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Abstract

Background: Platelet-derived protein disulfide isomerase 1 (PDIA1) regulates throm-
bus formation, but its role in the regulation of platelet function is not fully understood.
Aims: The aim of this study was to characterize the role of PDIA1 in human platelets.
Methods: Proteomic analysis of PDI isoforms in platelets was performed using liquid
chromatography tandem mass spectometry, and the expression of PDIs on platelets
in response to collagen, TRAP-14, or ADP was measured with flow cytometry. The
effects of bepristat, a selective PDIA1 inhibitor, on platelet aggregation, expression of
platelet surface activation markers, thromboxane A, (TxA,), and reactive oxygen spe-
cies (ROS) generation were evaluated by optical aggregometry, flow cytometry, ELISA,
and dihydrodichlorofluorescein diacetate-based fluorescent assay, respectively.
Results: PDIA1 was less abundant compared with PDIAS3 in resting platelets and
platelets stimulated with TRAP-14, collagen, or ADP. Collagen, but not ADP, induced
a significant increase in PDIA1 expression. Bepristat potently inhibited the aggrega-
tion of washed platelets induced by collagen or convulxin, but only weakly inhibited
platelet aggregation induced by TRAP-14 or thrombin, and had the negligible effect
on platelet aggregation induced by arachidonic acid. Inhibition of PDIA1 by bepristat
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1 | INTRODUCTION

Antiplatelet therapy represents a central therapeutic strategy for
preventing atherothrombotic events in patients with cardiovascu-
lar, cerebrovascular, and peripheral artery disease.! Platelets contain
several members of the protein disulfide isomerase (PDI) family of
enzymes, including PDIA1, PDIA3, PDIA4, and PDIA6, which are se-
creted and recruited to the platelet surface in response to platelet
activation.>”® PDIA1 is required for platelet accumulation and tissue
factor-dependent fibrin formation at site of vascular injury in vivo.”®
Then, PDIA3, PDIA6, and PDIA4 were also found to regulate platelet
function and thrombus formation in vivo.>®%1° Therefore, PDI iso-
forms have emerged as attractive targets for new antithrombotic
agents. However, the specific roles of PDIA1, PDIA3, PDIA4, and
PDIA6 have not been thoroughly explored.

Previous reports convincingly demonstrated that inhibition of
extracellular PDIA3 with specific anti-PDIA3 antibodies resulted
in reduced arterial thrombosis at the site of vascular injury.}%
Further studies of platelet-specific PDIA3 deficiency confirmed that
platelet-derived PDIAS plays a crucial role in supporting thrombus
formation in vivo®'? by regulating platelet adhesion,'® aggregation,?
and granule secretion.!®!! It has been hypothesized that PDIA3 ex-
posed on the surface of activated platelets controls the conforma-
tional changes of integrins, including the allbf3 integrin receptor,
from the inactive state to the ligand-binding state based on the re-
arrangement of disulfide bonds within integrins or within other yet-
undefined targets of PDIA3.%1°

Platelet surface PDlIs, including not only PDIA3,21%1 put also
PDIA1,"%7'° PDIA4,? and PDIA6, have been implicated in the regu-
lation of platelet function. Although all of these thiol isomerases can
bind to the allbp3 receptor and mediate its activation and platelet

2,3916

aggregation, they appear to have a distinct role in the regula-

tion of platelet aggregation. Indeed, surprisingly, different PDIs were

21517 and some

not able to compensate for each other in platelets,
reports indicated that various PDIs play a distinct role in platelet
function. For example, several studies found that PDIA3 and PDIA4
regulated Ca®* mobilization in platelets,'>!® whereas PDIA1 and
PDIA6 did not.'”'? These results suggest that various PDIs differ
among each other in their targeting of various mechanisms relevant

for platelet activation.

resulted in the reduction of TxA, and ROS production in collagen- or thrombin-
stimulated platelets. Furthermore, bepristat reduced the activation of allbf3 integrin
and expression of P-selectin.

Conclusions: PDIA1 acts as an intraplatelet regulator of the ROS-TxA, pathway in
collagen-GP VI receptor-mediated platelet activation that is a mechanistically distinct

pathway from extracellular regulation of allbf3 integrin by PDIAS.

bepristat, flow cytometry, PDIs expression, platelet activation, proteomics

Essentials

e The role of PDIA1 in the regulation of platelet function
has not been defined.

e The platelet aggregation, reactive oxygen species and
thromboxane A, in platelets were measured.

e PDIA1 blockade specifically inhibits platelet aggrega-
tion induced by GPVI receptor agonists.

e PDIA1
thromboxane A,-dependent pathway in platelets.

regulates the reactive oxygen species-

Furthermore, PDIA1 and PDIA3 have been demonstrated to sup-
port thrombus formation in vivo through distinct mechanisms regu-
lating coagulation and fibrin formation.*2%29 Fibrin formation at the
site of vessel injury was shown to be regulated by PDIA1 released
from endothelial cells, whereas platelet-derived PDIA1 was primar-
ily required for platelet accumulation in a growing thrombus.*>”20
Several postulated procoagulant mechanisms of PDIA1 include acti-
vation of a tissue factor,® platelet-derived factor V,?! and factor XI,%2
and binding of coagulation factors to the platelet surface.® These
findings contrast with platelet-derived PDIAS3, which seems to have
only a minor role in regulating fibrin deposition.*?

Altogether, the accumulated evidence suggests that PDIA3 and
PDIA1 may have distinct roles in controlling thrombus formation and
platelet activation; however, the specific role of PDIA1 in platelet ac-
tivation has not been thoroughly evaluated. Currently, to the best of
our knowledge, bepristat is the only available PDIA1 inhibitor that is
relatively selective, but the antiplatelet effect of bepristat, although
reported, has not been characterized in detail.?®

Hence, the aim of this study was to investigate PDI content in
nonstimulated and stimulated platelets, surface expression of major
PDI platelet isoforms and, particularly, the role of PDIA1 in platelet
function using a selective PDIA1 inhibitor: bepristat. We evaluated
the effects of bepristat on generation of thromboxane A, (TXAZ)
and reactive oxygen species (ROS), which are both important medi-
ators of platelet activation, compared with the effects of bepristat
on platelet aggregation and expression of platelet surface activation

markers.
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2 | MATERIALS AND METHODS

2.1 | Reagents

Bepristat 2a hydrochloride (bepristat) and acetylsalicylic acid
(ASA; aspirin) were obtained from Sigma-Aldrich. Rutin was ob-
tained from Merck. Recombinant PDI enzymes including PDIA1,
PDIAS3, and PDIA6 were purchased from MyBioSource. The allbp3
receptor antagonist Integrilin (eptifibatide) was purchased from
GlaxoSmithKline. A complete list of reagents is described in the
Supporting Information.

2.2 | Blood collection

All procedures on human blood samples were approved by the
Bioethical Committee of the Jagiellonian University or Medical
University of Lodz and were carried out in accordance with the
Declaration of Helsinki. Venous blood was obtained from healthy
and drug-free male volunteers, and informed consent was given by

the volunteers before blood withdrawal.

2.3 | Preparation of washed platelets

Human washed platelets were prepared from blood collected into
vacutainer tubes containing 3.2% sodium citrate solution at the vol-
ume ratio 9:1 (BD Vacutainer System), unless another anticoagulant
was stated. Whole blood was centrifuged at 2608 for 15 min at room
temperature (RT) to obtain platelet-rich plasma (PRP). PRP from at
least two donors was pooled. To obtain washed platelets, a wash
buffer consisting of Dulbecco's phosphate-buffered saline without
calcium and magnesium ions (Gibco), 1 mg/mL glucose, and 1 mg/mL
bovine serum albumin was used. PRP was centrifuged at 960g for
10 min at RT in the presence of 100 ng/mL prostacyclin. Platelets in
the pellet were resuspended in wash buffer with 100 ng/mL prosta-
cyclin and subsequently recentrifuged at 810g for 10 min at RT. The
final pellet was resuspended in wash buffer to reach a platelet count
required for the individual assays. The platelet suspension was al-

lowed to rest for a minimum of 30 min at RT before measurements.

2.4 | Identification and quantification of PDI
enzymes in platelets using the liquid chromatography
tandem mass spectometry (LC-MS/MS) method and
Exponentially Modified Protein Abundance Index
(emPAl) calculation

Washed platelets were prepared from blood samples as described
previously, using K,EDTA as an anticoagulant. For the prot-
eomic analysis, platelets suspended at 10 x 108/mL in Dulbecco's
phosphate-buffered saline (Gibco) with glucose (1 mg/mL) were
supplemented with CaCl, and MgCl, to final concentrations of 1
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and 2 mM, respectively; subsequently, the platelets were stimulated
with 0.5 U/mL thrombin for 8 min at 37°C under static conditions
or were allowed to remain nonstimulated for the same period. The
platelets were then centrifuged at 700g for 10 min at RT. The su-
pernatants, referred to as releasates (n = 3), and pellets (n = 6) were
further processed following the protocol by Sitek et al.,?* with minor
modifications. Briefly, pellets were lysed in lysis buffer containing
7 M urea, 2 M thiourea, MS safe protease and phosphatase inhibi-
tor cocktail (1:100), and 30 mM Tris-HCI (pH 8.0). The pellets were
then sonicated on ice, centrifuged (16 000g, 15 min, 4°C), and the
supernatants, referred to as lysates, were then collected. The pro-
tein concentration in the releasates and lysates was assessed using
Bradford assay-Quick Start Bradford 1x Dye Reagent. Proteomic
identification of PDI isoforms was performed using the LC-MS/MS
technique as described in detail in the Supporting information. The
levels of PDI isoforms were semiquantified using the emPAI calcula-
tion as described previously,?® normalized to the total emPAl value,
and compared as a percentage of the overall composition.?

2.5 | Platelet aggregation
Aggregation of washed platelets at 2 x 108/mL was measured using
a two-channel optical aggregometer (Lum-aggregometer Model
700, Chrono-Log Corporation) at 37°C with continuous stirring.
Before the measurements, platelets were supplemented with CaCl,
and MgCl, to final concentrations of 1 and 2 mM, respectively. For
platelet aggregation assays, platelets were preincubated at 37°C for
3 min under stirring conditions with bepristat (10-30 uM) or rutin
(60-120 uM) and then stimulated with various agonists including
collagen (2, 4, 10, or 20 pg/mL), convulxin (50 or 100 ng/mL), bo-
vine thrombin (0.015, 0.025, or 0.1 U/mL), or TRAP-14 (10 or 20 uM).
Additionally, platelet aggregation in the presence of eptifibatide
(1 ug/mL), ASA (500 uM), ML171, or apocynin was measured. To
study the effect of bepristat on platelet aggregation in PRP or GPIb/
IX/V receptor-mediated agglutination, platelets (2 x 108/mL) in PRP
were preincubated at 37°C for 2 min under stirring conditions with
bepristat at the concentrations of 50 to 150 uM and then treated
with collagen (4 pg/mL), arachidonic acid (250 uM), or ristocetin
(1.25 mg/mL). Aggregation or agglutination traces were recorded
for 6 min.

Further methods and statistics are described in detail in the

Supporting information.

3 | RESULTS

3.1 | PDIA1 content in human platelets

Proteomic analysis of lysates, which indicate platelet cargo, revealed
that resting human platelets contained a variety of PDI isoforms, of
which PDIA1, PDIA3, and PDIA6 were the most abundant. PDIA1
expression was comparable to that of PDIA6, but significantly lower
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than PDIA3 (Figure 1). In contrast, PDIA4, PDIA5, and PDIA9 were
present at lower levels in platelets (Figure 1).

Platelet activation with thrombin did not result in changes in
PDIA1, PDIA3, and PDIA6 levels in platelets as demonstrated by
analysis of platelet lysates. Similarly, in releasates representing the
released secretory cargo of platelets, the level of PDIA1 and PDIA3
remained unchanged after platelet activation; however, PDIA6
was unexpectedly decreased (Table 1). In contrast to the unaltered
PDIA1 content in activated platelets, platelet activation with throm-
bin resulted in the release of a variety of factors, including proco-
agulant (FV, PAI-1), proadhesive (VWf, P-sel, TSP-1), and growth
(TGF-p1) factors, as indicated by decreased content of these factors
in lysates and increased content in releasates after platelet activa-
tion (Table 1). These results may suggest that PDIs released from
activated platelets are retained on the platelet surface.

In fact, activation of platelets resulted in the upregulation of
PDIA1 expression on the platelet surface as indicated by flow cy-
tometry. Expression of PDIA1 was the highest after stimulation with
collagen (13-fold increase, Figure 2C), whereas the PDIA1 increase in
response to TRAP-14 was less pronounced (5.5-fold, Figure 2A) and
unchanged after ADP (Figure 2E). In contrast to PDIA1, expression
of PDIA3 increased substantially after stimulation with TRAP-14
(398-fold increase, Figure 2A), but was increased to a lesser de-
gree in response to collagen (74-fold, Figure 2C) and ADP (37-fold,
Figure 2E). These results revealed that the increased expression of
PDIA1 on the surface of activated platelets was significantly lower
than expression of PDIA3, and it was specifically linked to collagen-
induced platelet activation.

Interestingly, despite large differences in the level of PDIA3 ex-
pression promoted by TRAP-14, collagen, and ADP, there were no
differences in the degree of allbp3 integrin activation induced by
TRAP-14, collagen, or ADP (Figure 2B, D and F).

100-
101 -% =

102;

normalized emPAI [%]
48

103

PP T

FIGURE 1 Levels of PDI enzymes in platelet lysates. Lysates of
resting platelets were analyzed with LC-MS/MS, and PDI isoforms
were semiquantified using emPAIl % calculation algorithm. Data
represent individual values with medians and interquartile ranges,
n=4-6

3.2 | Inhibition of PDIA1 by bepristat significantly
affected platelet aggregation induced by collagen or
convulxin compared with TRAP-14 or thrombin

Rutin, a reference PDIA1 inhibitor, only slightly reduced aggrega-
tion of washed platelets in response to collagen (Figure 3A). The
IC50 value for PDIA1 inhibition by rutin was almost 2-fold higher
compared with bepristat in an insulin reduction assay (4.0 vs. 2.1 uM,
Table 2). In addition, rutin displayed non-PDIA1-related effects.t>’
Accordingly, bepristat, but not rutin, was chosen as a tool to dissect
the role of PDIA1 in platelet activation.

Bepristat (10-30 uM) inhibited the aggregation of washed
platelets induced by collagen, convulxin, TRAP-14, or thrombin in a
concentration-dependent manner, and increasing concentrations of
agonists were able to overcome the antiplatelet activity of bepristat
2a to some extent (Figure 3B-E). Importantly, in the presence of be-
pristat, the inhibition of platelet aggregation induced by collagen or
convulxin (Figure 3B,C) was more pronounced compared with aggre-
gation initiated by TRAP-14 or thrombin (Figure 3D,E). Platelet ag-
gregation in response to collagen (2 or 4 ug/mL) or convulxin (50 ng/
mL) was completely inhibited by 30 uM bepristat, whereas it was
only partially inhibited when platelet aggregation was triggered by
thrombin (0.015 U/mL) or TRAP-14 (10 uM). These concentrations of
thrombin and TRAP-14 were chosen to induce submaximal platelet
response (data not shown).

To test whether PDIA1 regulates the function of the glycopro-
tein Ib, ristocetin-induced platelet agglutination (mediated by GPIb-
vWf interactions) was measured in PRP in the presence of bepristat.
Bepristat (150 uM) did not affect ristocetin-induced platelet agglu-
tination (Figure 3F), whereas it completely inhibited platelet ag-
gregation in PRP in response to collagen (Figure 3F). These results
confirmed that PDIA1 had no influence on the GPIb/IX/V receptor-

mediated response.

3.3 | Inhibition of PDIA1 by bepristat
decreased the expression of platelet surface
activation markers

Bepristat (10-30 uM) decreased the expression of activated recep-
tor allbp3 (Figure 4A) and P-selectin (Figure 4B) in gel-filtered plate-
lets in a concentration-dependent manner. However, bepristat only
slightly reduced the binding of vWT to platelet surfaces (Figure 4C).

3.4 | Inhibition of PDIA1 by bepristat reduced
platelet TxA, production

To demonstrate that PDIA1 regulates intraplatelet activation path-
ways, the production of thromboxane B, (a stable metabolite of
TxA,) by activated platelets treated with bepristat was measured.
As shown in Figure 5A, bepristat (30 uM) strongly inhibited TxB,
production in platelets activated with collagen or thrombin (by
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TABLE 1 The effect of platelet stimulation on the levels of PDI
enzymes and other selected platelet-secreted molecules

Lysate Releasate
T granules
PDIA1 No change No change
PDIA3 No change No change
PDIA4 No change No change
PDIAS No change No change
PDIA6 No change 1l
PDIA9 No change No change
PDIA10 T ** No change
PDIA15 No change No change
o granules

P-sel No change T
PBP 1 No change
PF4 I D
vWF 1 No change
TGFp1 No change T
FV 1 No change
TSP-1 (s T
Plg ; o
PAI-1 = T

Note: Lysates and releasates of platelets resting and stimulated with
0.5 U/mL thrombin were analyzed with the LC-MS/MS method. PDI
isoforms and selected platelet-secreted molecules were semiquantified
using emPAI % calculation. 7T increase; | decrease; *p < .05, **p < .01,
***p <.001; n = 3-6; Student's t test or Mann-Whitney test. Detailed
data are presented in Table S1 in the Supporting information.

Abbreviations: FV, factor V; PAI-1. plasminogen activator inhibitor
1; P-sel, P-selectin; PBP, protein basic protein; PF4, platelet factor
4; Plg, plasminogen; TGFB1, transforming growth factor 1; TSP-1,
thrombospondin 1; vWf, von Willebrand factor.

approximately 85% and 70%, respectively). A high concentration
of ASA (500 uM), used as a reference, inhibited TxB, production
completely. Despite the fact that bepristat or aspirin significantly
inhibited platelet TxB, production either in response to collagen (4
or 20 ug/mL, Figure 3B) or thrombin (0.1 U/mL, Figure 5B), bepristat
or ASA did not inhibit platelet aggregation induced by thrombin at
a concentration of 0.1 U/mL (Figure 5B). However, ASA partially
diminished platelet aggregation triggered by a lower concentration
of thrombin (0.015 U/mL, Figure S2 in Supporting Information), and
this effect was similar to the effect of bepristat (Figure 3E). These
results demonstrated that TxA, is important for platelet aggregation
caused by collagen or lower concentrations of thrombin, and that
PDIA1 is specifically linked to the TxA, generation pathway but not
generally to the aggregation response.

Additionally, to exclude the role of allbp3 outside-in signaling
in the effect of bepristat on TxA, generation, platelets were acti-
vated in the presence of an allbf3 integrin antagonist, eptifibatide.
Although eptifibatide abolished platelet aggregation induced by col-
lagen or thrombin, blockade of the allbp3 receptor did not affect or
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even slightly enhance collagen- or thrombin-induced TxB, produc-
tion (Figure 5A,B). These results clearly demonstrated the distinct
effects of allbp3 receptor blockade by eptifibatide and PDIA1 block-
ade by bepristat on platelet function.

To test whether PDIA1 directly regulates TxA, synthesis path-
way in platelets, the platelet aggregation in response to arachidonic
acid (AA, 250 uM) was measured. Bepristat (100 uM) had a negli-
gible effect on AA-induced platelet aggregation in PRP, whereas
ASA (50 uM), even at a concentration of twice lower than bepristat,
abolished platelet aggregation induced by AA (Figure 5C). In com-
parison, bepristat completely inhibited platelet aggregation caused
by a relatively high concentration of collagen (10 ug/mL, Figure 5C).
These results clearly indicate that PDIA1 inhibition affects GPVI-
mediated platelet activation mechanisms upstream of AA-TxA, syn-

thesis pathway.

3.5 | Inhibition of PDIA1 by bepristat reduced
intraplatelet ROS production

To verify the role of PDIA1 in the regulation of ROS production in
platelets, intraplatelet ROS production was measured in platelets
activated with collagen in the presence or absence of bepristat.
Bepristat reduced ROS generation in a concentration-dependent
manner, with the strongest effect visible at a concentration of 30 uM
(Figure 6A). ASA (500 uM) also inhibited ROS production in response
to collagen (20 ug/mL), but the effect of ASA was weaker compared
with bepristat (30 uM) (Figure 6A). In contrast, ASA (500 uM) signifi-
cantly inhibited platelet aggregation and TxB, production induced by
collagen (20 ug/mL) compared with bepristat (Figures 3A and 5A,B),
suggesting distinct intraplatelet mechanisms of action for ASA and
bepristat. Of note, bepristat (30 uM) suppressed also the production
of ROS in platelets stimulated with thrombin as we show in Figure S1

in Supporting Information.

3.6 | Comparison of the effects of bepristat and
Nox1 inhibition on intraplatelet ROS production and
platelet aggregation

The effects of bepristat on ROS production in platelets was com-
pared to the effects of the non-selective NADPH oxidase (Nox)
inhibitor apocynin or a specific Nox1 inhibitor ML171. As shown
in Figure 6B, the inhibition of collagen-induced ROS generation in
platelets was more pronounced in the presence of ML171 compared
with apocynin. Importantly, bepristat (30 uM) inhibited ROS produc-
tion to a similar degree as ML171 (5 uM) (Figure 6A,B), and for both
compounds, this inhibition was complete compared to the ROS level
in nonstimulated platelets (data not shown). Apocynin (10-125 uM)
inhibited collagen-induced ROS generation in a concentration-
dependent manner (Figure 6B), but the inhibition was incom-
plete compared with the ROS level in resting platelets (data not
shown). Furthermore, apocynin only moderately decreased platelet
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FIGURE 2 The expression of PDI enzymes on activated platelets compared with the expressions of platelet surface activation markers.
Whole blood samples were stimulated with platelet agonists including (A i, A ii) collagen, (B i, B ii) TRAP-14, or (C i, C ii) ADP. Expressions of
PDIA1, PDIA3, PDIAé, P-selectin, and the activated allbp3 receptor were measured by flow cytometry. Data show medians and interquartile
ranges, n = 10. The highest concentrations of agonists, &&&, ***, ###, $$3$, or 2 symbols are relevant for PDIA1, PDIA3, PDIA6, P-selectin,
and the activated allbp3 receptor, respectively; p < .001 vs. corresponding resting platelets; one-way ANOVA with Dunnett's post hoc test

aggregation at the concentration of 125 uM, which caused maxi-
mal inhibition of ROS production. At higher concentrations (250-
500 uM), herein, apocynin increased ROS signal (data not shown) as
previously reported by others.?”?% In contrast to apocynin, platelet
treatment with ML171 (2.5 or 5 uM) displayed stronger inhibition of
intraplatelet ROS production, which was associated with a profound
inhibition of platelet aggregation (Figure 6B,D).

4 | DISCUSSION

In the present work, to our knowledge we identified for the first time
that PDIA1-dependent regulation of platelet function is targeted to
the intracellular ROS-TxA, pathway upstream of COX-1. Therefore,
PDIA1 has a distinct mechanism of action compared with PDIAS,
which is known to regulate directly the activation of extracellular
allbf3 integrin on platelets.? Even though the expression of PDIA1
in platelets was lower compared with PDIA3, the blockade of PDIA1
activity by bepristat strongly inhibited platelet aggregation induced
by collagen or convulxin, without a pronounced effects on thrombin-
or TRAP-14-induced platelet aggregation but with visible effects of
bepristat on ROS-TxA, pathway in platelets activated by thrombin.
Importantly, bepristat potently reduced the production of ROS and
TxA, in platelets activated with collagen, which could be ascribed
to the downregulation of Nox1 activation as PDIA1 was previously
considered as a regulator of Nox1 activity.?? Noteworthy is the ef-
fects of bepristat on ROS-TxA, pathway in platelets activated by
thrombin that suggest a possible role of PDIA1 as a regulator of
Nox2.%° Finally, our findings demonstrate that PDIA1 supports

the activation of the allbp3 integrin by regulating the intraplatelet
ROS-TxA, pathway, which is especially important for GPVI receptor-
mediated platelet activation (Figure S4 in Supporting Information).
This mechanism does not involve the platelet response to thrombin
and is distinct from extracellular controlling allbp3 integrin activa-
tion by PDIA3.2 Taken together, in the present work, we provide evi-
dence that PDIA1 represents a novel intraplatelet target to inhibit
the ROS-TxA, pathway, providing mechanistically distinct antiplate-
let mechanisms of action to PDIA3-mediated extracellular regulation
of allbp3 integrin.

In previous studies, the presence of PDIA1, PDIA3, PDIA4, or
PDIA6 in platelets was demonstrated by specific antibody-based
western blotting, immunoprecipitation, flow cytometry, or fluo-
rescence confocal microscopy.z'é'g"19 Here, using a proteomic ap-
proach for semiquantitative analysis of PDI content in platelets we
demonstrated that PDIA1, PDIA3, and PDIA6 were the most abun-
dant PDI isoforms in resting human platelets compared with PDIA4,
PDIAS5, and PDIA9. Importantly, PDIA1 expression was comparable
to PDIA6 but significantly lower than PDIA3. Following platelet ac-
tivation, the levels of PDIA1, PDIA3, and PDIA6 in platelet lysates
analyzed using a proteomic approach were unchanged, whereas the
expression of these PDIs on the platelet surface characterized by
flow cytometry was increased; this suggested that PDIs were re-
leased from platelets and retained on platelet surface. In contrast,
platelet-derived procoagulant (FV, PAI-1), pro-adhesive (vWf, P-sel,
TSP-1) and growth (TGFB1) factors, representing a specific cargo
of platelet alpha granules, were released by activated platelets to
surrounding milieu. Although PDIA1 was shown to be released
from the endothelium,®! our results suggested that PDIA1 localized
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FIGURE 3 Effects of rutin and bepristat on platelet aggregation or agglutination. (A-E) Washed human platelets (2 x 108/mL) were
preincubated with rutin for 2 min and then stimulated with collagen (A), or preincubated with bepristat (Bep) and then stimulated with

(B) collagen (col), (C) convulxin (cvx), (D) TRAP-14, or (E) thrombin (thr) to induce aggregation. (F) Platelets in PRP (2 x 108/mL) were
preincubated with bepristat (Bep) for 2 min and then stimulated with ristocetin (rist) or collagen (col) to induce agglutination and aggregation,
respectively. Data are medians and interquartile ranges, n = 4-20. # or $ p < .05; ## or ** p < .01; *** ### or $$$ p < .001 vs. corresponding
vehicle control; one-way ANOVA with Tukey's post hoc test or Kruskal-Wallis test with Dunn's post-hoc test

TABLE 2 Comparison of the inhibitory effects of reference PDI
inhibitors on the reductive activity of PDI isoforms

PDIA1 PDIA3 PDIA6
Rutin, yM 40+0.8 No effect No effect
Bepristat, uM 21+0.5 127 + 14 No effect

Note: Recombinant PDI enzymes were incubated with inhibitors (0.005-
200 uM) for 60 min at 37°C, and the activity of enzymes was then
monitored with an insulin turbidimetric assay. Effects of the inhibition
are expressed as the means + SD of IC50 values, n = 3.

Abbreviation: PDI, protein disulfide isomerase.

in platelet T granules32 was released and retained on the platelet
surface in response to platelet activation.”® Indeed, as we show in
the present work, the pattern of PDI responses following platelet
activation is consistent with previous reports showing that PDIA1,
PDIA3, or PDIA6 secreted from platelets are exposed on platelet
surface.2®>% Furthermore, exogenous PDIs were shown to bind

extensively to the surface of activated platelets compared to non-

activated platelets, 2>

suggesting that platelet activation recruits
platelet-derived and extraplatelet PDIs to activate targets such as
the allbp3 integrin.?*> Notably, PDIA3 showed the most significant
increase on the surface of activated platelets compared with PDIA1
or PDIA6 in our study, which is compatible with the role of PDIA3 in
the extracellular regulation of allbp3 integrin activation.

Interestingly, PDIA1 had the highest increase in the expression
level on the surface of platelets treated with collagen compared
with other platelet agonists, whereas PDIA3 showed the greatest
increase in response to TRAP-14 (Figure 2), suggesting important
differences in PDIA1 and PDIA3 functions.

As previously reported, activation of platelets in the presence of
exogenous PDIA1, PDIA3, or PDIA4 in the in vitro assays resulted in
the enhanced binding of these PDI isoforms to platelet allbf3 inte-

2,915

grin. It is likely that PDlIs catalyze thiol disulfide exchange reac-

tions within allbf3 integrin, facilitating transition to the high affinity
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FIGURE 4 The effect of bepristat on expression of platelet surface activation markers. Gel-filtered platelets at 2 x 108/mL were
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FIGURE 5 (A) The effect of bepristat on thromboxane A, production in platelets compared with reference antiplatelet drugs. Washed
platelets at 2 x 108/mL were preincubated with bepristat (Bep), aspirin (ASA), or eptifibatide (Ept) for 2 min and then stimulated for 6 min
with collagen (col) or thrombin (thr). TxB, (a stable metabolite of TxA,) was measured in the supernatant with an ELISA kit. Data are
individual values with medians and interquartile ranges, n = 4-6. (B) The effect of bepristat on platelet aggregation compared with reference
antiplatelet drugs. Washed human platelets (2 x 108/mL) were preincubated with bepristat (Bep), aspirin (ASA), or eptifibatide (Ept) for 2 min
and then stimulated with collagen (col) or thrombin (thr) to induce aggregation. Data are individual values with medians and interquartile
ranges, n = 5-6. (C) The effect of bepristat on platelet aggregation induced by arachidonic acid compared with collagen. Human platelets

in PRP (2 x 108/mL) were preincubated with bepristat (Bep) or aspirin (ASA) for 2 min and then stimulated with arachidonic acid (AA) or
collagen (col) to induce aggregation. Data are individual values with medians and interquartile ranges, n = 6-7. *p < .05, **p < .01, ***p < .001
vs. corresponding vehicle control; for A, B, and C Student's t-test or Mann-Whitney test
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FIGURE 6 (A-B)Effects of bepristat on ROS production in platelets compared with aspirin, apocynin and ML171. Washed human
platelets (2 x 108/mL) loaded with H2DCF-DA were preincubated with (A) bepristat (Bep) or aspirin (ASA), and (B) apocynin (Apo) or ML171
for 5 min and then stimulated with collagen (20 pg/mL) to induce ROS generation. Data are individual values with medians and interquartile
ranges, n = 3-4. *p < .05, ***p < .001 vs. corresponding vehicle control; #p < .05 vs. Bep 30; for A, one-way ANOVA followed by Tukey's
post hoc test; for B, Kruskal-Wallis test with Dunn's post hoc test or one-way ANOVA followed by Dunnett's post-hoc test for apocynin

and ML171, respectively. (C-D) Effects of apocynin and ML171 on platelet aggregation. Washed human platelets (2 x 108/mL) were
preincubated with (C) apocynin (Apo) or (D) ML171 for 2 min and then stimulated with collagen (4 pg/mL) to induce aggregation. Data are
medians and interquartile ranges, n = 6-9. ***p < .001 vs. corresponding vehicle control; for C and D, one-way ANOVA followed by Tukey's

post-hoc test

state of allbp3 after an initiation of the inside-out changes in allbp3
in response to platelet activation.3?

Here, we specifically characterized the effects of PDIA1 inhibi-
tion on platelet aggregation. In previous reports, the role of platelet-
derived PDIA1 in regulating platelet function was shown with
function-blocking antibodies, PDIA1-null platelets or small-molecule
inhibitors, such as PACMA-31, a nonselective PDI inhibitor as well
as rutin or bepristat, the selective PDIA1 inhibitors.}>172334-36 |
our hands, rutin displayed a significantly weaker effect on collagen-
induced platelet aggregation compared with bepristat. Indeed, using
an insulin reduction assay we showed that bepristat has a two-fold
lower IC50 value (Table 2) compared with rutin, which justified our
choice of bepristat instead of rutin in our studies. Furthermore, a
relatively lower cellular uptake of rutin compared with querce-
tin®” may suggest that rutin might have displayed weaker effects on
intraplatelet target than bepristat. On the other hand, our analysis
revealed that bepristat was detected in platelets after incubation
as evidenced by LC-MS/MS-based measurements (Figure S3 in
Supporting Information), supporting the notion that bepristat tar-
gets PDIA1 inside platelets.

Our study critically demonstrated that the inhibition of platelet
PDIA1 by bepristat was more effective against platelet aggregation
induced by GPVI receptor agonists such as collagen or convulxin
than by thrombin or TRAP-14 (Figure 3). We also demonstrated that
bepristat strongly inhibited the production of TxA, in platelets in
response to either collagen or thrombin (Figure 5A). However, be-
pristat inhibition of collagen-induced aggregation had negligible
effects on thrombin-induced platelet aggregation. Specifically, only
at a lower concentration of thrombin bepristat reduced the platelet
aggregation (Figure 3E), and importantly, this effect was similar to
aspirin (Figure S2 in Supporting Information). These data show that
PDIA1 targets platelet TxA, production that is translated into the
pronounced inhibition of collagen-induced aggregation and weaker
or absent effects on thrombin-induced platelet aggregation.®®3? Of
note, the antiaggregatory effect of PDIA1 inhibition by bepristat
was demonstrated for the first time in a study by Bekendam et al.,?®
which used only the PAR-1-activating peptide SFLLRN to stimulate
platelets, in contrast to our study, in which we used multiple plate-
lets’ agonists and ascribing the antiaggregatory mechanisms of ac-
tion of bepristat to the inhibition of TxA, production.
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GPVI-dependent platelet activation as well as platelet stimula-
tion by other agonists produce a variety of ROS*° via nicotinamide
adenine dinucleotide (phosphate) oxidase (Nox) including Nox1 and
Nox2. Platelet-derived ROS and TxA, are important mediators re-
quired for full platelet activation.’%*°-%2 Nox1 has been reported
to play a larger role in platelet activation in response to collagen
and mediate TxA, production, whereas Nox2 mainly contributes to
platelet activation by thrombin.3>*3 Accordingly, we hypothesized
that PDIA1 inhibition in platelets would impair platelet aggregation
via inhibition of the GPVI-mediated ROS-TxA, pathway. Indeed, we
demonstrated that inhibition of platelet PDIA1 by bepristat was as-
sociated with a substantial decrease in intraplatelet ROS production
induced by collagen. These effects were comparable to those ob-
served for a selective Nox1 inhibitor ML171 (Figure 6B). In contrast,
apocynin, both a nonselective Nox inhibitor and a ROS scavenger,44
inhibited intraplatelet ROS production to a lesser degree compared
with ML171. The inhibition of ROS production by ML171 was re-
lated to the concentration-dependent reduction in collagen-induced
platelet aggregation (Figure 6D), confirming that Nox1-derived ROS
are crucial for GPVI receptor-mediated platelet aggregation.*>*3
These data imply that the blockade of PDIA1 by bepristat impairs
platelet activation in response to collagen through the inhibition of
Nox1-mediated ROS production.

Although aspirin also limited ROS production in platelets, the
effect of aspirin was weaker than bepristat (Figure 6A). However,
aspirin inhibited TxA, production to a greater degree than bepristat
(Figure 5A). This suggests that the reduced ROS production caused
by PDIA1 inhibition by bepristat was not a result of directly blocking
TxA, generation; instead, the inhibition of ROS production by bepri-
stat reduced TxA, generation. This may be further supported by re-
sults showing that bepristat displayed negligible inhibitory effect on
platelet aggregation induced by AA in contrast to aspirin which com-
pletely abolished AA-induced platelet aggregation (Figure 5C). On
the other hand, TxA, generated by activated platelets via interac-
tion with TxA,-receptors can induce Nox-mediated ROS production
to amplify platelet aggregation.*>#® Additionally, COX may produce
ROS*% and peroxy compounds, which could oxidize HZDCF—DA.45

Given the recent evidence that the inhibition of peri/epicellular
PDIA1 inhibited platelet aggregation in parallel with intracellular ox-
idative burst and mitochondrial respiration,*” and that PDIA1 regu-
late Nox1 activity in vascular smooth muscle cells and in endothelial

ceIIs,29'48'49

itis possible that PDIA1 in platelets also regulates Nox1-
mediated production of ROS. Gimenez et al.?? demonstrated that
in vascular smooth muscle cell PDIA1 increased phosphorylation of
p47phox subunit in Nox1 activation. Interestingly, in parallel to our
work, the role of PDIA1 in the regulation of platelet activation has
been addressed in paper published recently by Gaspar et al.>° These
authors have proposed that Nox1 and PDIA1 cooperate with each
other to regulate platelet activation; however, they control two dis-
tinct pathways downstream of GPVI receptor. Nox1 was suggested
to be involved in the regulation of phosphoinositide 3-kinase sig-
naling pathway, whereas PDIA1 can regulate the activation of pro-

tein kinase C and mitogen-activated protein kinases (MAPKs), which

interact with p47phox to assemble the Nox1 complex. Superoxide
generated by Nox1 may then activate protein kinase C and MAPKs
in a positive feedback Ioop.50 At the molecular level, the activation
of TxA, synthesis by Nox1-derived ROS in response to GPVI recep-
tor stimulation is mediated by the activation of p38 MAPK because
the inhibition of p38 MAPK with the selective inhibitor SB202190
reduced TxA, production following GPVI receptor stimulation.*!
These results and the findings reported by Gaspar et al.,*® showing
that PDIA1 regulates the activation of MAPKs (ERK 1/2, p38) and
subsequently Nox1 activity, support our concept that PDIA1 spe-
cifically controls GPVI receptor-Nox1-ROS and subsequent gener-
ation of TxA, demonstrated here for the first time. In addition, the
reduced production of Nox1-derived ROS caused by PDIA1 inhibi-
tion may impair various intraplatelet redox mechanisms, including

"1 or have also a direct ef-

peroxynitrite-mediated “peroxide tone
fect on intraplatelet inside-out allf3 integrin activation (see Masselli
et al.*® for a recent review on intraplatelet redox regulations). This
hypothesis is in line with the known inhibitory effects of ROS scav-
engers and Nox inhibitors on allbp3 integrin activation and plate-
let aggregation.*>*® We cannot exclude that PDIA1 regulates also
Nox2-ROS-TxA, pathway because the PDIA1 inhibition by bepristat
suppressed ROS and TxA, production in platelets activated with
thrombin (Figure S1 in Supporting Information, Figure 5A), and as in
the case of GPVI stimulation, p38 MAPK was shown to be involved
in thrombin-induced TxA, synthesis.”? The PDIA1-dependent Nox2-
ROS-TxA, pathway can be important for activation of platelets by
low concentrations of thrombin because aspirin inhibited platelet
aggregation evoked by 0.015-0.02 U/mL of thrombin (Figure S2
in Supporting Information), and this effect was similar to bepristat
(Figure 3E).

Apart from aggregation, PDIA1 has been found to also play arole
in controlling other platelet functions such as platelet adhesion®®
or granule secretion.”>" In the present study, platelets pretreated
with bepristat that were then stimulated with collagen displayed a
reduced surface expression of P-selectin (Figure 4B), thereby con-
firming that PDIA1 also controls the platelet secretion pathway. This
regulation appears to be independent of its effects on the allbp3
integrin,15 but the mechanism involved needs to be identified.

PDIA1 has been reported to regulate the function of platelet
glycoprotein GPIba.>® Here, we found that PDIA1 inhibition by be-
pristat did not modify ristocetin-induced platelet agglutination me-
diated by GPIba-vWF binding in PRP (Figure 3F), whereas bepristat
effectively inhibited platelet aggregation in PRP in response to colla-

.2 our data did not

gen (Figure 3F). In contrast to areport by Lieta
support a role for PDIA1 in regulating GPIba function.

In previous studies, it was reported that the activation of allbf3
integrin was impaired in PDIA1- or PDIA3-null mouse platelets®*>;
however, allbf3 integrin activation and platelet aggregation was
recovered by exogenous active PDIA1 or PDIA3 enzymes.2'15'17
Importantly, reduced aggregation of PDIA1- or PDIA3-null platelets
was recovered only by the addition of the PDl isoform that was miss-
ing,9 suggesting that specific PDIs regulate allbp3 integrin activa-

tion through distinct mechanisms. PDIA3 chiefly supports platelet
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aggregation through a direct interaction with extracellular allbp3
integrin. In fact, our results confirmed that PDIA3 was more abun-
dantly expressed than PDIA1 on the surface of activated platelets,
which remained compatible with the regulation of platelet surface
allbp3 integrin activation.? Based on our results, we claimed that
PDIA1-dependent ROS-TxA, production represents a distinct mech-
anism that clearly differentiates the role of PDIA1 from PDIA3 in the
regulation of platelet aggregation and explains why the reduced ag-
gregation of PDIA1-null platelets was recovered only by the addition
of PDIA1 but not PDIAS.

To conclude, in the present work, we showed for the first time
that PDIA1 can support platelet activation through regulating the
intracellular Nox1-ROS-TxA, pathway upstream of COX-1, which
plays an essential role in collagen-induced activation of the allbp3
integrin on the platelet surface. The PDIA1-mediated mechanism of
action seems to be distinct compared with the mechanism mediated
by PDIA3 previously ascribed to allbp3 integrin activation through
the direct regulation of disulfide bond-dependent conformational
changes within the integrin.2*® The results of this present work in-
dicate that PDIA1-mediated Nox1-ROS-TxA, production may be a
promising and attractive target for inhibiting collagen-induced plate-
let activation and thrombosis, without producing adverse effects on
hemostasis.*® This finding could be vital in preventing atherothrom-
bosis, given the success of aspirin as a major antiplatelet drug limiting
the production and release of TxA,. PDIA1-based platelet pharma-
cology warrants future studies, given that recent studies highlighted

the role of Nox1 function in pl:atelets.‘mj“’55
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