
 
 

SUPPLEMENTAL MATERIALS 

Reagents. Human thrombin, rabbit IgG, goat IgG, PGE1, rabbit polyclonal anti-PDI 

antibodies, quercetin-3-rutinoside (rutin), and Duolink® In Situ Red Proximity Ligation 

Assay Kit Goat/Rabbit were purchased from Sigma (St. Louis, MO). D-Phe-Pro-Arg-

chloromethyl ketone (PPACK) was obtained from EMD Millipore (Billerica, MA). Human 

vWF was from Haematologic Technologies (Essex Junction, VT). Botrocetin was kindly 

provided by Robert Andrews (Monash University, Australia).1 Ristocetin was purchased 

from American Biochemical & Pharmaceuticals Ltd (Marlton, NJ). Cell-impermeable, 

biotin-containing probes that react with primary amines (sulfo-N-

hydroxysulfosuccinimide-biotin, SSB) or free thiol (Nα-(3-Maleimidylpropionyl) biocytin, 

MPB), Alexa Fluor 488-conjugated anti-His or anti-rat IgG antibodies, an Alexa Fluor 647-

conjugated goat anti-mouse IgG1 antibody, mouse monoclonal anti-GPIbα (clone: 

MM2/174 & SZ2) antibodies, lipofectamine 2000 transfection reagent, calcein-AM dye, 

and protein A/G agarose beads were from Thermo Scientific (Rockford, IL). Monoclonal 

blocking anti-PDI (clone: BD34), anti-human GPIbα (clone: HIP1), anti-mouse P-selectin 

(clone: RB40.34) antibodies were obtained from BD Biosciences (San Jose, CA). Purified 

proteins of an ectodomain of human αMβ2 (αM: Phe17-Asn1105 and β2: Gln23-Asn700 

expressed in CHO cells) and GPIbα (His17-Leu505 expressed in CHO cells), goat IgG, 

polyclonal goat anti-PDI, goat anti-human β2, and goat anti-PDI antibodies were from 

R&D Systems (Minneapolis, MN). GST-tagged full-length human GPIbα (Met1-Leu652 

with a truncation of Pro406-Ala431, expressed in Wheat germ) was purchased from 

Creative BioMart Inc. (Shirley, NY). Rabbit polyclonal anti-vWF and anti-GPIbα antibodies 

were from Santa Cruz (Santa Cruz, CA). A rabbit polyclonal anti-PDI antibody was 



 
 

obtained from Novus Biologicals (Littleton CO). Recombinant mouse TNF-α, an Alexa 

Fluor 647-conjugated antibody against mouse Ly-6G were purchased from BioLegend 

(San Diego, CA). FITC-conjugated rabbit polyclonal anti-vWF antibodies were obtained 

from Bioss antibodies (Woburn, MA). PE- or FITC-conjugated control IgGs or monoclonal 

antibodies against mouse P-selectin, activated αIIbβ3 integrin (clone: JON/A), or 

glycoprotein Ibα (clone: Xia.B2), and a DyLight 488-conjugated rat antibody against 

mouse CD42c (GPIbβ) were from Emfret Analytics (Eibelstadt, Germany). Tissue-Tek 

optimal cutting temperature compound was purchased from Thomas Scientific 

(Swedesboro, NJ). Vectashield Antifade mounting medium containing DAPI was obtained 

from Vector Laboratories (Burlingame, CA). A QuikChange Multi Site-Directed 

Mutagenesis kit was purchased from Agilent Technologies (Santa Clara, CA). 2-iodo-N-

phenylacetamide (IPA) and 13C-IPA were obtained from Cambridge Isotopes. Eptifibatide 

(Integrilin) was from Schering Plough (Kenilworth, NJ). Control IgG and rabbit polyclonal 

anti-PDI antibodies were labeled with Alexa Fluor 488 (Invitrogen) in parallel according to 

the manufacturer’s instructions. The molar ratio of Alexa Fluor to IgG or antibodies, 

determined spectrophotometrically, was 3.5. 

 

Isolation of platelets and neutrophils. Mouse and human platelets were prepared as 

previously described.2 Washed platelets were suspended in HEPES-Tyrode buffer (20 

mM HEPES, pH 7.4, 136 mM NaCl, 2.7 mM KCl, 12 mM NaHCO3, 2 mM MgCl2, and 5.5 

mM glucose) and adjusted to a density of 3 x 108 cells/ml. Human blood and mouse bone 

marrow neutrophils were isolated as described previously.3 The concentration of 

neutrophils was adjusted to 1 x 107 cells/ml in RPMI1640 media. The present study was 



 
 

approved by the Institutional Review Board of the University of Illinois at Chicago. All 

healthy donors provided written informed consent before inclusion in the study. 

 

Recombinant proteins. Recombinant human wild-type PDI (wtPDI) and its activity-null 

mutant (dmPDI in which two CysGlyHisCys sequences are mutated to SGHS) in a pET-

15b vector carrying an N-terminal His tag (Novagen) were expressed in Clearcoil BL21 

(DE3, Lucigen) to eliminate endotoxin.4 The constructs of four different PDI domains (a, 

b, b’x, and a’) were kindly provided from Robert Flaumenhaft (Beth Israel Deaconess 

Medical Center, Boston, MA) and expressed in the same manner. All proteins were 

purified using Ni2+-affinity chromatography. 

 

Purification of Anfibatide. Anfibatide, a specific antagonist of GPIbα, was purified from 

the snake venom of Agkistrodon acutus using ion exchange and gel filtration 

chromatography as described previously.5 Purified Anfibatide was a heterodimeric protein 

of 29 kDa that is composed of α (15-kDa) and β (14-kDa) subunits as analyzed by SDS-

PAGE electrophoresis.5  

 

Platelet agglutination and aggregation assay. Washed mouse and human platelets in 

HEPES-Tyrode buffer (20 mM HEPES, pH 7.4, 136 mM NaCl, 2.7 mM KCl, 12 mM 

NaHCO3, 2 mM MgCl2, and 5.5 mM glucose) were incubated with 10 μg/ml vWF and 10 

μg/ml botrocetin, and 5 μg/ml vWF and 0.3 mg/ml ristocetin, respectively. Platelets were 

pretreated with 10 μg/ml mouse IgG1 or a blocking anti-PDI antibody (BD34), and/or with 

0.2 μg/ml BSA or Anfibatide for 30 minutes at 37°C. In some experiments, PDI-null 



 
 

platelets were pretreated with 50 μg/ml wtPDI or dmPDI for 30 minutes at 37°C. In another 

experiment, platelets were pretreated with or without 10 μg/ml eptifibatide, different 

concentrations of Anfibatide, or 50 μM rutin, followed by incubation with vWF and either 

botrocetin or ristocetin. For aggregation assays, WT or hIL4R/GPIbα platelets in HEPES-

Tyrode buffer were pretreated with or without 10 μg/ml eptifibatide and then stimulated 

with 0.025 U/ml thrombin. Platelet agglutination and aggregation were measured in a 4-

channel platelet lumi-aggregometer (Chronolog Corp, Havertown, PA) at 37°C with 

stirring at 1,000 rpm. 

 

Flow cytometry. Human or mouse platelets were treated with different doses (0.01, 0.025, 

0.05 U/ml) of thrombin for 5 minutes at 37°C, followed by incubation with 50 µM PPACK. 

Cells were then incubated with PE- or Alexa Fluor 488-conjugated control IgG or 

antibodies against P-selectin, PDI or activated αIIbβ3 integrin. In some experiments, 

platelets were incubated with rat isotype control IgG or anti-GPIbα antibodies and then 

with Alexa Fluor 488 anti-rat IgG. Cells were analyzed by flow cytometric analysis (Cyan 

ADP, Beckman Coulter).  

 

vWF binding assay. Mouse platelets were incubated with 10 μg/ml vWF in the presence 

or absence of 10 μg/ml botrocetin. To prevent the metalloprotease-mediated shedding of 

GPIbα and binding of vWF to αIIbβ3 integrin and P-selectin,6-9 platelets were incubated 

with 10 mM EDTA prior to botrocetin stimulation. In some experiments, WT and PDI-null 

platelets were pretreated with 50 μg/ml wtPDI or dmPDI. In other experiments, mouse 

platelets were pretreated with vehicle or 10 μg/ml eptifibatide, 10 μg/ml control IgG, a 



 
 

blocking anti-PDI antibody (BD34), or an anti-P-selectin antibody (RB40.34), and/or 0.2 

μg/ml BSA or Anfibatide for 30 minutes at 37°C. After washing with HEPES-Tyrode buffer, 

platelets were incubated with 10 μg/ml vWF in the presence or absence of 10 μg/ml 

botrocetin for 10 minutes. In another experiment, WT or hIL4R/GPIbα platelets were used. 

Cells were then fixed with 1% paraformaldehyde, centrifuged at 800g for 2 minutes and 

resuspended in HEPES-Tyrode buffer. Cells were incubated with FITC-conjugated control 

IgG or rabbit anti-vWF antibodies for 30 minutes. Cells were analyzed by flow cytometric 

analysis (Cyan ADP, Beckman Coulter).  

 

αMβ2 binding assay. Mouse or human platelets were pretreated with vehicle or 10 μg/ml 

eptifibatide, 10 μg/ml control IgG, a blocking anti-PDI antibody (BD34), or an anti-P-

selectin antibody (RB40.34), and/or 0.2 μg/ml BSA or Anfibatide for 30 minutes at 37°C. 

After washing with HEPES-Tyrode buffer, platelets were incubated with recombinant 

human αMβ2, 10 µg/ml, in the presence or absence of 0.5 mM MnCl2 for 30 minutes at 

37°C. In some experiments, WT or PDI-null platelets were pretreated with or without 50 

μg/ml wtPDI or dmPDI and then incubated with 10 µg/ml recombinant human αMβ2 in the 

presence or absence of 0.5 mM MnCl2 for 30 minutes at 37°C. In another experiment, 

hIL4R/GPIbα platelets were incubated with αMβ2 in the presence or absence of 0.5 mM 

MnCl2 and 50 μg/ml wtPDI for 30 minutes at 37°C. After washing out unbound αMβ2, 

platelets were incubated with 5 µg/ml FITC-conjugated control IgG or goat anti-human β2 

antibodies, followed by flow cytometric analysis. 

 

Surface plasmon resonance. The interaction of platelet surface PDI with GPIbα was 



 
 

investigated by using surface plasmon resonance with Biacore T200. The extracellular 

domain of recombinant GPIbα (0.5 mg/ml in 10 mM sodium acetate buffer, pH 4.0) was 

immobilized onto a CM5 chip (Series S, Sensor Chip CM5, GE Healthcare) according to 

the manufacturer’s instructions. Various concentrations of wtPDI or dmPDI (0.26 to 18 

µM) or soluble αMβ2 (0.03 to 21 µM) in running buffer (10 mM HEPES, pH 7.5 including 

150 mM NaCl, 0.05% Tween-20, 1 mM MgCl2, 0.5 mM MnCl2, and 1 mM dithiothreitol) 

were infused over the reference and integrin-immobilized surfaces at a flow rate of 15 

μl/minute for 180 seconds, followed by a dissociation phase of 120 seconds. Specific 

binding between two proteins was calculated by subtracting the reference sensorgram 

from the sample. Data were analyzed with a software (Biacore T200 version 1.0, GE 

Healthcare). 

 

Immunoprecipitation. Mouse platelets, 500 µl of 6 x 108 cells/ml, were stimulated with 

or without thrombin (0.025 U/ml) for 5 minutes at 37°C. The reaction was quenched with 

50 µM PPACK. Platelets were then incubated with 100 μM SSB for 20 minutes at 37°C 

and then with 20 mM Tris-HCl, pH 7.4, to quench the reaction. After washing three times, 

platelets were lysed with ice-cold lysis buffer (20 mM TBS, pH 7.4, containing 1% Triton 

X-100, 0.1% SDS, 2 mM EDTA, 2 mM Na3VO4, protease inhibitor cocktail, and 2 mM 

phenylmethylsulfonyl fluoride), followed by incubation with control IgG or anti-PDI 

antibodies for 1 hour at room temperature and then with protein A/G beads for overnight 

at 4°C. The bound fractions were immunoblotted with indicated antibodies. The blots were 

stripped and re-probed with peroxidase-conjugated avidin. The band density was 

measured by densitometry using Scion Image (v4.0).  



 
 

 

PDI binding assay. Platelets isolated from WT and hIL4R/GPIbα Tg mice were 

pretreated with 50 μg/ml His-tagged wtPDI or dmPDI for 30 minutes at 37°C. Platelets 

were then stimulated with or without 0.025 U/ml thrombin for 5 minutes at 37°C. The 

reaction was quenched with 50 µM PPACK. Cells were then incubated with Alexa Fluor 

488-conjugated anti-His antibodies, followed by flow cytometric analysis.  

 

ELISA. Recombinant GST-tagged GPIbα, 1 μg/ml, was immobilized on a well of a 96 well 

plate. After blocking with 1% BSA, different concentrations of wt and dmPDI, and its 

domain fragments (1 nM to 10 μM) in 20 mM HEPES buffer, pH 7.4, containing 1 mM 

glutathione were added to the well and incubated for 1 hour at room temperature. Then, 

anti-His antibodies, 1 μg/ml, were incubated for 1 hour at room temperature, followed by 

incubation with HRP-conjugated anti-mouse IgG antibodies. After the addition of 3,3',5,5'-

tetramethylbenzidine (Pierce), the reaction was stopped with 1 N HCl. The signal was 

measured at 450 nm using a microplate reader (PHERAstar, BMG Labtec, Germany). 

Values obtained from BSA-coated surfaces were subtracted as a negative control. Data 

are shown as mean ± S.D. from 3-4 independent experiments. 

 

Modeling of GPIbα-PDI binding. Coordinates of X-ray models of human GPIbα (protein 

data bank (PDB: 3P72)10 and reduced (PDB: 4EKZ) and oxidized forms (PDB: 4EL1)11 of 

human PDI were downloaded from the PDB. All molecular modeling studies were 

performed in Molecular Operating Environment (MOE).12 The docking was unbiased and 

did not contain any pharmacophore requirements. The proteins were subjected to the 



 
 

“structure preparation” procedure. Hydrogen atoms were added using the Protonate 3D 

algorithm. The energy of the resulting structure was minimized utilizing AMBER12EHT 

forcefield.13 A short peptide found in GPIbα was removed. The proteins were minimized 

until the root mean square gradient was less than 0.001 kcal/mol/Å2. The MOE module 

“Dock” for protein-protein docking was used to dock GPIbα to PDI using the default 

parameters and settings. Docking was performed using the “Rigid Body” refinement 

algorithm and “GBVI/WSA dG” function for rescoring of the resulting poses. A total of 100 

poses were stored after the refinement step. The docking poses where the missing C-

terminal of GPIbα was covered by PDI were discarded, and only those poses that did not 

have overlap with the missing C-terminal portion of GPIbα were considered for further 

analysis. 

 

Free thiol labeling. GPIbα (50 nM) was incubated with either wtPDI or dmPDI (100 nM) 

for 10 minutes at 37°C, followed by incubation with 100 μM MPB for 30 minutes at 37°C 

in the presence of a mixture of GSH:GSSG (0:0, 1:0.33, or 1:0.05 mM).  After quenching 

the reaction with 1 mM GSH, proteins were electrophoresed under reduced conditions 

and blotted with peroxidase-conjugated avidin or antibodies against GPIbα or PDI.  

 

Mass spectrometry. The active site disulfide bond of PDI was reduced with 10 mM 

dithiothreitol for 30 minutes at room temperature, and the reducing agent was removed 

by a spin desalting column. Recombinant human GPIbα (His17-Leu505), 1.8 µM, was 

incubated without or with a 2- or 10-fold molar excess of wtPDI or dmPDI for 30 minutes 

at room temperature. Unpaired Cys thiols in GPIbα were alkylated with 5 mM 2-iodo-N-



 
 

phenylacetamide (12C-IPA labeling free thiol groups of Cys residues forming allosteric 

disulfide bonds) for 1 hour at room temperature. The proteins were separated on SDS-

PAGE and stained with SYPRO Ruby. The GPIbα band was excised, destained, dried 

and incubated with 40 mM dithiothreitol. The fully reduced GPIbα was alkylated for 1 hour 

at 25 °C with 5 mM 13C-labeled IPA (13C-IPA) where all 6 carbon atoms of the phenyl ring 

have a mass of 13. GPIbα was digested with 12.5 μg/ml trypsin in 25 mM 

NH4CO2 overnight at room temperature. Peptides were eluted from the slices with 5% 

formic acid and 50% acetonitrile, dried and reconstituted in 12 µl of 0.1% formic acid. 

Using a Thermo Fisher Scientific Ultimate 3000, peptides (3 µl) were injected and 

resolved on a 35 cm x 75 μm C18 reverse phase analytical column with integrated emitter 

over a gradient from 2% acetonitrile to 35% acetonitrile over 22 minutes with a flow rate 

of 200 nl/minute. The peptides were ionized by electrospray ionization at +2.0 kV. Tandem 

mass spectrometry analysis was carried out on a Q-Exactive Plus mass spectrometer 

(Thermo Fisher Scientific) using CID fragmentation. The data-dependent acquisition 

method acquired MS/MS spectra on the top 5 most abundant ions at any one point during 

the gradient. The data produced were searched using Mascot (Matrix Science) against 

UniProt database. Search parameters were as follows: precursor tolerance of 6 ppm and 

product ion tolerances of ± 0.4 Da. Cys-12C-IPA, Cys-13C-IPA, oxidized Met, pyro-Glu 

pyro-Gln were selected as variable modifications with full tryptic cleavage of up to three 

missed cleavages. To calculate ion abundance of peptides, extracted ion chromatograms 

were generated using the XCalibur Qual Browser software (v2.1.0; Thermo Scientific). 

The area was calculated using the automated peak detection function built into the 

software. The fraction of reduced disulfide bond was measured from the relative ion 



 
 

abundance of peptides containing 12C-IPA and 13C-IPA. The ratio of 12C-IPA to 13C-IPA 

labeling of the Cys-containing peptides represented the fraction of the reduced disulfide 

bonds in GPIbα.  

 

Chinese hamster ovary (CHO) cell transfection. The cDNAs of human wt or mutant 

(Cys4Ser or Cys209Ser) GPIbα, GPIbβ or GPIX were cloned into the pcDNA3.1 

expression vector as described previously.14 Site-directed mutagenesis for a Cys-to-Ser 

point mutation at the position of Cys4 or Cys209 was performed using QuikChange Multi 

Site-Directed Mutagenesis kit with the following primers: For the Cys4Ser mutation, a 

forward primer as 5’-CCCCCACCCCATCTCCGAGGTCTCCAA-3’, and a reverse primer 

as 5’-CTTTGGAGACCTCGGAGATGGGGTGGG-3’. For the Cys209Ser mutation, a 

forward primer as 5’-GGGAACCCCTGGTTATCTAACTGTGAGATCCTC-3’, and a 

reverse primer as 5’-GAGGATCTCACAGTTAGATAACCAGGGGTTCCC-3’. The cDNAs 

were co-transfected into CHO cells using Lipofectamine 2000 according to the 

manufacturer’s instructions. Cells were harvested with 1 mM EDTA after 60 hours of 

transfection. CHO cells expressing wt or mutant GPIb-IX (5 x 105) were suspended in 

HEPES-Tyrode buffer. The expression of cell surface GPIbα was detected by flow 

cytometer using three different anti-GPIbα antibodies: HIP1 that recognizes the N-

terminal vWF-binding domain, SZ2 that binds to the anionic sulfated tyrosine region, and 

MM2/174 that recognizes the elastase-resistant part of GPIbα.15-17 In some experiments, 

cells were incubated with 35 μg/ml vWF and 2 mg/ml ristocetin in an aggregometer at 

37°C with stirring at 200g for 10 minutes. The unbound vWF was washed out by 

centrifugation at 800g for 5 minutes. Cells were treated with isotype control IgG or anti-



 
 

GPIbα antibodies (MM2/174), followed by incubation with Alexa Fluor 647-conjugated 

anti-mouse IgG antibodies. Then, cells were incubated with FITC-conjugated control IgG 

or anti-vWF antibodies.  

 

In vitro heterotypic platelet-neutrophil aggregation. Platelet-neutrophil aggregation 

assays were performed as previously described.2 Platelets (2 x 107) and neutrophils (1 x 

106) isolated from WT and PDI CKO mice were labeled with DyLight 488-conjugated anti-

CD42c and Alexa Fluor 647-conjugated anti-Ly-6G antibodies, respectively. Human 

neutrophils and platelets were labeled with Alexa Fluor 488-conjugated anti-CD41 and 

FITC-conjugated anti-L-selectin antibodies, respectively. Neutrophils were stimulated 

with 20 ng/ml TNF-α for 5 minutes. Platelets were pretreated with or without control IgG 

or a blocking anti-PDI antibody (10 μg/ml), BSA or Anfibatide (0.2 μg/ml), or both inhibitors 

for 30 minutes at room temperature and then activated with 0.025 U/ml thrombin for 5 

minutes at 37°C, followed by incubation with 50 μM PPACK. Activated platelets were 

mixed with stimulated neutrophils under a stirring condition of 1,000 rpm in an 

aggregometer. After a 5-minute incubation, cells were fixed and analyzed by flow 

cytometry. Cell-cell aggregation was assessed by the number of cell-cell aggregates in 

the R3 gate and the mean fluorescence intensities (MFI) of anti-CD42c antibodies 

(Heterotypic interaction) in the R1 gate. Data were presented as the percentage of the 

number of cell aggregates (for cell-cell aggregates) or the MFI value (for heterotypic 

interaction) normalized to a control group (WT platelets/neutrophils or control IgG-treated 

cells). In some experiments, antibody-labeled platelets and neutrophils were mixed under 

stirring and cytospinned at 200g for 10 minutes. Fluorescence images were captured with 



 
 

a Nikon microscope (ECLIPSE Ti, Melville, NY) equipped with a Plan Fluor ×40/1.30NA 

oil objective lens and recorded with a digital camera (CoolSNAP ES2) as described 

previously.18 The data were analyzed using NIS-Elements (AR 3.2; Nikon). 

 

Proximity ligation assay. WT control and PDI CKO mice were treated with intrascrotal 

injection of TNF-α, 500 ng. Three hours later, the cremaster muscle was removed and 

mounted on dental wax to retain the stretched conformation of the tissue. The muscle 

was washed with PBS and cryopreserved in optimal cutting temperature compound. 

The frozen blocks were cryosectioned and then mounted to slides. The thawed slides 

were rehydrated in PBS for 10 minutes at room temperature and blocked with the blocking 

solution provided by Duolink® In Situ Red Proximity Ligation Assay kit at 37°C for 1 hour, 

followed by incubation with nonimmune goat IgG and rabbit IgG, or goat anti-PDI and 

rabbit anti-GPIbα antibodies (1 μg/ml) at room temperature for 1 hour. Duolink proximity 

ligation assay was performed according to the manufacturer’s instructions. After washing, 

platelets and neutrophils were labeled with DyLight 488-conjugated anti-CD42c and Alexa 

Fluor 647-conjugated anti-Ly-6G antibodies (10 μg/ml), respectively. The slides were 

mounted with Vectashield containing DAPI. Images were acquired on a Zeiss LSM 880 

confocal microscope (Carl Zeiss AG, Germany) equipped with a Plan Apochromatic 

63x/1.4 oil immersion objective. The number of platelets and the PLA signal (i.e. single 

dots) were counted using a Zen 2 (blue edition) software (Carl Zeiss AG, Germany). 

Twenty vessels in 6 different sections were acquired from three different mice per group. 

The number of PLA puncta was normalized to the number of platelets in each vessel. 

 



 
 

Ischemia/reperfusion-induced stroke. Both male and female C57BL/6 mice, WT, 

platelet-specific PDI CKO mice (22-25g, 7-10 weeks old) were anesthetized 2% isoflurane 

in oxygen mixture and treated by ip injection of buprenorphine (30 ng/g BW, i.p.). The 

body temperature was maintained at 37°C throughout surgery using a heating blanket. 

The left common carotid artery was exposed, followed by dissection of the external carotid 

artery and isolation of the internal carotid artery. A left middle cerebral artery was 

occluded with a monofilament (0.15 mm in diameter, the tip diameter is 0.22-0.25 mm, 5-

0 DERMALON, Syneture) for 1 hour. A successful occlusion was indicated by a decrease 

in the regional cerebral blood flow to <20% of the baseline using a laser Doppler perfusion 

monitoring system (PF5010, Perimed AB, Ardmore, PA). The filament was then removed, 

and blood flow was restored to the baseline. BSA or Anfibatide (5 or 25 ng/g BW in 100 

μl saline) was intravenously infused into mice after 1-hour occlusion. The experiments 

were performed in a single-blind manner. After re-injection of buprenorphine (25 ng/g BW 

i.p.), mice were subjected to 23 hours of reperfusion. Neurological function was then 

assessed using the Bederson score19 and Wire suspension test (grip test).20 For 

measuring Bederson score, neurological deficits were scored according to the following 

system: 0, no observable deficit; 1, forelimb flexion; 2, forelimb flexion and decreased 

resistance to lateral push; 3, forelimb flexion, decreased resistance to lateral push, and 

circle to paretic side. For the wire suspension test of grip strength and endurance, the 

mouse placed on a horizontal string (0.5 mm thick, 50 cm in length, 40 cm above a 

tabletop). The mouse was assessed according to the following system: 0, falls off; 1, hung 

onto the string with two forepaws; 2, in addition to 1, attempted to climb onto string; 3, 

hung onto the string with two forepaws and one or both hindpaws; 4, hung onto the string 



 
 

with four paws with tail wrapped around the string; 5, escape to the edge of the string. 

After the assessment, mice were sacrificed, and brains were taken out. The 2-mm brain 

slices were stained with 2% 2,3,5-triphenyltetrazolium chloride solution (Sigma-Aldrich) 

for 10 minutes at 37°C, followed by fixation with 4% paraformaldehyde. Sections were 

scanned, and the infarct volumes were measured using Image J.  
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Supplemental Table S1. Allosteric disulfide bonds in platelet surface proteins.  

Family Receptor Cysteine Allosteric  
configuration 

PDB ID* References 

β3 integrin αIIb Cys56-Cys65 
Cys107-Cys130 
Cys146-Cys167 
Cys602-Cys608 
Cys473-Cys484 
Cys490-Cys545 
Cys674-Cys687 
Cys826-Cys890

-RHStaple 
-RHStaple 
-LHHook 
-LHHook 
-/+RHHook 
-RHStaple 
-RHStaple 
-RHStaple

1TYE, 2VC2, 2VDK, 
2VDL, 2VDM, 2VDN,
2VDO, 2VDP, 2VDQ,
2VDR, 3FCS, 3FCU,
3NID, 3NIF, 3NIG, 
3T3M, 3T3P, 3ZDX, 
3ZDY, 3ZDZ, 3ZE0, 
3ZE1, 3ZE2, 4Z7N, 
4Z7O, 4Z7Q, and  
5HDB 

1, 2, 3, 4, 5, 6, 7

   

β3 Cys26-Cys49 
Cys177-Cys184 
Cys406-Cys433 
Cys437-Cys457 
Cys462-Cys471 
Cys473-Cys503 
Cys523-Cys544 
Cys560-Cys583 
Cys614-Cys635 
Cys663-Cys687 

-LHHook 
-/+RHHook 
-/+RHHook 
-/+RHHook 
-LHHook 
-/+RHHook 
-LHHook 
-LHHook 
-/+RHHook 
-RHStaple 

αv Cys59-Cys67 
Cys108-Cys128 
Cys142-Cys155 
Cys478-Cys535 
Cys596-Cys602 
Cys668-Cys681 
Cys822-Cys884 
Cys874-Cys879

-RHStaple 
-RHStaple 
-/+RHHook 
-LHHook,-RHStaple 
-LHHook 
-RHStaple 
-RHStaple 
-RHStaple

4G1M, 3IJE, 1L5G, 
1M1X, 4MMX,  
4MMY, 4MMZ, and  
4O02 
 

8, 9, 10, 11, 12 

β3 Cys13-Cys435 
Cys177-Cys184 
Cys406-Cys433 
Cys437-Cys457 
Cys448-Cys460

-LHHook 
-/+RHHook 
-/+RHHook 
-/+RHHook 
-/+RHHook



 
 

Cys462-Cys471 
Cys486-Cys501 
Cys495-Cys506 
Cys523-Cys544 
Cys560-Cys583 
Cys617-Cys631 
Cys663-Cys687

-LHHook 
-LHHook 
-LHHook 
-LHHook,-RHStaple 
-LHHook 
-LHHook 
-RHStaple

β1 integrin α2 No allosteric configuration 1AOX 13

α5 Cys58-Cys67 
Cys115-Cys135 
Cys487-Cys543

-RHStaple 
-RHStaple 
-RHStaple

3VI4, 4WJK, and  
4WK2 

14, 15 
 

β1 Cys7-Cys25 
Cys15-Cys444 
Cys28-Cys55

-LHHook 
-LHHook 
-LHHook

α6 No allosteric configuration Not available
GPIb-IX-V GPIbα Cys4-Cys17 

Cys209-Cys248 
-RHStaple 
-LHHook 

1M0Z, 1M10, 1OOK,
1P9A, 1QYY, and  
3P72 

16, 17, 18, 19 

GPIbβ Cys5-Cys14 -RHStaple 3REZ and 3RFE  20 
Cys68-Cys93 -LHHook

GPIX No allosteric configuration 3REZ  20

GPV No allosteric configuration Not available
Toll-like  
receptors 
(TLR) 

TLR1 Cys223-Cys230 -/+RHHook 1FYV and 2Z7X 
 

21, 22 
Cys667-Cys686 -/+RHHook

TLR2 Cys10-Cys16 
Cys295-Cys320 
Cys517-Cys542

-RHStaple 
-LHHook 
-LHHook

2Z7X and 2Z80 22 

TLR4 Cys6-Cys17 
Cys241-Cys266 
Cys367-Cys368 
Cys560-Cys586

-RHStaple 
-LHHook 
-RHStaple 
-LHHook

2Z62, 3UL7, 3UL8, 
3UL9, and 4G8A 

23, 24, 25 
 

TLR6 No allosteric configuration 4OM7 26

TLR7 No allosteric configuration Not available
TLR9 No allosteric configuration Not available

Thrombin  
receptors 

PAR1 No allosteric configuration Not available
PAR4 No allosteric configuration Not available



 
 

ADP  
receptors 

P2Y1 No allosteric configuration 4XNV and 4XNW 27

P2Y12 No allosteric configuration 4PXZ and 4PY0 28

Prostaglandin 
receptors 

Thromboxane 
receptor A2 

No allosteric configuration 1LBN Theoretical 
model

PGI2 receptor No allosteric configuration Not available
PGD2 receptor No allosteric configuration Not available
PGE2 receptor No allosteric configuration Not available

Vasopressin  
receptor 

V1a receptor No allosteric configuration 1YTV 29 

Adenosine  
receptor 

A2a receptor Cys74-Cys146 
Cys77-Cys166

-LHHook 
-LHHook

3VG9 and 3VGA 30 

Epinephrine  
receptor 

β2-Adrenergic  
receptor 

Cys184-Cys190 -LHHook 
 

2RH1, 3NY8, 3NY9, 
3NYA, 3P0G, 3PDS, 
5D5A, 5D5B, and  
5D6L 

31, 32, 33, 34, 35,
  
36 

Serotonin  
receptor 

5-HT2A  
receptor 

No allosteric configuration Not available 

Dopamine  
receptor 

D3 No allosteric configuration 3PBL 37

D5 No allosteric configuration Not available
Chemokine  
receptor 

CXCR1 No allosteric configuration 2LNL, 1ILP, and  
1ILQ 

38 

CXCR2 No allosteric configuration 5TYT  39

CXCR4 Cys28-Cys274 -LHHook 3OE8 and 3OE9 40

CCR1 No allosteric configuration 1Y5D Theoretical 
model

CCR3 No allosteric configuration Not available
CCR4 No allosteric configuration Not available

Collagen  
receptor 

GPVI No allosteric configuration 2GI7 41 

 CLEC-2 No allosteric configuration 3WSR and 2C6U 42, 43

 CD40 Cys6-Cys17  
Cys85-Cys99 
Cys91-Cys96  
Cys105-Cys123 
Cys147-Cys166

-LHHook 
-LHHook 
-LHHook 
-LHHook 
-LHHook

5DMI, 5DMJ, and  
5IHL 

44 

CD40L No allosteric configuration 3QD6 45



 
 

 P-selectin No allosteric configuration 1FSB, 1G1Q, 1G1R, 
and 1G1S

46, 47 

Junctional  
adhesion  
molecules 

JAM-C No allosteric configuration Not available 

Intercellular  
adhesion  
molecules 

ICAM-2 No allosteric configuration 1ZXQ  48 

Complement  
receptor 

C1qRp  No allosteric configuration Not available 

Anaphylatoxin 
receptors 

C3aR No allosteric configuration Not available
C5aR No allosteric configuration 5O9H 49

Major histocom
patibility  
complex class 

MHC-1 Cys203-Cys259 -LHHook 3RWC, 3RWD, 
3RWE, 3RWF, 
3RWG, 3RWH,  
3RWI, and 3RWJ

50 

Sialic acid- 
binding  
receptors 

Siglec-7 No allosteric configuration 1NKO, 1O7S, 1O7V, 
2DF3, 2G5R, and  
2HRL 

51,52,53 ,54 

Siglec-9 No allosteric configuration Not available
Siglec-11 No allosteric configuration Not available

 CD36 No allosteric configuration 5LGD 55 

Nucleotide-  
binding  
oligomerization
domain-  
containing  
protein 

NOD2 No allosteric configuration 5IRL, 5IRM, and  
5IRN 

56 

Scavenger  
receptor 

SRB1 No allosteric configuration 5KTF and 3R69 57,58 

 PECAM-1 Cys30-Cys82 
Cys125-Cys179 

-LHHook 
-LHHook 

2KY5, 5C14, and  
5GNI 

59,60,61 

Insulin receptor INSR Cys8-Cys26 -LHHook 1GAG, 1I44, 1IR3, 62,63,64,65,66,67,



 
 

 1IRK, 1P14, 1RQQ, 
2AUH, 2B4S, 2HR7,
2MFR, 2Z8C, 3BU3,
3BU5, 3BU6, 3EKK,
3EKN, 3ETA, 3W11,
4XLV, 4XSS, 4XST, 
4ZXB, 5E1S, 5HHW,
5J3H, 5KQV, 5U1M,
3W12, 3W13, 4IBM,
and 4OGA

68,69,70,71,72,73,
74,75,76,77,78,79,
80,81,82,76,83,76,
84,85 
  
 
  
 

Leptin receptor LEPR Cys415-Cys426 
Cys467-Cys477

-RHStaple 
-RHStaple

3V6O 86 

Platelet- 
activating  
factor  
receptor 

PAF-R No allosteric configuration 2B0X Theoretical 
 model 

TREM-like  
transcript-1 

TLT-1 No allosteric configuration 2FRG 87 

Tyrosine- 
protein kinase  
receptor 

Tie-1 No allosteric configuration 5N06 88 

SLAM family  
member  

CD84  
(SLAMF5) 

No allosteric configuration 2PKD 89 

CD150 
(SLAMF1) 

No allosteric configuration 1M27  

Platelet- 
derived growth 
factor receptor 

PDGFR1 No allosteric configuration 1GQ5, 1H9O, 1LWP,
1SHA, 2L6W, 2PLD,
2PLE, and 3MJG

90,91,92,93,94,95 
 

PDGFR2 No allosteric configuration 1GQ5 and 5GRN 90

 

*: Protein Data Bank Identifier 
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SUPPLEMENTAL FIGURE LEGEND 

Figure S1. The surface levels of platelet GPIbα and P-selectin are not affected by 

PDI deletion. Flow cytometry was performed to determine the surface amount of GPIbα 

(A) and P-selectin (B) on resting and thrombin-activated WT and PDI-null platelets. Data 

are shown as the MFI value and represent the mean ± SD (n = 3). *P < 0.05 and ****P < 

0.0001 versus unstimulated platelets after ANOVA and Dunnett’s test.  

 

Figure S2. Eptifibatide blocks αIIbβ3-mediated platelet aggregation induced by 

thrombin. WT mouse (A) and human (B) platelets were pretreated with vehicle or 

different concentrations of eptifibatide, followed by stimulation with thrombin. The 

representative aggregation traces were obtained from three independent experiments. 

 

Figure S3. Anfibatide inhibits platelet agglutination in a concentration-dependent 

manner. Mouse (A) and human (B) platelets were pretreated with BSA (0.5 μg/ml) or 

Anfibatide (0.1-0.5 μg/ml) and then incubated with vWF and either botrocetin or ristocetin. 

The representative agglutination traces were obtained from three independent 

experiments. 

 

Figure S4. Inhibition of P-selectin does not impair vWF binding to mouse platelets. 

WT mouse platelets were pretreated with control IgG or a blocking anti-P-selectin 

antibody (10 μg/ml). After washing, platelets were incubated with 10 μg/ml vWF and 10 

mM EDTA in the presence or absence of 10 μg/ml botrocetin. Flow cytometry was 

performed using FITC-labeled anti-vWF antibodies. (A) Representative histogram. (B) 

Data are shown as the MFI value and represent the mean ± SD (n = 3). *P < 0.05 after 



 
 

ANOVA and Tukey’s test. 

 

Figure S5. Surface-bound PDI is detected on unstimulated and stimulated platelets. 

WT control mouse (PDIflox/flox, A-B) and human (A and C) platelets were treated with or 

without 0.025 U/ml thrombin. The surface level of PDI was measured by flow cytometry 

using rabbit IgG or polyclonal anti-PDI antibodies equivalently conjugated with Alexa Fluor 

488. Data represent the mean ± SD (n = 4). *P < 0.05 or **P < 0.01 versus unstimulated 

platelets after Student’s t-test.  

 

Figure S6. Deletion of the GPIbα extracellular domain does not affect aggregation, 

αIIbβ3 activation, and P-selectin exposure in platelets. (A) Aggregation of WT and 

hIL4R/GPIbα platelets was initiated with 0.025 U/ml thrombin. The representative 

aggregation trace was obtained from three independent experiments. (B-C) WT and 

hIL4R/GPIbα platelets were treated with or without 0.025 U/ml thrombin, followed by flow 

cytometry using antibodies against activated αIIbβ3 (JON/A) or P-selectin. Data represent 

the mean ± SD (n = 3). ****P < 0.0001 versus unstimulated platelets after Student’s t-test.  

 

Figure S7. A docking model of PDI-GPIbα complex. A set of representative residues 

at the interface between GPIbα and oxidized 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. 

 

Figure S8. GPIbα is not shed in circulating platelets during TNF-α-induced vascular 



 
 

inflammation. Saline or TNF-α was intrascrotally injected into WT and platelet-specific 

PDI CKO mice. Platelets were isolated at 3 hours after TNF-α injection. The surface level 

of GPIbα was measured by flow cytometry. Data represent the mean ± SD (n = 3 mice 

per group). 

 

Figure S9. Anfibatide dose-dependently reduces the infarct volume and 

ameliorates neurological deficits in I/R-induced stroke. WT (C57BL/6) mice were 

subjected to transient MCAO and reperfusion as described in Methods. BSA or Anfibatide 

(5 or 25 ng/g BW) was intravenously infused into mice right after 1-hour MCAO, followed 

by 23-hour reperfusion. (A) Staining of brain sections with 2,3,5-triphenyltetrazolium 

chloride. (B) The infarct volume was measured. (C-D) The Bederson score and grip test 

were used to analyze neurologic outcome 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 = 6-7 mice 

per group). *:P<0.05 or ****:P<0.0001 after ANOVA and Tukey’s test (B) or Kruskal-Wallis 

test with post hoc Dunn correction (C-D). 

 

Figure S10. GPIbα and PDI are detected on unstimulated and stimulated platelets 

isolated from SCD mice. Platelets isolated from SCD mice were treated with or without 

0.025-0.05 U/ml thrombin. The surface levels of GPIbα and PDI were measured by flow 

cytometry using Alexa Fluor 488-conjugated rabbit IgG or polyclonal anti-PDI antibodies, 

or FITC-conjugated rat IgG2a or anti-GPIbα antibodies (Xia.B2). (A) Representative 

histogram. (B-C) Data are shown as the MFI value and represent the mean ± SD (n = 3). 



 
 

*P < 0.05 or **P < 0.01 versus unstimulated platelets after ANOVA and Dunnett’s test.  

 

Figure S11. Platelet PDI-regulated GPIbα function is important for heterotypic 

aggregation of platelets and neutrophils isolated from SCD mice. Platelets and 

neutrophils were isolated from SCD mice and labeled with DyLight 488-conjugated 

CD42c and Alexa Fluor 647-conjugated anti-Ly-6G antibodies, respectively. Platelets 

were treated with 0.025 U/ml thrombin in the presence of control IgG, an anti-PDI antibody, 

BSA, Anfibatide, or both inhibitors, followed by mixing with activated neutrophils under a 

stirring condition. Flow cytometry was performed as shown in Figure 4A-C. Cell-cell 

aggregation was measured by (A) the number of cell-cell aggregates and (B) the 

fluorescence intensities of anti-CD42c antibodies (Heterotypic interaction). *:P<0.05, 

**:P<0.01,  or ****:P<0.0001 after ANOVA and Tukey’s test. 

 

Figure S12. Rutin inhibits agglutination of PDI-null platelets. WT and PDI-null 

platelets were pre-incubated with vehicle (0.1% DMSO) or 50 μM rutin and then treated 

with vWF and botrocetin. The representative agglutination/aggregation traces were 

obtained from three independent experiments. Data represent the mean ± SD. 

 



 
 

Video 1. Platelet-neutrophil interactions during TNF-α-induced vascular inflammation in 

WT mice.  

Video 2. Platelet-neutrophil interactions during TNF-α-induced vascular inflammation in 

platelet-specific PDI CKO mice.  

Video 3. Platelet-neutrophil interactions during TNF-α-induced vascular inflammation in 

platelet-specific PDI CKO mice treated with wtPDI.  

Video 4. Platelet-neutrophil interactions during TNF-α-induced vascular inflammation in 

platelet-specific PDI CKO mice treated with dmPDI.  

 

 

 

 


