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Abstract

Background: Platelet-neutrophil interactions contribute to vascular occlusion and tissue damage 

in thromboinflammatory disease. Platelet glycoprotein Ibα (GPIbα), a key receptor for cell-cell 

interactions, is believed to be constitutively active for ligand-binding. Here we established the role 

of platelet-derived protein disulfide isomerase (PDI) in reducing the allosteric disulfide bonds in 

glycoprotein Ibα (GPIbα) and enhancing the ligand-binding activity under thromboinflammatory 

conditions.

Methods: Bioinformatic analysis identified two potential allosteric disulfide bonds in GPIbα. 

Agglutination assays, flow cytometry, surface plasmon resonance analysis, a protein-protein 

docking model, proximity ligation assays, and mass spectrometry were utilized to demonstrate a 

direct interaction between PDI and GPIbα and to determine a role for PDI in regulating GPIbα 
function and platelet-neutrophil interactions. Real-time microscopy and animal disease models 

were employed to study the pathophysiological role of PDI-GPIbα signaling under 

thromboinflammatory conditions.
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Results: Deletion or inhibition of platelet PDI significantly reduced GPIbα-mediated platelet 

agglutination. Studies using PDI-null platelets and recombinant PDI or Anfibatide, a clinical-stage 

GPIbα inhibitor, revealed that the oxidoreductase activity of platelet surface-bound PDI was 

required for the ligand-binding function of GPIbα. PDI directly bound to the extracellular domain 

of GPIbα on the platelet surface and reduced the Cys4-Cys17 and Cys209-Cys248 disulfide 

bonds. Real-time microscopy using platelet-specific PDI conditional knockout and sickle cell 

disease mice demonstrated that PDI-regulated GPIbα function was essential for platelet-neutrophil 

interactions and vascular occlusion under thromboinflammatory conditions. Studies using a mouse 

model of ischemia/reperfusion-induced stroke indicated that PDI-GPIbα signaling played a crucial 

role in tissue damage.

Conclusions: Our results demonstrate that PDI-facilitated cleavage of the allosteric disulfide 

bonds tightly regulates GPIbα function, promoting platelet-neutrophil interactions, vascular 

occlusion, and tissue damage under thromboinflammatory conditions.
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Introduction

Protein disulfide isomerase (PDI) catalyzes modification of thiol-disulfide bonds during 

protein folding in the endoplasmic reticulum (ER).1 The oxidoreductase activity of PDI 

requires two CysGlyHisCys active sites at the N- and C-termini. Despite having the ER-

retention sequence, PDI is present in the circulation of healthy humans and bear the 

reductase activity,2 implicating constitutive secretion of PDI under resting conditions. PDI is 

also secreted from activated platelets in a manner dependent on actin polymerization.3 

Genomic and histologic analyses indicate that cellular PDI is up-regulated at the myocardial 

infarct region,4 suggesting the pathological role in cardiovascular disease. Using intravital 

microscopy with PDI conditional knockout (CKO) mice, blocking antibodies, and a small-

molecule inhibitor, we and others have demonstrated the importance of platelet surface-

bound PDI in αIIbβ3 integrin activation and thrombus formation following arteriolar injury.
5–7 However, the molecular basis for the role of extracellular PDI has remained speculative.

Platelets primarily contribute to hemostasis and thrombosis. When endothelial cells are 

damaged, platelets adhere to von Willebrand factor (vWF) and collagen through 

glycoprotein Ibα (GPIbα), the major ligand-binding subunit of the GPIb-IX-V complex and 

GPVI, respectively,8 followed by platelet-platelet aggregation via the fibrinogen-αIIbβ3 

interaction. Platelets also interact with leukocytes at sites of vascular injury and release pro-

thrombotic and pro-inflammatory molecules, exacerbating thromboinflammatory conditions 

in which inflammation is coupled to thrombosis.9 Platelet-leukocyte adhesion is mainly 

mediated by the interactions of platelet P-selectin and GPIbα with neutrophil P-selectin 

glycoprotein ligand-1 and αMβ2 integrin, respectively. Despite advances in our knowledge 

of the major receptors and counterreceptors for platelet-neutrophil interactions,9 the 

molecular mechanisms regulating the receptor-counterreceptor association remain poorly 

understood.
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GPIbα binds to numerous molecules, including vWF,10 thrombin,11 P-selectin,12 and αMβ2 

integrin,13 enabling platelets to participate in a wide range of disease processes. In 

particular, the GPIbα-αMβ2 interaction stabilizes platelet-leukocyte association, resulting in 

the initiation and progression of thromboinflammatory diseases.14, 15 However, it was 

reported that the extracellular domain of GPIbα is dispensable for platelet-leukocyte 

interactions during development of atherosclerosis under high-fat diets.16 These results 

imply that the contribution of GPIbα to platelet-leukocyte interactions may depend on the 

disease condition.

Function of mature proteins can be controlled by oxidation or reduction of allosteric 

disulfide bonds.17 There are approximately 3,700 human proteins with a known 3D 

structure, and they collectively contain >15,000 disulfide bonds.18 Notably, 45% of all 

disulfide bonds are found in cell surface proteins. Disulfide bonds are classified based on the 

geometry of the five dihedral angles that define the cystine residue.19 Twenty disulfide bond 

configurations are possible using this classification scheme. The allosteric disulfides are 

being associated with one of three configurations; –RHStaple, –/+RHHook, and –LHHook.
17 Interestingly, the Cys4-Cys17 disulfide bond in GPIbα has an allosteric –RHStaple 

configuration.19 A study showed that PDI and GPIbα are sufficiently close on the platelet 

surface to allow fluorescence resonance energy transfer and treatment of platelets with 

polyclonal anti-PDI antibodies reduces fluorescently-labeled vWF binding.20 A single 

amino acid substitution (Gly233Val, Asp235Val, Lys237Val, or Met239Val) in the Cys209-

Cys248 disulfide loop in GPIbα results in a gain-of-function mutation.21 We reported that 

reactive oxygen species generated by platelet NADPH oxidase 2 influence GPIbα function.
15 These results suggest that the structure and function of GPIbα are modulated under 

oxidative stress and PDI is involved in this regulation.

In the present study, we demonstrate for the first time that PDI-facilitated cleavage of two 

allosteric disulfide bonds in GPIbα tightly regulates the ligand-binding activity and the PDI-

promoted function of GPIbα is critical for platelet-neutrophil interactions, vascular 

occlusion, and tissue damage under thromboinflammatory conditions.

Methods

Extended methods are given in the online-only Data Supplement.

The data, analytic methods, and study materials will be/have been made available to other 

researchers for purposes of reproducing the results or replicating the procedure (available at 

the authors’ laboratories).

Mice

Megakaryocyte (platelet)-specific PDI CKO mice (PDIflox/flox;platelet factor 4 (PF4)-cre) were 

generated by crossing PF4-Cre mice with PDIflox/flox mice as we reported.5 PDIflox/flox mice 

were backcrossed 10 generations to C57BL/6 mice prior to generation of CKO mice. Mice 

in which the extracellular domain of GPIbα is replaced with the α subunit of human 

interleukin-4 receptor (hIL4R/GPIbα mice) were generously provided by Dr. Jerry Ware.22 

WT (C57BL/6), hemizygous control (Tg(Hu-miniLCRα1GγAγδβS)Hba−/−Hbb+/−), and 
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Berkeley sickle (Tg(Hu-miniLCRα1GγAγδβS)Hba−/−Hbb−/−) mice were obtained from 

Jackson Laboratory (Bar Harbor, ME). Chimeric control and Berkeley mice were generated 

by transplantation of Berkeley bone marrow into lethally irradiated C57BL/6 mice (6 weeks 

old), and the chimerism was confirmed by PCR and electrophoresis analyses 3 months after 

transplantation as described previously.23 These chimeric Berkeley mice were hereafter 

referred to as sickle cell disease (SCD) mice and used at the age of 18–22 weeks old in this 

study. Age-matched mice of both genders were used in all studies. The University of Illinois 

Institutional Animal Care and Use Committee approved all animal care and experimental 

procedures (Protocols 18–015 and 16–172).

Intravital microscopy

Intravital microscopy was performed in a mouse model of TNF-α-induced cremaster venular 

inflammation as we described previously.24 Control and PDI CKO male mice (6–8 weeks 

old) were anesthetized with intraperitoneal injection of ketamine and xylazine. The 

cremaster muscle was exteriorized and superfused with 37ºC bicarbonate-buffered saline 

throughout the experiment. Platelets and neutrophils were visualized by infusion of DyLight 

488-conjugated anti-CD42c (0.2 µg/g body weight (BW)) and Alexa Fluor 647-conjugated 

anti-Ly-6G (0.1 μg/g BW) antibodies, respectively. In some experiments, wtPDI or dmPDI 

(4 μg/g BW) was infused into platelet-specific PDI CKO mice 3 hours after intrascrotal 

injection of TNF-α. In other experiments, bovine serum albumin (BSA) or Anfibatide (5 – 

50 ng/g BW) was infused into WT mice 3 hours after intrascrotal injection of TNF-α. The 

experiments were performed in a single-blind fashion in which the investigators did not 

know the identity of the sample or mouse. Images were captured in 6–8 different cremaster 

venules with a diameter of 25–40 μm in each mouse and recorded using an Olympus 

BX61W microscope with a water immersion objective (60 × 1.0 NA) and a high-speed 

camera (ORCA-Flash4.0 V2, C11440, Hamamatsu). The numbers of rolling and adherent 

neutrophils were determined in an area of 0.02 mm2 over 5 minutes, followed by 

normalization to vessel length. The kinetics of platelet accumulation was monitored in the 

integrated median fluorescence intensities of the anti-CD42c antibody. The fluorescence 

signal was normalized to the number of adherent neutrophils and the vessel length and 

plotted as a function of time. Time “0” was set to when image capture began on each vessel. 

Blood flow rates were calculated by centerline velocity of Alexa Fluor 488-conjugated 

microspheres (diameter: 200 nm). Data were analyzed using Slidebook (version 6.0, 

Intelligent Imaging Innovations).

In adoptive transfer experiments, WT platelets were labeled with calcein-AM (1 μM) for 15 

minutes at 37°C. Platelets were treated with control IgG or anti-PDI antibodies (10 μg/ml), 

BSA or Anfibatide (0.2 μg/ml), or both inhibitors, followed by incubation with 0.025 U/ml 

thrombin for 5 minutes at 37°C and with 50 μM D-Phe-Pro-Arg-chloromethylketone. After 

washing, the labeled platelets (2 × 108 cells/0.1 ml) were infused into TNF-α-challenged 

WT mice which were pretreated without or with eptifibatide (10 μg/g BW) to block ligand-

αIIbβ3 interactions. The drug was reinfused every 20 minutes for the duration of the 

experiment. Endogenous neutrophils were visualized by infusion of an Alexa Fluor 647-

conjugated anti-Ly-6G antibody. The number of infused platelets adhered to neutrophils was 

counted and normalized to the number of adherent neutrophils.
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For SCD mice, severe inflammation was induced by intraperitoneal injection of TNF-α (500 

ng) as we described previously.25 Control IgG or a blocking anti-PDI antibody (BD34, 1.5 

μg/g BW), BSA or Anfibatide (25 ng/g BW), or both inhibitors were infused 3 hours after 

TNF-α injection, followed by intravital microscopy as described above. During or after 

intravital microscopic studies, survival times for each mouse were recorded. Each time point 

began at TNF-α injection and ended when the mouse died or up to 6 hours after TNF-α 
injection. The experiments were performed in a single-blind manner.

Statistics

Data were analyzed using the GraphPad Prism 7 software. Statistical significance was 

assessed by Student’s t-test, ANOVA and Dunnett’s or Tukey’s test, Kruskal-Wallis test with 

post hoc Dunn correction, and Mantle-Cox log-rank test. A P value less than 0.05 was 

considered significant.

Results

Bioinformatic analysis identifies potential allosteric disulfide bonds in platelet surface 
receptors

Using a database on disulfide bonds (http://149.171.101.136/python/disulfideanalysis/

index.html)26 and Protein Data Bank identifiers (PDB IDs) of platelet surface receptors, 

bioinformatic analysis was performed to search potential allosteric bonds in each molecule. 

Our results showed that many receptor proteins, including integrins, GPIbα, and CD40, 

contain at least one potential allosteric disulfide bond that has not been reported (Table S1). 

Among them, GPIbα attracted our interest because it is an essential platelet receptor 

involved in numerous vascular disease27 and has been known to be constitutively active for 

ligand-binding. In addition to the Cys4-Cys17 disulfide bond (–RHStaple) in GPIbα,19 we 

identified the Cys209-Cys248 bond as a putative allosteric one with a –LHHook 

configuration (PDB ID: 1M0Z).10

The oxidoreductase activity of platelet surface-bound PDI is required for GPIbα-mediated 
agglutination and its ligand-binding function

Since PDI facilitates thiol-disulfide bond shuffling and is released from platelets,3, 5 we 

tested whether platelet PDI regulates GPIbα function. The assay of vWF-induced platelet 

agglutination and aggregation was performed in the presence of botrocetin or ristocetin 

which induces vWF binding to GPIbα. Deletion of platelet PDI exhibited a significant 

reduction in agglutination and aggregation (Figure 1A). Treatment of PDI-null platelets with 

wtPDI but not dmPDI restored decreased platelet interactions to the WT level. In control 

experiments, PDI deletion did not affect the surface level of GPIbα and P-selectin (Figure 

S1A-B). Inhibition of extracellular PDI activity with a blocking anti-PDI antibody (BD34, 

10 μg/ml) that specifically inhibits the activity of PDI but not other oxidoreductases5 

impaired agglutination and aggregation of mouse and human platelets (Figure 1B and1E).

Since platelet PDI is crucial for αIIbβ3 integrin activation,5 we further determined the role 

of PDI in GPIbα-mediated agglutination by blocking platelet aggregation with eptifibatide, 

an αIIbβ3 antagonist. We confirmed that thrombin-induced aggregation of mouse and 
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human platelets was abolished by eptifibatide at a concentration of 10 and 0.2 μg/ml, 

respectively (Figure S2). Compared to WT platelets, when PDI-null platelets were pretreated 

with 10 μg/ml eptifibatide, platelet-platelet interactions were further impaired (Figure 1C). 

Similarly, vWF-induced initial agglutination of eptifibatide-treated human platelets was 

inhibited by co-treatment with a blocking anti-PDI antibody (Figure 1F). Moreover, we 

tested the effect of Anfibatide, a clinical-stage GPIbα inhibitor28 in mouse and human 

platelets. Pretreatment with this drug displayed a dose-dependent inhibition in platelet 

agglutination, with around 50% inhibition at 0.2 μg/ml (Figure S3). When used in PDI-null 

platelets or human platelets treated with anti-PDI antibodies, Anfibatide showed no further 

effect (Figure 1D and1G). Together, these results suggest that in addition to the role in 

αIIbβ3-mediated platelet aggregation,5, 6 the oxidoreductase activity of platelet surface-

bound PDI promotes GPIbα-mediated agglutination.

A previous study using Alexa Fluor 488-conjugated vWF suggested the regulation of vWF 

binding to platelet GPIbα by PDI.20 However, due to the importance of several Lys residues 

in vWF for the binding to GPIbα,29 labeling primary amines might alter vWF activity. Thus, 

we assessed binding of unlabeled vWF to platelets by flow cytometry. In addition to GPIbα, 

vWF binds to platelet αIIbβ3 integrin and P-selectin, and both interactions are Ca2+-

dependent.30, 31 To eliminate this possibility, EDTA was used in this assay. We found that 

soluble vWF binding to WT platelets increased in the presence of botrocetin and the binding 

was markedly reduced by PDI deletion (Figure 1H-I). WTPDI but not dmPDI rescued the 

defect in PDI-null platelets, and both PDIs had no effect in WT platelets. We confirmed that 

vWF binding was abolished by loss of the GPIbα extracellular domain (Figure 1J) and 

treatment of WT platelets with a blocking anti-P-selectin antibody did not affect vWF 

binding (Figure S4). Further, we used an anti-PDI antibody and Anfibatide in this study. To 

eliminate the possibility that platelet PDI alters vWF conformation, platelets were pretreated 

with each inhibitor or both and washed out before the addition of vWF and botrocetin. 

Compared to the control, treatment with the anti-PDI antibody or Anfibatide alone showed a 

significant reduction in vWF binding to WT platelets (Figure 1K). The combination of both 

inhibitors had no additional effect. In control experiments, PDI was detected on the surface 

of unstimulated platelets, but the surface amount significantly increased upon thrombin 

stimulation (Figure S5).

Activated αMβ2 integrin interacts with GPIbα, mediating platelet-leukocyte interactions in 

vascular disease.14, 24 PDI deletion significantly diminished binding of MnCl2-activated 

αMβ2 to platelets, which was rescued by the addition of wtPDI but not dmPDI (Figure 1L). 

We found that treatment of platelets with an anti-P-selectin antibody and eptifibatide 

minimally inhibited αMβ2 binding, whereas deletion of the extracellular domain of GPIbα 
abrogated αMβ2 binding to platelets despite the addition of wtPDI (Figure 1M-N), 

indicating the specific interaction between αMβ2 and GPIbα. Treatment with the anti-PDI 

antibody or Anfibatide alone reduced αMβ2 binding to mouse and human platelets in 

comparison with each control, and no additional effect was observed by treatment with both 

inhibitors (Figure 1O-P). These results suggest that PDI on the surface of unstimulated 

platelets plays a role in the initial binding of vWF or activated αMβ2 to GPIbα.
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PDI directly binds to the extracellular domain of GPIbα on the platelet surface and the 
binding increases during cell activation

As determined by surface plasmon resonance (SPR) analysis, wtPDI and dmPDI bound to 

immobilized GPIbα with a Kd of 0.9 ± 0.3 and 1.2 ± 0.3 µM, respectively (Figure 2A-B), 

indicating that PDI directly binds to GPIbα in a manner independent of the isomerase 

activity. Co-immunoprecipitation assays using lysates of platelets labeled with sulfo-N-

hydroxysulfosuccinimide-biotin (SSB), a cell-impermeable, biotin-containing probe reacting 

with primary amines showed that GPIbα interacted with PDI in unstimulated platelets and 

the binding increased after stimulation with 0.025 U/ml thrombin (Figure 2C-D) at which 

GPIbα was not shed (Figure S1A). When the blot was re-probed with avidin, the 140-kDa 

band (GPIbα) was detected even in unstimulated platelets, and the band density increased 

upon thrombin stimulation. These results suggest that the surface interaction between PDI 

and GPIbα is enhanced during platelet activation.

We found that wtPDI and dmPDI equally bound to resting WT platelets and the binding 

increased to 3-fold following thrombin stimulation (Figure 2E-F). The binding of both PDIs 

was significantly decreased to thrombin-stimulated hIL4R/GPIbα platelets, with a slight 

reduction (85% of control) in unstimulated hIL4/GPIbα platelets. There were no differences 

between WT and hIL4R/GPIbα platelets in thrombin-induced aggregation, αIIbβ3 

activation, and P-selectin exposure (Figure S6). These results support our finding of the 

direct interaction between PDI and the extracellular domain of GPIbα. To further identify 

the binding site of PDI for GPIbα, an enzyme-linked immunosorbent assay (ELISA) was 

carried out using His-tagged PDI and its four domains (a, b, b’x, and b’), and GST-tagged 

full-length GPIbα. As detected by anti-polyHis antibodies, PDI and its b’x domain had 

similar binding affinities, and the a-domain in part contributed to PDI-GPIbα binding 

(Figure 2G). In contrast, the b- and a’-domains were minimally involved in binding to 

GPIbα.

To gain additional insights into the binding conformation between GPIbα and PDI, protein-

protein docking of the X-ray models (PDB ID: 3P72 (GPIbα),32 4EKZ (reduced PDI), and 

4EL1 (oxidized PDI)33) was conducted. In the top-scored pose between GPIbα and reduced 

PDI, the β-finger portion of GPIbα was positioned between the a- and a’-domains of PDI, 

whereas the β-switch region of GPIbα formed an extended contact with the b’-domain of 

PDI (Figure 2H). At all the interfaces, the binding was driven by a mixture of hydrophobic, 

electrostatic, and hydrogen bonding interactions. The Cys53 residue in the active site of the 

PDI a-domain was positioned within 16 Å of the Cys4 residue in GPIbα. The Cys397 

residue in the PDI a’-domain was further, at approximately 25 Å. The possible flexibility of 

the β-finger region of GPIbα, an ability to undergo conformational changes associated with 

reduction or oxidation of Cys residues by PDI as well as the shorter distance to the Cys 53 

and Cys56 than to the Cys397 and Cys400 catalytic pair, suggests that the former pair is 

likely to participate in reduction of the Cys4-Cys17 disulfide bond in GPIbα. Because of the 

wider gap between a and a’ domains in oxidized PDI, GPIbα was positioned deeper between 

the two domains and was oriented in the opposite direction compared to that in the complex 

with reduced PDI. The distance between the Cys4-Cys17 bond in GPIbα and the PDI active 

sites (Cys53-Cys56 and Cys397-Cys400 pairs) was 28 Å and 33 Å, respectively (Figure S7), 
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suggesting that much larger conformational changes are needed for oxidized PDI to modify 

the disulfide bond.

PDI reduces allosteric disulfide bonds in GPIbα and enhances the ligand-binding activity

Biochemical studies using Nα-(3-maleimidylpropionyl) biocytin (MPB), a biotin-containing 

probe reacting with free Cys residues34 showed that only wtPDI increased MPB labeling on 

GPIbα under different redox conditions, with a greater extent in a reducing environment 

(Figure 3A-C). No MPB labeling on GPIbα was observed in the absence of PDI. These 

results suggest that the oxidoreductase activity of PDI facilitates thiol exposure in GPIbα. 

The GPIbα disulfide bonds cleaved by PDI was further identified using mass spectrometry 

(Figure 3D-F). Eleven Cys-containing peptides (Table 1) reporting on the redox state of the 

three GPIbα disulfides were resolved and quantified. GPIbα was treated with 2- or 10-fold 

molar excess of wtPDI or dmPDI and the redox state of the disulfides was determined. In 

accordance with crystal structures of GPIbα,10 the three disulfide bonds in untreated GPIbα 
were > 98% oxidized (Figure 3G). The Cys4-Cys17 and Cys209-Cys248, but not Cys211-

Cys264, disulfide bonds are dose-dependently cleaved by wtPDI. Redox-inactive dmPDI did 

not cleave the bonds.

Previous findings that treatment of platelets with polyclonal anti-PDI antibodies alters thiol 

exposure in GPIbα upon agonist stimulation and influences binding of monoclonal 

antibodies against GPIbα imply that PDI-mediated modification of disulfide bonds induces 

a conformational change in GPIbα.20 To study the role of each disulfide bond in GPIbα 
function, Chinese hamster ovary (CHO) cells35 were transfected with a vector containing 

WT GPIbα or the mutant in which the Cys4 or Cys209 residue was mutated to Ser, along 

with vectors containing GPIbβ or GPIX. As analyzed by flow cytometry with different 

monoclonal anti-GPIbα antibodies, MM2/174 recognizing the elastase-resistant part of 

GPIbα36 equally detected WT and mutant GPIbα on CHO cells (Figure 3H-I). Both WT 

and mutant GPIbαβ/IX were equally expressed on the surface of CHO cells. Interestingly, 

HIP1 binding to the second leucine-rich repeat of GPIbα37 detected WT GPIbα but not two 

mutants (Figure 3H-I), whereas SZ2 recognizing the anionic sulfated tyrosine region13, 37 

equally bound to WT GPIbα and the Cys4Ser mutant but showed a significantly reduced 

binding to the Cys209Ser mutant (Figure 3H-I). These results indicate that GPIbα undergoes 

a conformational change by reduction of the Cys4-Cys17 or Cys209-Cys248 disulfide bond. 

As determined in single cells expressing a high level of GPIbα (both R2/R4 gates) (Figure 

3J-K), vWF binding significantly increased in cells expressing either mutant, compared to 

WT GPIbα under stirring conditions (Figure 3L-M). These results suggest that reduction of 

the Cys4-Cys17 or Cys209-Cys248 disulfide bond in GPIbα enhances the ligand binding 

activity.

Platelet PDI-regulated GPIbα is crucial for platelet-neutrophil aggregation under 
inflammatory conditions

Since the interaction between GPIbα and activated αMβ2 integrin stabilizes platelet-

neutrophil adhesion,15 the role of platelet PDI in platelet-neutrophil aggregation was 

determined under shear-mimicking conditions. Consistent with previous reports,15, 24 a new 

cell population of platelet-neutrophil aggregates appeared in the R1 gate (above the 
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neutrophil population, R2 gate), and most cells (>95%) in the R1 gate were positive for both 

CD42c and Ly-6G (Figure 4A). Deletion of platelet PDI significantly inhibited the platelet-

neutrophil aggregation as assessed by the number of cell-cell aggregates (R3 gate) and the 

fluorescence intensity of anti-CD42c antibodies in the R1 gate (Figure 4A-C). 

Immunofluorescence microscopy also showed that the size of platelet-neutrophil aggregates 

was reduced by platelet PDI deletion (Figure 4D). Treatment of WT platelets with either a 

blocking anti-PDI antibody or Anfibatide impaired the formation of platelet-neutrophil 

aggregates as measured by the fluorescence intensity of the anti-CD42c antibody in platelet-

neutrophil aggregates (Figure 4E). When platelets were treated with both inhibitors, the 

inhibitory effect was comparable to that of a single inhibitor. Similar results were obtained 

with human cells (Figure 4F). These data suggest that platelet-derived PDI promotes 

platelet-neutrophil aggregation by regulating GPIbα function.

To study the physiological role of platelet PDI-regulated GPIbα in platelet-neutrophil 

interactions, intravital microscopy was performed in platelet-specific PDI CKO mice. 

Deletion of platelet PDI did not alter rolling and adhesion of neutrophils on TNF-α-activated 

endothelium but markedly reduced platelet adhesion to adherent neutrophils (Figure 4G-J, 

Videos 1-2). Infusion of wtPDI but not dmPDI into the CKO mice rapidly rescued the defect 

in platelet-neutrophil association (Videos 3-4). Moreover, blood flow rates were significantly 

enhanced by loss of platelet PDI, which was restored to the WT level by infusion of wtPDI 

(Figure 4K). These results suggest the contribution of platelet-derived PDI to platelet-

neutrophil interactions and microvascular occlusion during inflammation.

We further tested the effect of Anfibatide on platelet-neutrophil interactions in TNF-α-

challenged WT mice. In a control experiment, GPIbα was not shed from circulating platelets 

isolated from WT and platelet-specific PDI CKO mice after TNF-α treatment (Figure S8). 

When infused 3-hour after TNF-α injection, Anfibatide, 25–50 ng/g BW, had minimal effect 

on neutrophil rolling and adhesion on the vessel wall but dose-dependently reduced platelet 

adhesion to adherent neutrophils and even induced detachment of adherent platelets from 

neutrophils (Figure 4L-O). Compared to BSA control, Anfibatide significantly enhanced 

blood flow rates (Figure 4P). The drug (50 ng/g BW) had no effect on blood counts in mice 

(Table 2). These results suggest GPIbα-mediated platelet-neutrophil aggregation slows down 

blood flow during vascular inflammation.

To further examine the contribution of PDI-regulated GPIbα to platelet-neutrophil 

interactions, we employed adoptive transfer experiments. Fluorescently-labeled WT platelets 

were treated with or without 0.025 U/ml thrombin in the presence of a blocking anti-PDI 

antibody, Anfibatide, or both, followed by infusion into TNF-α-challenged WT mice. We 

found that most infused platelets directly attached to adherent neutrophils without forming 

thrombi (Figure 4Q). Treatment with either inhibitor inhibited 50–55% of platelet adhesion 

to neutrophils (Figure 4R), and co-treatment with both inhibitors had no further effect. Since 

platelet PDI is important for αIIbβ3-mediated platelet accumulation in arteriolar thrombosis,
5 we attempted to eliminate the possibility that platelet PDI contributes to platelet-neutrophil 

interactions through αIIbβ3 integrin. Using the same adoptive transfer experiment, we found 

that when infused into TNF-α-challenged WT mice treated with 10 μg/g BW of eptifibatide 

at which αIIbβ3-mediated platelet-platelet interactions are abolished, adhesion of infused 
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platelets to neutrophils was moderately but significantly reduced (Figure 4S), implicating the 

role of αIIbβ3 in platelet-neutrophil interactions as reported previously.38 When isolated 

platelets were treated with a blocking anti-PDI antibody, platelet-neutrophil interactions 

were further inhibited in eptifibatide-treated mice, compared to vehicle-treated mice (Figure 

4S). Deletion of platelet PDI or the extracellular GPIbα domain markedly reduced platelet 

adhesion to neutrophils.

Finally, we examined whether extracellular PDI directly interacts with GPIbα under in vivo 
conditions using a proximity ligation assay in which oligonucleotides conjugated to 

antibodies form circular DNA strands when bound in close proximity.39 The circular DNA 

serves as a template for localized rolling-circle amplification, allowing us to visualize PDI-

GPIbα interactions at single molecule resolution. The PDI-GPIbα complex was detected at 

the interface of adherent platelets and neutrophils in cremaster vessels of WT control mice 

(Figure 4T-V). In contrast, the PLA signal was minimal when the section of WT mice was 

stained with control IgGs or in the section of platelet-specific PDI CKO mice. Overall, these 

data suggest that extracellular PDI enhances the ligand-binding function of GPIbα by direct 

interaction, inducing platelet-neutrophil interactions under thromboinflammatory conditions.

Platelet PDI contributes to the pathogenesis of ischemia/reperfusion-induced 
thromboinflammation by regulating GPIbα function

Since previous studies have demonstrated a critical role for GPIbα in the pathogenesis of 

ischemia/reperfusion (I/R)-induced stroke,40 we further tested whether PDI-regulated GPIbα 
is crucial for stroke. Consistent with a previous report,41 when infused into mice challenged 

with middle cerebral artery occlusion (MCAO) and subsequent reperfusion (Figure 5A), 

Anfibatide, 5 to 25 ng/g BW, dose-dependently reduced the infarct volume and ameliorated 

neurological deficits as assessed by the Bederson score and the grip test, as compared to 

BSA control (Figure S9). WT and platelet-specific PDI CKO mice were treated with post-

ischemic infusion of BSA or Anfibatide (5 ng/g BW). Compared to BSA-treated WT mice, 

BSA-treated PDI CKO mice exhibited a significant decrease in the infarct volume and 

improvement in neurological deficits (Figure 5B-E). Anfibatide treatment did not have 

additional effects in PDI CKO mice, supporting a role for platelet-derived PDI-regulated 

GPIbα in tissue damage during stroke.

SCD, an inherited blood disorder, causes red blood cell hemolysis, intravascular cell 

activation, and chronic inflammation.42 The hallmark of SCD is recurrent vaso-occlusion 

that results from cell-cell aggregation and induces severe pain crisis in the patients. Since 

platelet-neutrophil aggregation contributes to vaso-occlusion in SCD mice,23, 25 the effect of 

Anfibatide, anti-PDI antibodies, or both were tested in SCD mice challenged with TNF-α 
that induces severe inflammation and vaso-occlusion.25 In control experiments, the surface 

level of PDI was elevated on platelets isolated from SCD mice following agonist stimulation 

(Figure S10A-B). Further, platelet GPIbα in SCD mice was expressed and shed upon 

stimulation with 0.05 U/ml thrombin (Figure S10A and S10C) as shown in WT or PDI-null 

platelets (Figure S1A).

When platelets of SCD mice were treated with an anti-PDI antibody or Anfibatide, platelet-

neutrophil aggregation was reduced under shear-mimicking conditions and treatment of 
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platelets with both inhibitors did not potentiate the inhibitory effects (Figure S11). 

Compared to BSA, Anfibatide did not affect neutrophil-endothelial cell interactions but 

abrogated platelet adhesion to neutrophils on the vessel wall of TNF-α-challenged SCD 

mice (Figure 5F-I). Inhibition of PDI activity with the anti-PDI antibody significantly 

reduced neutrophil adhesion to inflamed ECs and abolished platelet-neutrophil interactions, 

with a moderate increase in the rolling influx probably due to the reduced neutrophil 

adhesion.34 Compared to infusion of each inhibitor alone, co-infusion of Anfibatide and an 

anti-PDI antibody did not enhance the inhibitory effects on neutrophil adhesion and platelet-

neutrophil interactions (Figure 5F-I). The TNF-α challenge with surgical trauma for 

intravital microscopy causes death in most SCD mice within several hours as a result of 

acute vaso-occlusion.23, 25 Compared to each control, treatment with Anfibatide, an anti-PDI 

antibody, or both significantly prolonged survival times in TNF-α-challenged SCD mice 

(Figure 5J, P = 0.0249 between BSA and Anfibatide, P = 0.028 between BSA + IgG and 

BSA + anti-PDI, and P = 0.0165 between BSA + IgG and Anfibatide + anti-PDI). Fifty 

percent of mice died at 4.0, 5.0, 4.2, 5.0, and 4.8 hours after TNF-α injection in SCD mice 

treated with BSA, Anfibatide, BSA + control IgG, BSA + an anti-PDI antibody, and both 

inhibitors, respectively. Overall, these results indicate that platelet GPIbα and extracellular 

PDI play a critical role in inducing vaso-occlusion in SCD and imply that specific inhibitors 

of GPIbα or PDI could potentially provide significant benefit for acute vaso-occlusive 

events in SCD patients.

Discussion

Growing evidence shows that the initiation and progression of vascular disease are 

controlled by reduction or oxidation of allosteric disulfide bonds in plasma proteins and cell 

surface receptors.17 In the present study, we demonstrate for the first time that platelet PDI 

directly binds to the extracellular domain of GPIbα and reduces the allosteric disulfide 

bonds, enhancing the ligand-binding function of GPIbα and inducing platelet-neutrophil 

aggregation under thromboinflammatory disease. Importantly, our studies using a specific 

anti-PDI antibody and a clinical-stage GPIbα inhibitor clearly show that the selective 

inhibition of these molecules could be an effective therapeutic approach to attenuate the 

pathogenesis of thromboinflammatory disease. Since GPIbα has been considered 

constitutively active, our findings represent a paradigm shift since GPIbα function is tightly 

regulated by a conformational change induced by PDI.

PDI modulates the function of platelet surface receptors such as integrins.43, 44 We reported 

that the initial binding of PDI to β3 integrin is independent of the CysGlyHisCys active sites 

but the oxidoreductase activity of PDI is necessary for the subsequent regulation of integrin 

function.5 Using multiple orthogonal approaches including SPR, flow cytometry, ELISA, 

and a computer-aided protein-protein docking model, we have demonstrated that platelet-

derived PDI directly binds to the extracellular domain of GPIbα mainly through the 

interaction between the b’-domain of PDI and the β-switch region of GPIbα. In addition, the 

PDI a-domain is likely to contribute to binding and modifying the Cys4-Cys17 disulfide 

bond in GPIbα. Our results suggest that the b’-domain of PDI is the essential core for the 

initial binding to GPIbα in the extracellular region and the CysGlyHisCys active site 

Li et al. Page 11

Circulation. Author manuscript; available in PMC 2020 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



probably in the a-domain is indispensable for the subsequent binding and regulatory 

function.

It is reported that PDI is present in circulating platelet-derived microparticles as a 

catalytically active form in healthy people and the level of PDI-containing microparticles is 

elevated in patients with diabetes.2 We have found that activated αMβ2 or vWF binds to 

unstimulated platelets and the binding is significantly impaired by loss or inhibition of 

platelet PDI (Figure 1F-K). Since the small amount of PDI is detected on unstimulated 

platelets (Figure S5 and Figure 2C), these results suggest that PDI on the surface of resting 

platelets could play a role in the initial binding of vWF and αMβ2 to GPIbα. Ligand 

binding-induced GPIbα signaling is likely to further release PDI from platelets, enhancing 

PDI-regulated GPIbα function. In addition to this finding, our results show that platelet PDI 

does not regulate P-selectin exposure (Figure S1) and inhibition of P-selectin has no effect 

on vWF binding to the platelet surface (Figure S4). Thus, we rule out the possibility of vWF 

binding to P-selectin in our assays. Furthermore, our findings that inhibition or deletion of 

PDI impairs binding of vWF and αMβ2 to platelet GPIbα (Figure 1H-P) and the interaction 

between PDI and GPIbα (Figure 2C-F) under static conditions suggest that shear is not 

required for the regulation of GPIbα function by PDI. It should be noted that PDI binding to 

GPIbα is significantly enhanced upon thrombin stimulation (Figure 2C-F). Since reactive 

oxygen species produced from platelet NADPH oxidase 2 regulate GPIbα function,15 the 

enhanced PDI-GPIbα binding may result from the altered redox environment following 

platelet activation. Further studies are required to determine whether different redox 

environments influence the binding of PDI to GPIbα and other binding partners.

Oxidoreductases modify allosteric disulfide bonds in target proteins.17 The Cys4-Cys17 and 

Cys209-Cys248 disulfide bonds in GPIbα have –RHStaple and –LHHook allosteric 

configurations, respectively. The conformational constraints imposed on –RHStaple bonds 

by topological features stress the bond.17 The stress is a result of direct stretching of the 

disulfide bond and neighboring α angles and likely underpins the susceptibility of this bond 

type to cleavage. In contrast, the –LHHook configuration is no more stressed than the other 

configurations, and it remains to be determined the reason for its allosteric association. 

Notably, our studies using CHO cells expressing GPIb-IX with WT or mutant GPIbα 
demonstrate that cleavage of either Cys4-Cys17 or Cys209-Cys248 disulfide bond enhances 

vWF binding and both mutants undergo a conformational change as evaluated by different 

monoclonal antibodies. Therefore, binding of PDI to GPIbα and subsequent reduction in the 

disulfide bonds induce a conformational change in GPIbα, increasing the ligand-binding 

activity. Nevertheless, we cannot eliminate the possibility that these two GPIbα disulfides 

may also be targeted by other thiol isomerases. Furthermore, it is noticeable that although 

Cys209Ser mutation in the GPIbα gene has been associated with Bernard-Soulier 

syndrome45 and Cys209Ser mutant GPIbα was not transiently expressed in CHO cells 

already expressing GPIbβ and GPIX,46 under our conditions the mutant protein along with 

GPIbβ and GPIX was expressed on the surface of CHO cells as detectable by anti-GPIbα 
antibodies or vWF binding. The reason for these apparent differences between the studies is 

not known.
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Many efforts have been made to develop specific inhibitors of PDI and GPIbα for the 

treatment of thrombotic diseases. Although several PDI inhibitors have been reported,47 

there are challenges including off-target effects, selectivity, and impairment of the 

hemostatic function.5–7 For example, rutin, an anti-oxidant PDI inhibitor,48 is being tested in 

clinical trials as an anti-thrombotic agent. We have found that treatment with 50 μM rutin 

inhibits GPIbα-mediated agglutination of PDI-null platelets (Figure S12), indicating the off-

target effect. GPIbα has been considered an attractive target for treating 

thromboinflammatory diseases. However, only a limited number of GPIbα inhibitors are 

currently being developed.28 Anfibatide, a novel snake venom-derived GPIbα antagonist, is 

in Phase II clinical trial to evaluate the efficacy in patients with myocardial infarction.28 It 

specifically binds to GPIbα49 and blocks platelet adhesion, agglutination, and aggregation 

induced by vWF-GPIbα binding.41, 50, 51 Interestingly, Anfibatide treatment further 

impaired platelet thrombus formation in vWF KO mice,50 suggesting that this drug inhibits 

other thrombotic pathways induced by binding of other ligands to GPIbα. Our studies show 

that Anfibatide blocks binding of both vWF and activated αMβ2 to GPIbα and abolishes 

platelet-neutrophil interactions (Figures 1 and 4). Furthermore, our findings that 

extracellular PDI interacts with GPIbα at the interface of adherent platelets and neutrophils 

on the vessel wall (Figure 4T-V), post-ischemic infusion of Anfibatide into mice effectively 

mitigates brain tissue damage during reperfusion injury, and no additional effect of this drug 

is observed in platelet-specific PDI CKO mice (Figure 5) support the role of PDI-regulated 

GPIbα in the pathogenesis of thromboinflammatory diseases.

Platelet-neutrophil aggregation contributes to vaso-occlusion and tissue damage in SCD.
23, 24 A recent study shows that CCP-224, a specific GPIbα inhibitor, attenuates platelet-

neutrophil interactions in SCD patient blood.52 Our in vivo studies using SCD mice 

demonstrate that Anfibatide treatment abrogates platelet-neutrophil interactions without 

affecting neutrophil recruitment to the inflamed vessel wall and prolongs survival times in 

TNF-α-challenged SCD mice (Figure 5). These results indicate that platelet-neutrophil 

aggregation is a crucial inducer for vaso-occlusion in SCD and Anfibatide might be a novel 

therapeutic agent to treat acute vaso-occlusion in the patients. Notably, there is no 

potentiated beneficial effect of Anfibatide and an anti-PDI antibody in the survival of SCD 

mice. Using myeloid-specific PDI CKO mice, we reported that neutrophil surface-bound 

PDI promotes the ligand binding activity of αMβ2 integrin and neutrophil recruitment to 

sites of inflammation.34 The fact that platelet GPIbα is the counter-receptor of neutrophil 

αMβ2 for the cell-cell interaction may account for no additional inhibition by co-treatment 

of SCD mice with inhibitors of GPIbα and PDI. However, there are some limitations of our 

in vivo studies. Since inhibition of extracellular PDI decreases both platelet-neutrophil and 

neutrophil-endothelial cell interactions, extracellular PDI possibly regulates the function of 

other surface molecules that may participate in cell-cell interactions. Also, we could not 

unequivocally prove that PDI-regulated GPIbα signaling mediates platelet-neutrophil 

interactions under in vivo conditions. The development of inhibitors specifically blocking 

PDI-GPIbα binding will be of great value to further confirm this intriguing concept.

Overall, our study demonstrates the molecular mechanism controlling the structure and 

function of GPIbα via cleavage of two allosteric disulfide bonds by PDI, enhancing the 

ligand-binding activity. Our results provide compelling evidence that platelet PDI is required 
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for not only thrombosis5 but also other diseases, including stroke and SCD, in which platelet 

GPIbα contributes to disease initiation and propagation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective

What is new?

• Prior studies have linked PDI to thrombotic disease, but the molecular basis 

for extracellular PDI in regulating platelet function has remained speculative.

• Platelet PDI directly binds to the extracellular domain of GPIbα that has been 

considered constitutively active for ligand-binding, regulating the structure 

and function of GPIbα by reducing two allosteric Cys4-Cys17 and Cys209-

Cys248 disulfide bonds.

• PDI-GPIbα signaling plays a critical role in platelet-neutrophil aggregation 

and vascular occlusion under thromboinflammatory conditions.

What are the clinical implications?

• This work identifies platelet PDI as a switch that enhances the ligand-binding 

activity of GPIbα under thromboinflammatory conditions, such as vasculitis, 

stroke, and sickle cell disease.

• Selective inhibition of PDI and GPIbα could be an effective therapeutic 

approach to attenuate the pathogenesis of thromboinflammatory disease.
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Figure 1. The oxidoreductase activity of platelet surface-bound PDI is crucial for vWF-mediated 
agglutination/aggregation and its ligand-binding.
(A-D) Mouse and (E-G) human platelets were incubated with vWF and either botrocetin (A-

D) or ristocetin (E-G), followed by measurement of agglutination and aggregation. (A) PDI-

null platelets were pretreated with or without wtPDI or dmPDI, 50 µg/ml. (B-G) Platelets 

were pretreated with (B, E, and F) 10 µg/ml control IgG or a blocking anti-PDI antibody 

(BD34), (C and F) vehicle or 10 (C) or 0.2 (F) µg/ml eptifibatide, (D and G) 0.2 µg/ml BSA 
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or Anfibatide, or both an anti-PDI antibody and Anfibatide. The representative 

agglutination/aggregation traces (upper panel) and quantitative graphs (bottom panel) were 

obtained from 3 independent experiments. (H-O) Mouse and (P) human platelets were 

pretreated with or without (H, I, and L) recombinant PDI or (K, M, O, and P) control IgG, 

an anti-PDI antibody, an anti-P-selectin, eptifibatide, BSA, Anfibatide, or both an anti-PDI 

antibody and Anfibatide. (J and N) WT and hIL4R/GPIbα platelets were used. After 

washing, platelets were incubated with (H-K) 10 μg/ml vWF and 10 mM EDTA in the 

presence or absence of 10 μg/ml botrocetin or with (L-P) 10 μg/ml αMβ2 in the presence or 

absence of 0.5 mM MnCl2 and (N) 50 μg/ml wtPDI. Flow cytometry was performed using 

fluorescently-labeled antibodies against vWF or β2 integrin. The data are shown as the 

geometric mean fluorescence intensity (MFI) value. All data represent the mean ± SD (n = 

3). *P < 0.05, **P < 0.01, or ***P < 0.001 after ANOVA and Tukey’s test.
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Figure 2. PDI directly binds to GPIbα in an oxidoreductase activity-independent manner.
(A-B) Recombinant wtPDI or dmPDI (0.26 to 18 µM), or αMβ2 (0.03 to 21 µM, data not 

shown) was infused over the reference and surfaces immobilized with the extracellular 

domain of GPIbα for 180 seconds, followed by dissociation phase of 120 seconds. The 

dissociation constant, Kd, was calculated based on the Kon and Koff value. Data represent the 

mean ± SD (n = 3). (C-D) Mouse platelets were stimulated with or without 0.025 U/ml of 

thrombin and labeled with SSB. Lysates were immunoprecipitated with control IgG or anti-

PDI antibodies and immunoblotted with indicated antibodies, followed by densitometry 

(mean ± SD, n = 5). The blots were re-probed with peroxidase-conjugated avidin. The 

arrowheads show the band of GPIbα and PDI, and arrows show the 140- (GPIbα) and 60-

kD (PDI) bands. (E-F) Platelets isolated from WT and hIL4R/GPIbα Tg mice were treated 

with or without 0.025 U/ml thrombin, followed by incubation with His-tagged wtPDI or 

dmPDI (50 μg/ml). The bound PDI was determined by flow cytometry using Alexa Fluor 

488-conjugated anti-polyHis antibodies. The data are shown as the MFI value. (G) ELISA 

was conducted using 1 nM to 10 μM of His-tagged PDI and its domain fragments and 

immobilized GST-tagged full-length GPIbα. Bound PDI or its domain was measured by 

anti-polyHis antibodies. Values obtained from BSA-coated surfaces were subtracted as a 

negative control. Data represent the mean ± SD (n = 3–4). *P < 0.05, **P < 0.01, or ***P < 
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0.001 after Student’s t-test (for D) and ANOVA and Tukey’s test (for F). (H) A docking 

model of PDI-GPIbα complex. A set of representative residues at the interface between 

GPIbα and reduced PDI. Panel A: the a-domain of PDI and the β-finger of GPIbα, Panel B: 

the a’-domain of PDI and the β-finger of GPIbα, and Panel C: the b’-domain of PDI and the 

β-switch of GPIbα.
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Figure 3. PDI reduces the allosteric disulfide bonds in GPIbα, enhancing the ligand-binding 
function.
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(A-C) GPIbα (50 nM) and either wtPDI or dmPDI (100 nM) were incubated with MPB 

under different redox conditions (GSH:GSSG = 0:0, 1:0.33, or 1:0.05 mM). Proteins were 

electrophoresed under reduced conditions and blotted with peroxidase-conjugated avidin 

(upper panel) or antibodies against GPIbα or PDI (lower panel). Representative blot and 

quantitated graphs of densitometry (mean ± SD, n = 3). (D) A schematic of mass 

spectrometric analysis (see Methods). (E-H) Recombinant GPIbα extracellular domain (1.8 

µM) was incubated with or without reduced wtPDI or dmPDI (3.6 or 18 μM), followed by 

incubation with 12C-IPA. (E) Proteins were separated on SDS-PAGE and stained with Sypro 

Ruby. The band of GPIbα was excised, reduced with 100 mM dithiothreitol, and alkylated 

with 13C-IPA. (F) HPLC resolution of the GPIbα VASHLEVNCDKR peptide containing 

Cys17 (underlined) labelled with 12C-IPA or 13C-IPA (top panel). Representative tandem 

mass spectra of VASHLEVNCDKR peptide with Cys17 (indicated with an asterisk) labelled 

with 12C-IPA or 13C-IPA. The accurate mass spectrum of the peptide is shown in the inset 

(observed [M+2H]2+ = 752.3748 m/z and expected [M+2H]2+ = 752.3723 m/z; observed [M

+2H]2+ = 755.3837m/z and expected [M+2H]2+ = 755.3823 m/z). Ions with a loss of water 

are labeled with an asterisk. (G) Redox state of the GPIbα Cys4-Cys17, Cys209-Cys248 and 

Cys211-Cys264 disulfide bonds in the absence or presence of 2- or 10-fold molar excess of 

wtPDI or dmPDI. Data represent the mean ± SD of the analysis of 3–9 Cys-containing 

peptides from 2 different GPIbα preparations. (H-I) CHO cells expressing WT or mutant 

GPIbαβ/IX or GPIbβ/IX (with an empty vector for GPIbα) were incubated with anti-GPIbα 
antibodies (MM2/174, HIP1, or SZ2), followed by flow cytometry. (J-M) The CHO cells 

were incubated with 35 μg/ml vWF and 2 mg/ml ristocetin under a stirring condition (1,000 

rpm) for 10 minutes. After washing, cells were treated with isotype control IgG or anti-

GPIbα antibodies (MM2/174) and then with Alexa Fluor 647-conjugated anti-mouse IgG 

antibodies. Cells were incubated with FITC-conjugated control IgG or anti-vWF antibodies, 

followed by flow cytometry. R1, CHO cells; R2, single cell population; and R3, cell 

aggregates. (K) The surface level of GPIbα in CHO cells. (L-M) Histograms of cell surface-

bound vWF and the quantitative graph. Data represent the mean ± SD (n = 3). *P < 0.05, 

**P < 0.01, ***P < 0.001 or ****P < 0.0001 after ANOVA and Tukey’s test (B-C, G, and 

M) or Dunnett’s test (I).
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Figure 4. Platelet PDI-regulated GPIbα function is important for platelet-neutrophil aggregation 
under inflammatory conditions.
(A-F) In vitro platelet-neutrophil aggregation assay was performed using (A-E) mouse and 

(F) human cells under shear-mimicking conditions as described in Methods. (A) R1, 

platelet-neutrophil aggregates; R2, neutrophils; and R3, the number of cell aggregates in the 

R1 gate. Cell-cell aggregation was measured by (B) the number of cell-cell aggregates and 

(C, E, and F) the fluorescence intensities of anti-CD42c antibodies in the R1 gate 

(Heterotypic interaction). The number of cell-cell aggregates and the fluorescence intensity 

of an anti-CD42c antibody in (B-C) WT platelets and neutrophils or (E-F) control IgG-

treated cells were shown as 100%. (D) Antibody-labeled neutrophils and platelets were 

mixed under a stirring condition, followed by cytospin and fluorescence microscopy. 

Neutrophils: red, platelets: green, and DAPI: blue. Bar = 10 μm. (G-P) Vascular 

inflammation was induced by intrascrotal injection of TNF-α into (G-K) WT littermate 

control and platelet-specific PDI CKO mice or (L-P) WT (C57BL/6) mice, followed by real-

time intravital microscopy as described in Methods. (G-K) In some experiments, wtPDI or 

dmPDI (4 μg/g BW) were infused into PDI CKO mice. (L-P) BSA (50 ng/g BW) or 

Anfibatide (25–50 ng/g BW) was infused into WT mice 3 hours after intrascrotal injection 

of TNF-α. (G and L) Representative images at various time points. Arrows show the 

direction of blood flow. (H, I, M, and N) The numbers of rolling and adherent neutrophils. (J 

and O) The integrated median fluorescence intensities of anti-CD42c antibodies (F platelets) 

were normalized to the number of adherent neutrophils and plotted as a function of time. (K 

and P) Blood flow rates were calculated by centerline velocity of Alexa Fluor 488-

conjugated microspheres. (Q-R) WT platelets were labeled with calcein AM and incubated 

without or with 10 µg/ml of control IgG or anti-PDI antibodies, 0.2 µg/ml of BSA or 

Anfibatide, or both inhibitors. The labeled platelets (2 × 108 in 100 μl per mouse) were 

infused into WT (C57BL/6) mice treated with intrascrotal injection of TNF-α. Endogenous 

neutrophils were visualized by infusion of Alexa Fluor 647-conjugated anti-Ly-6G 
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antibodies. A representative image (Q) was obtained in mice infused with control IgG-

treated platelets. (S) The same adoptive transfer experiment was performed with WT, hIL4R/

GPIbα, littermate WT control (cont), or PDI-null platelets. The recipient TNF-α-challenged 

WT mice were treated without or with eptifibatide (10 μg/g BW), followed by infusion of 

platelets. The number of infused platelets that attach to adherent neutrophils was counted 

and normalized to the number of neutrophils. (T-V) The proximity ligation assay (PLA) was 

performed as described in Methods. Representative immunohistochemical stainings of the 

cremaster muscle sections and PLA signals were obtained from 6 different sections (20 

different vessels) in 3 different mice per group. Platelets: green, PLA signal: red, and 

neutrophils: purple (pseudocolor). (U) Z-stacks of PLA signal were obtained from WT mice. 

Bar = 5 μm. Data represent the mean ± SD (B-F and V, n = 4) or SEM (H-S, n = 30–36 

venules in 6 mice per group (H-P) or n = 20–22 venules in 4–5 mice per group (Q-S)). *P < 

0.05, **P < 0.01, ***P < 0.001, or ****P < 0.0001 after student’s t-test (for B-C) or 

ANOVA and Tukey’s test (for E-V).
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Figure 5. Extracellular PDI and GPIbα contribute to tissue damage in I/R-induced stroke and 
cell-cell aggregation and vaso-occlusion in sickle cell disease.
(A-E) Stroke was induced in WT and platelet-specific PDI CKO mice by transient MCAO 

and reperfusion as described in Methods. BSA or Anfibatide (5 ng/g BW) was intravenously 

infused into mice right after 1-hour MCAO. (A) MCAO and reperfusion were confirmed by 

a laser Doppler flowmeter. (B) Staining of coronal brain sections with 2,3,5-

triphenyltetrazolium chloride. (C) The infarct volume was measured. (D-E) The Bederson 

score and grip test were used to analyze neurologic deficits in the surviving animals 24 hours 

after MCAO. Data represent the mean ± SD except for the Bederson score and the grip test 

score, which are shown as scatter plots including median with interquartile range (n = 8–9 

mice per group). (F-J) SCD mice were treated with intraperitoneal injection of TNF-α. BSA 

or Anfibatide (25 ng/g BW), control IgG or blocking anti-PDI antibodies (1.5 μg/g BW), or 

both inhibitors were infused into mice 3 hours after TNF-α injection. Platelets and 

neutrophils were visualized as described in Figure 4. (F) Representative images. Large and 

small arrows show the direction of blood flow and rolling neutrophils, respectively. (G-H) 

The numbers of rolling and adherent neutrophils were counted. (I) The integrated median 

fluorescence intensities of anti-CD42c antibodies (F platelets) were normalized to the 

number of adherent neutrophils and plotted as a function of time. (J) Survival curves. 

Survival times were significantly prolonged in the groups treated with an anti-PDI antibody, 

Anfibatide, or both inhibitors, compared to each control. Data represent the mean ± SEM (n 

= 7–8 mice per group), *:P<0.05, **:P<0.01, ***:P<0.001, or ****:P<0.0001 after ANOVA 

and Tukey’s test (C, G and H), Kruskal-Wallis test with post hoc Dunn correction (D and E), 

or Mantel-Cox log-rank test (J).
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Table 1.

List of Cys-containing peptides generated from tryptic digest of recombinant GPIbα that are detected by mass 

spectrometry.

Disulfide bond Cys position Peptide sequence*

4–17 4
17

HPICEVSK
VASHLEVNCDK
VASHLEVNCDKR

209–248 248 AMTSNVASVQCDNSDK
AM(oxidation)TSNVASVQCDNSDK
AMTSNVASVQCDNSDKFPVYK
AM(oxidation)TSNVASVQCDNSDKFPVYK

211–264 264 GCPTLGDEGDTDLYDYYPEEDTEGDK
GCPTLGDEGDTDLYDYYPEEDTEGDKVR

N/A 65 LTQLNLDRCELTK
CELTK

*
Cys was labelled with 12C-IPA (133.05276) or 13C-IPA (139.07289).
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Table 2.

The number of circulating blood cells in mice treated with Anfibatide.

WBC (x103/μl) NE (x103/μl) LY (x103/μl) MO (x103/μl) RBC (x106/μl) PLT (x103/μl) MPV (fl)

BSA 9.1 ± 2.7 1.0 ± 0.3 7.0 ± 1.2 0.2 ± 0.1 7.4 ± 0.7 902 ± 197 4.3 ± 0.2

Anfibatide 9.3 ± 2.0 0.7 ± 0.3 7.1 ± 1.5 0.2 ± 0.1 7.1 ± 1.2 838 ± 160 4.4 ± 0.3

Male WT (C57BL/6, 6–7 weeks old) mice were treated by iv infusion of BSA or Anfibatide, 50 ng/g BW. One hour later, blood was drawn and 
counted using an automated hematology analyzer (Hemavet 950, Drew Scientific). Data represent the mean ± SD (n = 6 mice per group).

WBC, white blood cells; NE, neutrophils; LY, lymphocytes; MO, monocytes; RBC, red blood cells; PLT, platelets; and MPV, mean platelet volume.
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