of Ask1. In addition,
aspirin treatment removed any genotype difference in 6-granule secretion, suggesting that
the defect in #FcR/Ask1™ platelet function was due to defective TxA, generation.

IgG ICs induce thrombocytopenia and shock[13,70]. As our results show that Ask1 regulates
serotonin secretion via TxA, generation, and platelet serotonin release can exacerbate shock
following injection of 1Cs[12,13], it is therefore reasonable to suggest that ASK1 may
regulate shock by regulating TxA, generation. In fact, we found that loss of Ask1 protected
hFcR/Ask1™~ mice from IC-induced shock. Furthermore, aspirin treatment protected AFcR/
AskI*”* mice from developing severe shock following injection of ICs, suggesting that Ask1
regulates 1C-induced shock by regulating TxA, dependent serotonin secretion in vivo. hFcR/
AskI™~ mice were also resistant to 1C-induced thrombocytopenia; however, this protection
only occurred at low doses of anti-mCD?9, indicating that Ask1l may not regulate all
mechanisms of platelet clearance /n vivo, such as clearance mediated by splenic monocytes/
macrophages, which can occur independent of platelet activation.[11]

hFcR/AskI™~ mice were also significantly protected from I1C-induced pulmonary
thromboembolism. As aforementioned, we and others showed that §-granule secretion is
potentiated by Ask1/ TxA; signaling,[19,58,59] and multiple studies demonstrated that &-
granule secretion contributes to 1gG-induced thromboembolism /n vivo.[29,32] Further,
Askl was recently revealed to phosphorylate and produce sustained P2Y 1, signaling activity
in platelets.[20] Taken together, these findings suggest that ASK1 regulates IC-induced
thrombosis, in part, due to ASK1’s role as a regulator of TxA, generation (and TxA,-
induced granule secretion) as well as Ask1’s role in regulating P2Y 1, signaling. Consistent
with this hypothesis, we found that anti-mCD9-induced platelet adhesion and thrombus
formation was supported by Askl-mediated TxA, generation.
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But why can the loss of Ask1 be overcome at higher doses in vitro and in vive? While Askl
is needed for early cPlay, phosphorylation, it is not absolutely required over longer time
periods or at higher agonist doses. Indeed, genotype differences in aggregation, granule
secretion, TXA, generation, thrombocytopenia, and shock can all be reduced or overcome as
both time and/or agonist dose are increased. While the molecular basis for these findings at
higher agonist doses will require future examination, it is likely that the observed ASK1/p38
independent cPLA, phosphorylation and TxA, generation is due to the activity of ERK1/2, a
cPLA, kinase[52-54]. This hypothesis is consistent with previous findings that: 1) both
ERK1/2 and p38 are activated downstream of FcyRIIA and mediate 1V.3-induced cPLA,
phosphorylation in human platelets,[51,56] 2) that inhibition of both ERK1/2 and p38 is
needed to block CRP-induced TxA, generation in murine platelets,[54] 3) that ERK1/2 is
hyperactivated in Ask1~/~ platelets, and 4) that ASK1 regulates early, but not late (likely
ERK1/2 dependent), cPLA, phosphorylation in platelets[19,34]. Together, these
observations suggest that while ASK1/p38 are needed for cPLA, phosphorylation and TxA,
generation immediately after agonist addition, ASK1/p38 are not absolutely required for
cPLA, phosphorylation and TxA, generation in platelets.

Our findings, however, do not eliminate the possibility that other, TxA,-independent
mechanisms are at play and could compensate for the loss of Askl at higher doses. Indeed,
TxA;, generation is not absolutely required at higher doses as aspirin did not inhibit hFcR/
Ask1*/* platelet aggregation or increase lag time at anti-CD9 concentrations = 1ug/mL, but
did so at lower concentrations.[29] This TxA, independent mechanism also exists in human
platelets as aspirin treatment did not completely block anti-CD9 induced Ca2* release,
secretion, and aggregation.[40,42,43,71] These findings suggest that anti-CD9 induces
platelet activation via TxA, dependent and independent mechanisms, favoring TxA,
dependent mechanisms at low agonist doses: Future examination will be required to fully
elucidate the TxA, dependent and independent mechanisms and their respective roles /n
vitroand in vivo.

On a final note, during the preparation of this manuscript Sledz et al.,[54] reported a study
on the effect of GS-4997 on human and mouse platelets. While Sledz et a/., confirmed our
finding that GS-4997 did inhibit agonist-induced ASK1 activation in both human and
murine platelets, they found that it only affected mouse TxA, generation, and had no effect
on TxA; generation of human platelets. In contrast, our findings suggest that GS-4997
inhibits human platelet aggregation via TxA; generation [36]. Further studies are thus
required to determine the precise role of ASK1 in the regulation of TxA, generation in
human platelets.

As FcyRIIA can also bind to 1gG-opsonized bacteria[72], and as Ask1 was shown to
mediate bacterial endotoxin- and LPS-induced septic shock and inflammation[73], whether
FcyRIIA and ASK1 have any role in regulating platelet-bacteria interactions, and ultimately
sepsis, requires additional inquiry. Finally, our /n vivo studies do not preclude a role for
ASKU1 in other cell types; for instance, monocytes [74,75] are activated by ICs and express
ASK1, so they merit future investigation.
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In summary, our findings show that ASK1 is a prominent regulator of IC-induced platelet
activation and that ASK1 plays a pivotal role in mediating ITT and shock. These findings
place Ask1 at the center of IC-induced secondary agonist generation and highlight ASK1 as
a potential target to reduce both TxA, generation and P2Y 15 signaling activity in platelets
(Figure 7). Thus, these data suggest that ASK1 may be a potent therapeutic target for
preventing excessive/pathological platelet activation seen in autoimmune diseases or
systemic infection, that predisposes patients to thrombosis, while avoiding the hemorrhagic
risks of other antiplatelet drugs (like aspirin), as residual TxA, generation can occur to
preserve basal hemostasis.
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Essentials
. Immune complexes (ICs) bind to and activate platelets via FcyRIIA.
. ICs cause thrombocytopenia, thrombosis, and systemic shock /in vivo.
. IC-induced platelet activation is positively regulated by ASK1.
. Knockout of Askl protected FcyRIIA transgenic mice from IC-induced

pathologies /in vivo.
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Figure 1. FcyRI1A agonists induce ASK1/p38 activation in human platelets.
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(A-B) Western blot analysis of human platelets stimulated with (A) anti-hCD9 (700 ng/mL)
or (B) IV.3+GAM (3 and 12 pg/mL respectively) and lysed at the indicated times (or resting
control). (Ai & Bi) Images of representative immunaoblots of phosphorylation of ASK1
(T845)(@), Syk (Y525/526)(H), and p38 (T180/Y182)(A) using phospho-specific
antibodies. Blots were reprobed with anti-ASK1, anti-Syk, and anti-p38 to ensure equal
protein loading. (Aii & Bii) Quantification of band intensities (mean £ SD) from (i).
Repeated measures One-way ANOVA. **P<0.01, ***P <0.001, ****P <0.0001.
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Figure 2. Inhibition of ASK1 attenuates anti-hCD9- and 1V.3+GAM-induced platelet
aggregation.
(A) Aggregation of human platelets, pretreated with GS-4997 (1-10 uM) (or untreated

control), when stimulated with anti-hCD9. The threshold dose was defined as the lowest
concentration to induce >60% aggregation within 10 minutes and was calculated for each
donor separately. (Ai) Mean (= SEM) aggregation tracings recorded as the percent change in
light transmittance. (Aii) Quantification of the maximum light transmittance (% Max
Aggregation) of platelets stimulated with anti-hCD9. (Aiii) Quantification of the lag time of
platelets stimulated with anti-mCD?9. (B) Aggregation of human platelets, pretreated with
GS-4997 (1-10 uM) (or untreated control), when stimulated with IV.3+GAM (3 and 12
ug/mL respectively). (Bi) Mean (= SEM) aggregation tracings recorded as the percent
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change in light transmittance. (Bii) Quantification of the maximum light transmittance (%
Max Aggregation) of platelets stimulated with IV.3+GAM. One-way ANOVA. *P<0.05,
**p <0.01. Untreated (@), 1uM (M), 10uM (@).
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Figure 3. Askl regulates anti-mCD9-induced platelet aggregation and lag-time
(A) Aggregation of mouse platelets isolated from AFcR/Ask1*’* and hFcR/Ask1™~ mice

when stimulated with anti-mCD?9. (Ai-Aiii) Mean (£ SEM) aggregation tracings recorded as
the percent change in light transmittance. (Aiv) Quantification of the maximum light
transmittance (% Max Aggregation) of platelets stimulated with anti-mCD9. Two-way
ANOVA (with Sidak’s multiple comparisons test). (Av) Quantification of the lag time of
platelets stimulated with anti-mCD?9. Two-way ANOVA (with Sidak’s multiple comparisons
test). (B) MFI of JON/A binding to mouse platelets isolated from #FcR/Ask1** and hFcR/
AskI™~ mice when stimulated with anti-mCD9. Two-way ANOVA (with Sidak’s multiple
comparisons test). (C) MFI of Anti-P-selectin binding to mouse platelets isolated from
hFcR/Ask1** and hFcR/Ask1™~ mice when stimulated with anti-mCD9. Two-way ANOVA
(with Sidak’s multiple comparisons test). Not significant (ns), *P <0.05, **P <0.01, ***p
<0.001, ****P <0.0001. hFcR/Ask1** (@), hFcR/Ask1™~ ().
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Figure 4. Ask1 regulates cPlay phosphorylation and TxA, generation downstream of FcyRIIA.
(A) Quantification of TxA, generation from hFcR/Ask1™* and hFcR/Ask1™~ platelets

stimulated with 500 ng/mL anti-mCD9 and measured by ELISA. Repeated measures Two-
way ANOVA (with Dunnett’s multiple comparisons test). (B) Western blot analysis of AFcR/
Ask1™* and hFcR/Ask1™" platelets stimulated with 500 ng/mL anti-mCD9 and lysed at the
indicated times (or resting control). (Bi) Images of representative immunoblots of
phosphorylation of Plcy2 (Y759), Syk (Y519/520), cPla, (S505), and p38 (T180/Y182)
using phospho-specific antibodies. Blots were reprobed with anti-Plcy2, anti-Syk, and anti-
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p38 to ensure equal protein loading. (Bii-v) Quantification of band intensities from (Bi) for

(Bii) P-Plcy2, (Biii) P-Syk, (Biv) P-cPlay, and (Bv) P-p38. Repeated measures Two-way
ANOVA. Not significant (ns), *P<0.05, ***P<0.001. AFcR/Ask1*"* (@), hFcR/Ask1™~ (M).
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Figure 5. Ask1 regulates anti-mCD9-induced thrombocytopenia and shock in a mouse model of

ITT.

(A) The percent change in platelet count, relative to baseline measurements, were measured
at the indicated time points from AFcR/Ask1** and hFcR/Ask1™~ mice that were injected
with anti-mCD9 (5 and 10 pg/20 g mouse body weight). Repeated measures Two-way
ANOVA (with Sidak’s multiple comparisons test). (B) Symptoms of shock following
injection of anti-mCD9 (5 and 10 ug/20 g mouse body weight). (Bi) Assessment of shock
based on blinded observations of AFcR/Ask1*/* and hFcR/AskI™~ mice following injection
of anti-mCD9. Mann-Whitney test. (Bii) Total distance walked by AFcR/Ask1*"* and hFcR/
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Ask1™~ mice after injection of anti-mCD9. Two-way ANOVA (with Sidak’s multiple
comparisons test). (C) Quantification of serotonin released from #FcR/Ask1** and hFcR/
Ask1™~ platelets, pretreated with 1mM aspirin (or vehicle control), and stimulated with anti-
mCD?9 (450 and 500 ng/mL), and measured by ELISA. Two-way ANOVA (with Sidak’s
multiple comparisons test). (D) MFI of Anti-P-selectin binding to mouse platelets isolated
from hFcR/Ask1*”* and hFcR/AskI™~ mice when stimulated with arachidonic acid. Two-
way ANOVA (with Sidak’s multiple comparisons test). (E) Assessment of shock in hFcR/
AskI** mice pretreated with aspirin (2 mg/20 g mouse body weight or DMSO vehicle
control) following injection of anti-mCD?9 (10 pg/20 g mouse body weight). Mann-Whitney
test. Not significant (ns), *2 <0.05, **P <0.01, ***P <0.005, ****P <0.0001. hFcR/Ask1*"*
(@), hFcR/Ask1™~ (l), DMSO (A), aspirin (4).
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Figure 6. Askl regulates thrombosis in a mouse model of ITT.

(A) WT, hFcR/Ask1*’*, and hFcR/Ask1™~ mice were injected with anti-mGPIX-800CW
(for in vivo labeling of platelets) followed by anti-mCD9 (or PBS vehicle control) to induce
thrombosis. (Ai) Representative macroscopic (top) and infrared images (bottom) of mouse
lungs extracted 30 minutes after injection of anti-mCD9. Macroscopic images were taken
with a using an Apple iPhone 7 at 1x magnification. Infrared images were obtained using a
LI-COR Odyssey at a resolution of 21um and were analyzed using LI-COR Odyssey
software. (Aii) Quantification of the fluorescence intensity from (Ai). Unpaired Student’s t-
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test with Welch’s correction for unequal variances. (B) Ex vivo microfluidics of
anticoagulated (heparin/PPACK) whole blood from hFcR/Ask1** and hFcR/Ask1™~ mice
labeled with DiOCS6, pretreated with 1mM aspirin (or vehicle control), 500 ng/mL anti-
mCD9, and passed over immobilized fibrinogen at a shear rate of 800 s~ for 3 minutes. (Bi)
Representative fluorescent images of channels. Fluorescence and phase contrast images were
captured, without imaging medium at room temperature, on an Evos FL-auto microscope
running Evos Pearl Scope 64 software at an original magnification of 20X using an Olympus
UPlan F1 20x/0.50 objective. Quantification of (Bii) fluorescence intensity (DiOCB6, green
stained) and (Biii) surface area coverage (taken from phase contrast images, data not
shown). Two-way ANOVA (with Tukey’s multiple comparisons test). (C) Assessment of /n
vivo TAT complex formation from plasma taken from AFcR/Ask1*/* and hFcR/Askl™~
mice 1-hour after injection of anti-mCD9 (5-40 pg/20 g mouse body weight) (or PBS
vehicle control). Two-way ANOVA (with Sidak’s multiple comparisons test). (D)
Assessment of shock based on observations of A#FcR/Ask1** and hFcR/Ask1™~ mice
following injection of anti-mCD9 (20-50 pg/20 g mouse body weight). Mann-Whitney test.
Not significant (ns), *P <0.05, **P <0.01, ***P <0.005. hFcR/Ask1"* (@), hFcR/Askl™~
().
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Figure 7. Proposed mechanism of Ask1-mediated platelet activation in the pathogenesis of ITT.
ICs bind and activate platelet-FcyRIIA causing an increase in intracellular Ca2*, which

subsequently induces allbp3 activation, 8-granule secretion and TxA; generation. allbp3
activation also supports platelet aggregation causing thrombosis, while &-granule released
ADP and serotonin support platelet activation and induce shock, respectively. Binding of I1Cs
also opsonizes platelets, which, along with platelet activation, leads to thrombocytopenia.
(A) With low agonist doses (or early time points), only a moderate amount of FcyRIIA is
activated. In this state of moderate activity, while pathogenic, ASK1 is the sole regulator of
TxA, generation. In addition to feedback activation of platelets, ASK1-mediated TxA,
generation also regulates a second pool of 6-granule secretion. In the absence of ASK1,
TxA, generation is reduced/delayed, attenuating thrombocytopenia, shock, and thrombosis.
Furthermore, limited opsonization of platelets in this condition results in only mild
thrombocytopenia. (B) When the dose of agonist increases (or at later time points), ASK1
becomes dispensable for TxA, generation, potentially due to a compensatory effect of
ERKZ1/2 activity.
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