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Abstract

Introduction: The protein disulfide isomerase (PDI) family of thiol isomerases are intracellular 

enzymes known to catalyze the oxidation, reduction and isomerization of disulfide bonds during 

protein synthesis in the endoplasmic reticulum. PDI and related members of the thiol isomerase 

family are known to localize extracellularly where they possess various functions. Among these, 

the role of PDI in the initiation of thrombus formation is best characterized. PDI is secreted within 

seconds from activated platelets and endothelial cells at the site of vascular injury and accumulates 

in the developing platelet-fibrin thrombus. Inhibition of PDI by antibodies or small molecule 

inhibitors blocks thrombus formation. Efforts are underway to identify extracellular substrates of 

PDI that participate in the network pathways linking thiol isomerases to thrombus formation. 

ERp57, ERp5 and ERp72 also play a role in initiation of thrombus formation but their specific 

extracellular substrates are unknown.

Areas covered: The following review gives an overview of biochemistry of vascular thiol 

isomerases followed by a detailed description of their role in thrombosis and its clinical 

implications.

Expert commentary: The thiol isomerase system, by controlling the initiation of thrombus 

formation, provides the regulatory switch by which the normal vasculature is protected under 

physiologic conditions from thrombi generation.
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1. Introduction

Thiol isomerases belong to a large group of multidomain, multifunctional proteins, of which 

protein disulfide isomerase (PDI) is the prototype [1]. These proteins, now 21 in total (Fig 

1), have evolved from an ancestral thioredoxin gene found in primitive unicellular 

organisms. The thioredoxin-like domain consists of 4-stranded antiparallel β sheet 

Corresponding author: Bruce Furie, 3 Blackfan circle CLS 903, Boston, MA, USA 02215, bfurie@bidmc.harvard.edu. 

Declaration of interest
The authors have no relevant affiliations or financial involvement with any organization or entity with a financial interest in or 
financial conflict with the subject matter or materials discussed in the manuscript. This includes employment, consultancies, 
honoraria, stock ownership or options, expert testimony, grants or patents received or pending, or royalties. Peer reviewers on this 
manuscript have no relevant financial or other relationships to disclose.

HHS Public Access
Author manuscript
Expert Rev Hematol. Author manuscript; available in PMC 2019 May 01.

Published in final edited form as:
Expert Rev Hematol. 2018 May ; 11(5): 437–448. doi:10.1080/17474086.2018.1452612.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



surrounded by 3 ∝ helices (Figure 2A) [2]. The active site of PDI family thiol isomerases 

contain Cysteine-X-X-Cysteine (CXXC) motif, where X is any amino acid. Duplication and 

evolution of the thioredoxin-like fold resulted in multidomain proteins with both active or 

catalytic domains (termed a, a’ or a⁰) and substrate-binding domains (b or b’) [3]. The 

catalytic domains contain the CXXC motif and carry out the oxidoreductase function of 

these enzymes, whereas the substrate-binding domains have developed particular features, 

such as hydrophobic pockets, to facilitate protein-protein interaction [4, 5].

Thiol isomerases are multifunctional enzymes [1]. Their primary function is to catalyze 

oxidation, reduction and isomerization reactions related to disulfide bonds. Interacting with 

a protein substrate with lower redox potential, thiol isomerases function as oxidases by 

forming disulfide bonds from free sulhydryl groups within the substrate. Conversely, acting 

as reductases on substrates with higher redox potential, they cleave disulfide bonds. They 

can also act as isomerases by modifying disulfide bond formation within the substrate 

protein without net change in free thiol content, resulting in alteration in substrate protein 

structure. In addition, by facilitating protein folding in the absence of catalytic activity, they 

act as chaperones [6, 7]. These functions are essential in nascent protein folding in the 

endoplasmic reticulum (ER). Thiol isomerases can also act as nitrosylases/denitrosylases 

upon modification of the catalytic cysteines by transfer of nitric oxide (NO) to or from 

substrates [8, 9]. Thus, thiol isomerases are multifunctional proteins involved in multiple 

catalytic as well as non-catalytic processes.

Although PDI family isomerases contain classical C-terminal ER retention sequence, e.g. 

KDEL in PDI, a subpopulation is transported extracellularly during cell activation, 

particularly in platelets and endothelium, where they support a variety of processes [10]. 

These include viral entry, triglyceride transport, maintenance of surface redox potential, 

antigen presentation, tumor micro-invasion, and, best characterized, thrombus formation 

[10–15]. The release of these proteins is regulated and occurs upon injury or chemical 

stimuli, but the mechanism of release remains poorly understood. The identification of the 

critical role that PDI plays in thrombus formation was unanticipated, and has expanded our 

understanding of proximal molecular events which regulate the initiation of the hemostatic 

process upon vascular injury. This review focuses on the biochemistry and recent advances 

in our understanding of the role of vascular thiol isomerases in thrombus formation.

2. Vascular thiol isomerases

2.1 Protein Disulfide Isomerase

PDI is the archetypal and most abundant thiol isomerase in the ER and was originally 

identified by Anfinsen as the microsomal enzyme capable of oxidative folding of 

ribonuclease A [16]. A polypeptide with molecular weight of 57,000, encoded by the P4HB 
gene, PDI has 4 domains: a, b, b’ and a’, with a linker peptide, “x”, C-terminal to b’ and a 

short “c” segment C-terminal to the a’ domain (Figure 2B.) [17, 18]. The a and a’ domains 

contain the catalytic active sites containing Cys-Gly-His-Cys (CGHC) motif. The two 

catalytic domains are not redundant in function as demonstrated by the critical role of a’ 

domain of PDI in thrombus formation [4].
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The a and a’ domain CGHC motifs of PDI appear to be predominantly reduced in vivo, 
although the redox state of these thiol isomerases is dynamically regulated by sulfhydryl 

oxidases such as Ero1 [19, 20, 21]. The CGHC motif active sites enable PDI to cycle 

between the reduced thiol and disulfide-bonded state, key to its participation as an 

oxidoreductase. It can directly catalyze the formation of disulfide bridge formation in a 

number of substrates and is dependent on sulfhydryl oxidases to be oxidized itself prior to 

acting on its substrate. A sulfhydryl oxidase couples the oxidation of a CXXC motif in PDI 

to reduction of a small molecule cofactor, such as flavin adenine nucleotide (FAD). The 

reaction proceeds through a mixed disulfide intermediate between the sulfhydryl oxidase 

and active domain of a PDI family protein. Understanding of this linear electron transfer 

pathway with the sulfhydryl enzyme first oxidizing CXXC motif in a thiol isomerase, which 

subsequently donates its disulfide to a nascent secretory protein, is essential in 

understanding in vivo trapping of substrates, as discussed below [22, 23]. A number of 

oxidative substrates (e.g. procollagen, thyroglobulin, γ-gliadin) of PDI have been identified 

but many remain elusive [24, 25, 26].

The essential function of PDI in cell growth may lie in its chaperone activity and not its 

catalytic activity. The complete deletion of PDI in yeast is lethal, and yet yeast cells that 

only express mutant PDI with inactivated catalytic sites (AXXA) are viable [27]. 

Consistently, PDI knockout mice are embryonic lethal. Unlike oxidoreductase activity, the 

structural determinants of PDI chaperone activity remain unclear [28]. A mutant PDI with 

the 51 C-terminal amino acids deleted (abb’xa’), maintained its catalytic activity but lost its 

chaperone function, although this may have resulted from the loss of substrate-binding by 

the b’ domain secondary to destabilization of the a’ domain [29]. Examples of chaperone 

activity of PDI, which occurs in complex with other enzymes, include hydroxylation of 

proline and membrane transport of triglycerides [12].

PDI undergoes S-nitrosylation following exposure to nitric oxide (NO) donors [30]. S-

nitrosylation of catalytic cysteines within PDI enables transfer of NO to other proteins and 

into cells. Knockdown of PDI in HEL cells inhibits delivery of NO from a S-NO donor into 

cytosol [9]. Similarly, inhibition of PDI blocks transfer of NO from a physiologic NO donor, 

S-nitrosoglutathione, into both megakaryocytes and into platelets [31]. NO can also be 

transferred from the heme moiety in guanylyl cyclase, as evidenced by its activation and 

marked increase in cGMP levels [9, 32]. However, the significance of this mechanism in 
vivo has not yet been determined.

PDI is abundant in the ER and is often used as an ER marker. However, it is also located in 

small secretory granules, including the GRO-∝ granule of the endothelial cells and T-

granule of the platelet, which may be specific compartments of the dense tubular system [33, 

34]. PDI and other thiol isomerases contain C-terminal ER retention sequence, KDEL. But 

despite this, subpopulations are transported extracellularly [35]. It is this subpopulation that 

carries out its extracellular function by acting on its extracellular substrates during thrombus 

formation. Stimulation of platelets and endothelial cells by secretagogues in vitro results in 

rapid exocytosis of PDI [10]. Similarly, in vivo endothelial injury models reveal rapid 

appearance of PDI on endothelial surface followed by platelet surface in a growing thrombus 

[33]. The dynamics of released PDI upon endothelial injury, its sequestration at the site of 
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growing thrombus, and its potential substrates, are discussed in greater detail below. The 

route by which PDI is released extracellularly remains unresolved. Some data suggests that 

it follows the classical secretory mechanism, that is, ER to Golgi to plasma membrane 

transport [36]. This occurs in association with the KDEL receptor. The KDEL receptor was 

initially thought to function in recycling of proteins with a KDEL motif back to the ER. 

Now, it is known to also exist in the trans-Golgi network (TGN) as well as in plasma 

membrane. PDI and KDEL receptors colocalize in TGN and on plasma membranes. 

Additionally, the knockdown of the KDEL receptor in endothelial cells results in reduced 

agonist-induced exocytosis of PDI [36]. More recently, it has been suggested that PDI 

release follows unconventional protein secretion pathways, as used by other ‘leaderless’ 

proteins [37]. It has also been shown that there is a basal constitutive release of small 

quantities of PDI from the endothelium.

2.2 ERp57

Erp57 is expressed in all eukaryotic cells and is widely distributed in mammalian tissues 

[38]. A polypeptide with molecular weight of 57,000, encoded by the gene PDIA3, ERp57 

shares a common domain structure with PDI. It also has four thioredoxin-like domains, a-b-

b’-a’, with a and a’ domains carrying the catalytically active site with the CGHC motifs. 

Despite this similarity, these enzymes are functionally non-redundant as ERp57 cannot 

rescue PDI deficiency in yeast [39]. This is likely related to the distinct substrate-binding 

domains b’ in ERp57 and PDI accounting for different substrate specificities. For example, 

the b’ subunit of ERp57 interacts with lectin chaperones calnexin and calreticulin, whereas 

PDI does not [40, 41]. Thus, intracellular substrates of ERp57 likely includes glycoproteins 

that enter the calnexin cycle [42]. ERp57 and PDI also possess similar reduction potentials, 

which are substantially more oxidizing than those of the substrate thiols, but differ in their 

capacities for redox modulation by endogenous sulfhydryl oxidases such as Ero1∝ [28]. 

ERp57 knockout mice are embryonic lethal [43].

ERp57 is primarily located in the ER and like PDI contains the ER retention sequence, 

KDEL. Unlike, PDI, extra-ER sites of ERp57 storage are not known, although it is found in 

the membrane fraction of the endothelial cells in addition to the ER [33]. A subpopulation of 

ERp57 is transported to the plasma membrane and the extracellular space via an 

undetermined route, where it carries out its extracellular functions by acting on its 

extracellular substrates. Agonist-stimulation of platelets and endothelial cells leads to ERp57 

release and it is this extracellular subpopulation of ERp57 that participates in thrombosis 

[44, 45, 46].

2.3 ERp5

ERp5 is a single polypeptide of molecular weight 48,000, encoded by the gene PDIA6. Its 

domain structure is a unique a-a’-b arrangement, with a and a’ carrying active sites with the 

CGHC motif [47]. ERp5 is thought to carry out oxidoreductase, isomerase and chaperone 

activities in the ER, although it is known to be a less efficient thiol isomerase than PDI in 
vitro [47]. Few substrates of ERp5 are known. Similar to PDI and ERp57, a subpopulation 

of ERp5 is transported to the cell membrane and extracellularly, where it carries out its 

extracellular functions, including thrombus formation [15, 48].
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2.4 ERp72

ERp72, encoded by the gene PDIA4 is one of the largest thiol isomerases with 5 

thioredoxin-like domains due to an additional N-terminal domain a⁰ to yield an a⁰-a-b-b’-a’ 

architecture [49]. The a⁰ domain also contains the CGHC active site, in addition to those 

present in the a and a’ domains. The non-catalytic b and b’ domains of ERp72 are similar to 

ERp57, but despite this similarity, ERp72 does not bind calnexin [50]. While the b’ domain 

in PDI is the primary substrate binding site, unlike PDI, the b’ domain in ERp72 is not 

hydrophobic, and does not bind scrambled RNase or small peptides. Instead, there are 

hydrophobic patches in the active site domains a⁰, a and a’ which likely participate in 

substrate recognition and binding as well [51]. These differences in the structural 

recognition sites of these enzymes can be extrapolated to its extracellular substrates, 

particularly those involved in thrombus formation.

3. Thiol isomerases and thrombus formation

3.1 PDI

PDI has been known to present on the platelet membrane surface and released from activated 

platelets [52–54]. Inhibitors of thiol isomerases were also known to impair platelet 

aggregation, and, in addition, PDI catalyzed the formation of thrombin-antithrombin-

thrombospondin 1 and thrombin-antithrombin-vitronectin complexes in vitro. Despite this 

knowledge, the critical role of PDI in thrombus formation was not appreciated until 

development of intravital microscopy to study thrombus formation in a live mouse [23, 44, 

55, 56]. This was also actively pursued in quest for the oxidoreductase that catalytically 

deencrypted inactive tissue factor, as proposed by Hogg et al [57, 58]. The mechanism of 

deencryption of tissue factor remains controversial. However the finding of controlled 

release of PDI from platelets and endothelial cells within seconds of vessel wall injury, 

preceding tissue factor activity, and that inhibition of PDI inhibited thrombus formation, was 

unanticipated. Thrombus formation in the mouse cremaster arterioles was visualized after 

laser injury and the dynamics of released PDI monitored [10]. PDI was released within 

seconds of the endothelial injury and incorporated in the growing thrombus. Inhibition of 

PDI activity by the non-specific thiol isomerase inhibitor, bacitracin, as well as by an 

inhibitory anti-PDI antibody, blocked platelet thrombus formation and fibrin generation. 

Using a carotid artery injury and ligation models of thrombosis with intravital live 

microscopy, significant impairment of fibrin generation by an inhibitory anti-PDI antibody 

was observed [59]. Platelet-released PDI was also shown to promote fibrin generation in the 

ligation model of common carotid artery in mice expressing human tissue factor [59]. 

Subsequently, this was also demonstrated in other models of vascular injury [4, 60, 61]. The 

conclusion of this body of work was that fibrin generation is dependent on the release of PDI 

at the site of vessel wall injury.

The dynamics of PDI release observed at the site of vessel wall injury, with PDI lining the 

injured vasculature prior to platelet accumulation, suggested that endothelium was the 

primary source of PDI. By blocking platelets from participating in thrombus formation by 

inhibiting platelet ∝IIbβ3 with eptifibatide confirmed that endothelium is the initial as well 

as the principal source of released PDI at the site of vessel wall injury [33]. It was 
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demonstrated that endothelium-derived PDI, in the absence of platelet participation in 

thrombus formation, is sufficient for fibrin generation. Subsequently, a study of conditional 

platelet-specific PDI knockout mice, corroborated these findings [60]. In this model, platelet 

PDI was only required for late thrombus growth, but not for initial platelet adhesion or fibrin 

generation. PDI inhibition impairs platelet aggregation, in vitro, but PDI is not required for 

P-selectin surface expression, calcium mobilization, β3-talin interaction or platelet spreading 

[60]. Par4−/− mice, with platelets that cannot be activated by thrombin, generate normal 

levels of fibrin despite the absence of platelet thrombus formation at the site of vessel wall 

injury [62]. This is consistent with the observation that endothelial PDI is sufficient for 

supporting fibrin clot formation by itself. β3
−/− mice failed to generate fibrin [63]. This is 

likely due to absence of endothelium ∝vβ3 in β3
−/− mice, which is likely a critical 

intermediate for PDI-dependent fibrin generation.

How is endothelial and platelet-derived PDI retained at the site of vessel wall injury? This 

occurs via interaction of PDI with β3 integrin, both platelet ∝IIbβ3 and endothelial ∝vβ3 

[63]. Retention of PDI favors the activated conformer of β3 integrin in vitro. PDI binds to β3 

with a Kd of 1–2 μM. Interaction of PDI with β3 raised the possibility of β3 being a 

substrate of PDI in its role in thrombus formation. It has been known that thiol isomerase 

inhibitors and specific PDI inhibitors inhibit platelet ∝IIbβ3 and ∝vβ1 activation [64, 65]. 

Whether this is related to direct action of PDI on β3, or indirect, through impairment of 

platelet activation and altered inside-out signaling, is unclear. β3 has a total 46 cysteines 

forming 23 disulfide bonds, but none are free [66]. On the other hand, mutagenesis studies 

revealed that mutation of specific cysteine residues on β3 rendered the molecule 

constitutively active [67, 68]. Also, recombinant ∝IIbβ3 has intrinsic thiol isomerase activity 

from 9 intrinsic C-X-X-C residues [69]. The activation of β3 and whether PDI, or other thiol 

isomerases, play a role remains elusive [70].

Recently, platelet polyphosphates, which are contained in platelet dense granules, have been 

implicated in activation of zymogens of the contact pathway of coagulation, particularly 

factor XII and factor V, bypassing the tissue factor pathway [71]. To study the role of platelet 

dense granules in PDI-mediated thrombus formation, Hermansky-Pudlak Syndrome 6 

(HPS6) mice that lack platelet dense granules were evaluated. In the laser injury model, 

these mice not only demonstrated defective platelet thrombus formation but significant 

impairment in fibrin accumulation [72]. This implied that there existed an endothelial defect 

in this syndrome. Evaluation of HPS6 platelets as well as human umbilical vein endothelial 

cells (HUVEC) following siRNA-mediated HPS6 depletion led to the finding of defective 

PDI release from both platelets and endothelium in this syndrome, in vitro. Furthermore, 

supplementation of recombinant PDI corrected thrombus formation in HPS6−/− mice (S.H. 

Kim and B. Furie, unpublished observations, 2013). This work linked a human bleeding 

disorder with deficient PDI release.

3.1.1 PDI substrates

With the requirement of PDI in initiation of thrombus formation firmly established, the 

biggest question that arises is, What are the extracellular substrates of PDI? A mechanism-

based kinetic trapping has been developed for identifying extracellular substrates of PDI. 
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This is based on the linear electron transfer pathway between a thiol isomerase and its 

substrate, modified from what has been employed previously to study the electron transport 

pathway in the ER and on the cell surfaces [73, 74]. When the PDI CGHC motif is reduced, 

a substrate disulfide can be reduced at the expense of the PDI active site. This reaction 

occurs through transient formation of a mixed disulfide between the N-terminal Cys in the 

PDI CGHC motif and a Cys in the substrate. Resolution of the mixed disulfide requires the 

C-terminal Cys of the CGHC motif. Mutation of the C-terminal Cys to alanine (Ala) in the 

PDI active site (PDI-CGHA) leads to the accumulation of the PDI-substrate mixed disulfide 

intermediate complex, which can then be isolated and analyzed (Figure 3).

Using this technique, multiple protein substrates of PDI have been identified in platelet-rich 

plasma stimulated with collagen and thrombin. These include vitronectin, complement 

factor 3, complement factor 5, ∝2-macroglobulin, protein S, histidine-rich glycoprotein, 

thrombospondin 1, prothrombin and CD5 antigen-like binding protein [75]. Among these, 

vitronectin, histidine rich glycoprotein, protein S and prothrombin are redox substrates of 

PDI. The molecular basis of PDI-vitronectin interaction and its physiological significance 

both in vitro and in vivo has also been characterized. Vitronectin is an abundant plasma 

protein with a concentration of 300 μg ml−1, present in both monomeric and multimeric 

forms depending on its association with other molecular species and activity of the 

proteolytic enzymes [76]. A smaller quantity is also present in platelet ∝-granules and 

released upon platelet activation [77]. Vitronectin binds to ∝vβ3 and ∝IIbβ3, plasminogen 

activator I, urokinase receptor and collagen, and complement C5b-7, and is involved in 

thrombus formation, as demonstrated in vitronectin−/− mice, which have absent platelet 

thrombus formation and significantly reduced fibrin generation [78, 79]. Vitronectin has 

multiple disulfide bonds, and PDI reduces Cys 137- Cys 161, an intradomain linkage, and 

Cys 274- Cys 453, an interdomain linkage in the hemipexin-like domain of vitronectin. It 

remains unclear whether one or both disulfides require reduction for vitronectin activation. 

Reduction of these thiols correlates with β3 binding, as native vitronectin does not bind 

∝vβ3, but only after treatment with reduced PDI. Binding of vitronectin to ∝vβ3 on human 

umbilical vein endothelial cells (HUVEC) is enhanced by PDI, which can be blocked by 

either Arg-Gly-Asp (RGD) peptide or ∝vβ3 inhibitory antibody, suggesting that PDI reduces 

a disulfide bond in vitronectin that exposes the RGD site, facilitating its binding to ∝vβ3. 

Moreover, inhibition of PDI by either small molecule inhibitor quercetin-3-rutinoside or 

inhibitory antibodies blocks vitronectin accumulation at the site of thrombus formation in 
vivo. This is the first demonstration of molecular interaction of PDI with its substrate and its 

relevance to thrombus formation.

The major drawback of the above described technique is that it can only identify substrates 

that are subject to disulfide reduction, as CXXA variants of the active motif can never exist 

in an oxidized state. To identify substrate proteins of PDI which require oxidation using 

kinetic substrate trapping, a PDI variant must retain both active site cysteine residues, but 

instead be modified to perform disulfide exchange much more slowly that the wild-type PDI, 

so that the PDI-substrate intermediates formed during the oxidoreductate reaction can be 

‘frozen’ using alkylating agents, and subsequently isolated and identified. Using two such 

variants where His of CGHC motif was modified to either Pro (CGPC) or Arg (CGAC) in 

both a and a’ domains, multiple other substrates released from activated platelets have now 
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been identified [80]. These include factor V, annexin V, heparanase, ERp57, kallekrein 14, 

serpin B6, tetranectin, and collagen VI, which show a bias for reduction, whereas cathepsin 

G, glutaredoxin-1, thioredoxin, GPIb, and fibrinogen show a bias for oxidation by PDI. 

Cathepsin G is an ∝-granule protein known to play a role in thrombosis [81, 82]. Treating 

washed platelet releasate with oxidized PDI increases the activity of native cathepsin G, 

confirming the physiological importance of PDI-cathepsin G interaction. Similarly, 

inhibition of PDI activity with quercetin-3-rutinoside significantly reduced platelet factor Va 

generation following platelet activation, which paralleled the reduction in platelet-dependent 

thrombin generation, implying that PDI is involved in conversion of platelet factor V to Va, 

which in turn is involved in thrombin generation [83].

Factor XI has also been implicated as a redox substrate of PDI [84]. Reduction of factor XI 

by purified PDI enhanced cleavage of its chromogenic substrate and factor IX in vitro and 

resulted in opening of Cys362-Cys482 disulfide bond. Disruption of this disulfide bond 

resulted in enhanced accessibility of thrombin to factor XI secondary to broader binding-site 

[84]. Previously, purified platelet PDI was also shown to catalyze formation of disulfide-

linked complexes of thrombospondin-thrombin-antithrombin in vitro [23, 85]. The 

physiologic relevance of interaction of PDI with factor XI or thrombospondin remains 

unknown.

3.1.2 PDI and tissue factor

Oxidation of the Cys 186-Cys 209 allosteric bond in tissue factor is one of the suggested 

mechanisms by which its encrypted inactive form becomes active [57]. Cys 209 in tissue 

factor has been reported to be constitutively S-glutathionylated or S-nitrosylated [58]. This 

modification was hypothesized to prevent formation of Cys 186-Cys 209 disulfide. PDI has 

been suggested to deencrypt tissue factor, whereas inhibition of PDI has been suggested to 

increase tissue factor activity via expression of phosphatidylserine [86]. PDI also regulates a 

P2X7 receptor-dependent signaling pathway that is associated with deencryption of tissue 

factor [87]. The role of PDI in tissue factor activation remains controversial.

3.2 ERp57

ERp57 was first identified in profiling studies designed to identify thiol isomerases present 

in mouse and human platelets, which revealed that stimulated platelets released ERp57 and 

ERp57-containing microparticles [44]. Subsequently, it was shown that anti-ERp57 

inhibitory antibodies inhibited CRP-XL-induced platelet aggregation and ATP release, but 

not PF4 or P-selectin release, implying that ERp57 was involved in dense but not ∝-granule 

release [45]. Calcium mobilization, an early event in platelet activation, and ∝IIbβ3 

stimulation, as measured by fibrinogen binding, were altered as well. These antibodies also 

inhibited platelet thrombus formation in collagen glass fibers in vitro. ERp57 accumulates in 

the growing thrombus formation in the mouse laser injury model of thrombus formation, 

where anti-ERp57 antibodies inhibited platelet thrombus formation [45]. These data 

established a role of ERp57 in thrombus formation.

Inhibitory monoclonal antibodies to ERp57 confirmed that ERp57 is essential for platelet 

aggregation [46]. Recombinant wildtype ERp57 enhanced platelet aggregation whereas a 
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mutant inactive form altered platelet aggregation. The activation of platelet ∝IIbβ3 but also 

P-selectin release is inhibited by this antibody, unlike the prior work. In mice treated with 

Vivo-ERp57 morpholino to deplete the total ERp57, as ERp57−/− are embryonic lethal, 

platelet aggregation and β3 activation was abnormal ex vivo [88]. Additionally, both platelet 

thrombus formation and fibrin accumulation were significantly reduced in the laser injury 

model of thrombus formation in Vivo-ERp57 morpholino mice as compared to the control 

mice. Platelet-specific ERp57 conditional knockout mice demonstrated increased tail 

bleeding time and occlusion times in mouse model of ferric chloride-induced carotid and 

mesenteric arteriolar injury [89]. Platelet incorporation in the growing thrombus in this 

mouse model is dependent on the presence of β3 integrin. ERp57-null platelets had reduced 

platelet aggregation and ∝IIbβ3 stimulation. ERp57 bound to β3 in thrombin-activated 

platelets but not in platelet lacking β3. Fibrin generation is reduced in the laser injury model. 

Although studies performed by our group show that ERp57fl/flPF4Cre-positive mice that do 

not express ERp57 in their platelets have normal fibrin generation, similar to the results 

obtained for PDI [88]. This remains to be resolved. Endothelium-specific ERp57 conditional 

knockout mice have also been generated, and show that the fibrin generation is further 

reduced in the laser injury model. These data suggest that ERp57 is critical for platelet 

activation and fibrin generation in vivo [90].

Unlike PDI, the extracellular substrates of ERp57 in plasma or those released from activated 

platelets have not been identified although preliminary studies indicate that ERp57 targets 

the components of the lectin pathway of complement activation (Eriksson and Furie, 2018) 

Vitronectin is not a substrate of ERp57 [75].

3.3 ERp5

Like PDI and ERp57, ERp5 is secreted from platelets upon cell activation, and inhibition of 

ERp5 activity using anti-ERp5 antibody prevents platelet aggregation and fibrinogen binding 

to the activated platelets in vitro [91]. ∝IIbβ3 is a binding partner of ERp5 demonstrated by 

co-immunoprecipitation studies with β3 integrin [91]. ERp5 binds to β3 with or without 

Mn2+, implying that β3 activation is not critical for this interaction, and the cysteine residues 

in the ERp5 active sites are not required for β3 binding [48]. Inhibitory anti-ERp5 antibodies 

inhibit ERp5-dependent platelet and endothelial cell disulfide reductase activity in vitro. 

Using the laser injury model of thrombus formation in the live mouse, ERp5 accumulates at 

the site of vessel wall injury in the growing thrombus, and inhibition of ERp5 with specific 

antibodies reduce platelet thrombus formation and fibrin accumulation [48]. These data 

support a novel role of ERp5 in thrombus formation.

3.4 ERp72

Like ERp5, the release of ERp72 by activated platelets was reported some time ago, but only 

recently was its role in thrombus formation confirmed in vivo [44, 92, 93]. Platelet-specific 

conditional ERp72-knockout mice that do not express ERp72 in platelets, but retain normal 

levels of PDI, ERp57 and ERp5 [92]. These mice show decreased thrombin-induced 

activation of ∝IIbβ3 and P-selectin, and thrombin and convulxin-induced aggregation and 

ATP release. ERp72 binding to thrombin-activated or Mn2+-treated β3-null platelets is 

substantially reduced, implying that ERp72 binds to platelet ∝IIbβ3. Double active site 
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mutant ERp72(ss-oo-oo) with a and a’ active sites inactivated, failed to rescue aggregation 

the defect in ERp72-null platelets, while ERp72(oo-ss-oo) and ERp72(oo-oo-ss), with a0030 

and a or a0 and a’ sites inactivated, respectively, partially recovered the aggregation defect in 

these platelets in vitro. This implies that active sites in the a and a’ domains of ERp72 but 

not the a0 domain support platelet aggregation. In addition, PDI or ERp57 did not rescue 

aggregation defect in ERp72-null platelets, supporting a distinct role of ERp72 in platelet 

function.

ERp72 accumulates at the site of vessel wall injury in the laser injury model of thrombus 

formation in vivo and a humanized monoclonal inhibitory anti-ERp72 antibody inhibited 

thrombus formation in this model [92]Holbrook, 2017 #94). [93]. As with PDI, endothelial-

specific conditional ERp72-knockout mice with absent endothelial ERp72, have both 

reduced platelet thrombus formation and fibrin accumulation, whereas platelet-specific 

endothelial knockout mice only had reduced platelet thrombus formation in the laser injury 

model. Extracellular substrates of ERp72 that are involved in thrombus formation are not 

known.

4. Clinical implications

The modification of disulfide bonds by thiol isomerases represents a previously 

unrecognized layer of control of thrombus formation. Despite the similarity between 

modification of disulfide bonds by thiol isomerases and cleavage of bonds between amino 

acids by classic serine proteases of the coagulation cascade, there is a major distinction 

between these two mechanisms. Unlike proteases of the coagulation cascade, thiol 

isomerases do not directly initiate blood coagulation, but only relieve the suppression of 

thrombus formation. Thus, inhibition of thiol isomerases could achieve control of 

thrombosis without increasing bleeding risks. Conversely, thiol isomerases may serve as 

hemostatic agents in coagulopathies without increasing the risk of thrombosis. In fact, 

genetic deletion of PDI in mice megakaryocytes/platelets, or inhibition of PDI and other 

thiol isomerases by inhibitory antibodies, impairs thrombus formation in vivo without 

prolonging tail bleeding times [10, 60]. Chronically elevated plasma thiol isomerase levels, 

as may occur in conditions with increased cell turnover and/or cell death, such as cancers or 

inflammatory disorders, may predispose individuals with these conditions to thrombotic 

tendencies. Thiol isomerase-targeted therapy to prevent thromboembolism may be a strategy 

in these conditions and plasma levels of PDI and thiol isomerases may serve as biomarkers 

of thromboembolic risk.

4.1 Targeting PDI as antithrombotic agents

Using high-throughput screening of a small molecule library, flavonoid quercetins (e.g. 

quercetin-3-rutinoside and isoquercetin) were discovered as inhibitors of PDI [94]. 

Quercetin-3-rutinoside demonstrated the most potent inhibitory activity of all compounds 

tested with an IC50 of 6 uM. When tested in mice, doses as low as 0.1 mg/kg of quercetin-3-

rutinoside inhibited thrombus formation, without increasing tail bleeding times. Infusion of 

recombinant PDI reversed this inhibitory effect [94], indicating that PDI is the specific target 

of quercetin-3-rutinoside in this model. Orally administered quercetin-3-rutinoside was also 
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antithrombotic in doses that are commonly used as dietary supplements and are not known 

to have any significant adverse effects. These findings provided preliminary proof-of-

principle that inhibition of PDI to block thrombus formation could be accomplished safely. 

Epidemiologic data support that consumption of flavonoids is associated with reduced risk 

of cardiovascular death and strokes [95, 96].

Due to higher bioavailability, isoquercetin is currently being evaluated as an antithrombotic 

agent in the Cancer Associated Thrombosis and Isoquercetin Trial (CAT-IQ) [97]. This is a 

600-patient randomized phase 2/3 trial designed to determine the safety and efficacy of 

isoquercetin in preventing cancer-associated thrombosis. The efficacy outcome 

measurements include thrombosis at 60 days and plasma D-dimer levels, whereas bleeding 

remains the primary safety outcome. To assess adequate plasma concentrations of 

isoquercetin and its active metabolites, PDI inhibitory activity in patient plasma was 

determined. Inhibition of PDI does not alter standard coagulation tests such as the 

prothrombin time or partial thromboplastin time, but does affect platelet aggregation studies 

and platelet-dependent thrombin generation assays [83, 94].

The PDI binding site of quercetin-3-rutinoside has been suggested. Using fluorescence 

enhancement-based assay and isothermal calorimetry, quercetin-3-rutinoside binds to the b’x 

domain of PDI with a 1:1 stoichiometry [98]. Furthermore, infusion of b’x domain of PDI 

rescued thrombus formation that was inhibited by quercetin-3-rutinoside in the laser injury 

model. Due to the lack of active site motif CGHC, the b’ domain lacks reductase activity, 

and has the potential as an antidote to reverse the antithrombotic effect of quercetin-3-

rutinoside.

Another class of compounds termed bepristats have recently been identified as inhibitors of 

PDI via high-throughput screening of another small molecule repository. These compounds 

bind to the b’ domain of PDI and reversibly inhibit platelet aggregation and thrombus 

formation in vivo. These compounds paradoxically enhance the catalytic activity of a and a’ 

domains by displacing the x-linker, which acts as an allosteric switch to increase the 

reductase activity in the catalytic domains [99].

Bacitracin is a topical antibiotic used as an inhibitor of thiol isomerases in the laboratory for 

decades [100]. It is a non-specific inhibitor of thiol isomerases, low in potency, and highly 

nephrotoxic, precluding its clinical use as an antithrombotic agent. Similarly, 

aminoglycosides bind and inhibit PDI but only in toxic doses. Several synthetic PDI 

antagonists have also been synthesized in recent years. To give an example, ML359 was 

identified as a potent, selective inhibitor of PDI by high throughput screening of another 

small molecule library after discovery of flavonoids as PDI inhibitors [101]. Other examples 

include juniferdin, PACMA-31, adenanthin, phenyl vinyl sulfonate and RB-11-ca that have 

been tested for other indications but not thrombosis [102]. Inhibitors of other non-PDI thiol 

isomerases as antithrombotic agents have not been tested.

4.2 Thiol isomerases in coagulopathy

Deficient release of PDI at the site of vessel wall injury in the laser injury model has been 

reported in HPS6 [72]. In addition, supplementation of recombinant PDI to these mice 
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rescues the defective thrombus formation. But, whether or not recombinant PDI shortens 

bleeding time or platelet aggregation defect in these mice has not yet been determined. 

Upregulation of platelet PDI has been reported in hemophilia A, but it is not known whether 

infusion of recombinant thiol isomerase can mitigate bleeding in hemophilia and other 

coagulopathies [103].

4.3 PDI as a biomarker

Currently, there are little data on circulating plasma levels of vascular thiol isomerases. 

Autoantibodies to PDI have been identified in cancers, SLE and infections [104]. Similarly, 

autoantibodies to ERp57 have been detected in cancers and infections [105]. This could 

indicate that these thiol isomerases circulate at a higher level in these disorders, but whether 

this is associated with a prothrombotic phenotype is unknown. Plasma levels of soluble and 

microparticle-associated PDI are currently under evaluation in many disorders including 

cancers and cardiovascular disease to see if elevated levels correlate with a higher risk of 

thromboembolic disease.

5. Conclusion

Thiol isomerases were originally described as ER proteins critical for protein folding. 

However, over the recent years, our understanding of these enzymes has expanded to include 

their role as extracellular regulators of thrombus formation. PDI and the other thiol 

isomerases are now implicated at multiple steps in the thrombus formation, including their 

effect on platelet function and the initiation of coagulation and fibrin formation. More 

recently, substrates of PDI have been discovered. These comprise of both soluble plasma 

proteins, including those of the coagulation and complement cascades, as well as membrane 

receptors. Similar analyses for other thiol isomerases implicated in thrombus formation are 

underway. inhibitors of PDI are being tested clinically as novel antithrombotic agents.

6. Expert Commentary

A large body of data now suggests that vascular thiol isomerases, released from activated 

endothelial cells and platelets, regulate the initiation of the hemostatic process following 

vessel wall injury by redox modulation of structures of proteins involved in thrombus 

formation. This is in contrast to the classical belief that hemostasis begins with exposure of 

tissue factor and collagen, normally sequestered spatially in the absence of vessel wall 

injury. Once initiated, the process of thrombus formation is modulated mainly by natural 

anticoagulant systems: tissue factor pathway inhibitor, the protein C system, and 

antithrombin. But, what regulates the initiation of thrombus formation? We suggest that 

absence of extracellular thiol isomerases in the circulation suppresses thrombus formation. 

Upon vascular injury, this suppression is relieved by the local release of thiol isomerases by 

injured endothelium and bound platelets. The released thiol isomerases, via modification of 

disulfide bonds then covalently modify their substrates from inactive to active state, which 

can now participate in thrombus formation. The thiol isomerase system, therefore, provides 

the regulatory switch by which the normal vasculature is protected under physiologic 

conditions from generation of thrombi.
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Despite agreement in the critical role that PDI family thiol isomerases in regulation of 

thrombus formation, several key questions remain unanswered. While PDI, ERp57, ERp5 

and ERp72 have already been implicated in thrombus formation, the full repertoire of thiol 

isomerases that participate in thrombosis remains to be identified. Secondly, how 

extracellular isomerases interact with one another in the context of thrombosis is unknown. 

Are these pathways parallel and redundant, to maximize redox capacity ensuring fidelity of 

extracellular redox reactions, or separate and discriminatory, to enable selective activation of 

specific substrates, or hybrid, with elements of both? Several lines of evidence suggest that 

thiol isomerases may have distinct substrates. The best characterized substrate of PDI to 

date, vitronectin, does not bind ERp57. The substrates of PDI and ERp57 in the ER are 

unique, with the latter having propensity to modify disulfide bonds in glycoproteins. 

Additionally, inhibitory anti-ERp57 antibodies further impair platelet aggregation, ATP 

release and ∝IIbβ3 activation in PDI-null mouse platelets. In fact, a mechanism for the 

participation of both these thiol isomerases in ∝IIbβ3 activation is suggested by a study of 

polyomavirus infection showing that three thiol isomerases coordinately catalyze the 

unfolding of the C-terminal arm of VP1, the major coat protein of the virus, to facilitate 

infection.

Another important question that remains unexplained is how thiol isomerases are released by 

platelets and endothelium. There is limited data to suggest that this may be through 

unconventional protein secretion routes, but the protein machinery involved in this, and 

whether there are separate storage granules for PDI and the other vascular thiol isomerases, 

remains unresolved. Understanding how and under what conditions thiol isomerases are 

released is central to understanding their function, development of thiol isomerase-targeted 

antithrombotic therapy, and their potential utility as biomarkers in various prothrombotic 

conditions. Furthermore, identifying the whole range of substrates of thiol isomerases and 

the sequence in which these undergo oxidoreduction during thrombus formation will be 

critical in understanding activation pathways that rely on disulfide bond rearrangements.

7. Five-year view

The next five years will see a major development in both basic and clinical elements in the 

role of thiol isomerases in hemostasis and thrombosis. With development of biochemical 

techniques to identify and evaluate substrates of thiol isomerases, other substrates of PDI as 

well as substrates of other vascular thiol isomerases will be identified and characterized. 

Simultaneously, completion of original clinical trials of PDI inhibitors will lay the ground 

for development and testing of other inhibitors of vascular thiol isomerases. Lastly, disease 

states associated with elevated circulating PDI and other vascular thiol isomerases will be 

identified and its utility as a biomarker evaluated.
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8.

Key Issues

• PDI family of thiol isomerases are ER resident proteins that also play an 

important role in a variety of extracellular processes

• The critical role of PDI in initiation of thrombus formation is best 

characterized

• PDI appears within seconds at the site of vessel wall injury and precedes 

platelet-fibrin thrombus formation; Inhibition of PDI activity in the 

vasculature inhibits thrombus formation

• Vitronectin is a specific extracelluar substrate of PDI. Reduction of 

vitronectin by PDI enhances its binding to endothelial ∝vβ3 integrin 

supporting thrombus formation.

• ERp5, ERp57 and ERp72 also support thrombus formation but their 

extracellular substrates have not been identified
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Figure 1. PDI family of thiol isomerases.
PDI is the archetypal member of the thiol isomerase family and contains four domains: a, b, 

b’, a’. The a and a’ domains are catalytically active thioredoxin-like domains containing the 

CGHC motif (yellow), whereas b and b’ are catalytically inactive thioredoxin-like domains 

(blue and light blue, respectively). Other vascular thiol isomerases are highlighted in yellow. 

PDI, ERp57, ERp5 and ERp72 are implicated in thrombus formation. Adapted from [88].
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Figure 2. X-ray crystal structure of PDI.
A.The structure of thioredoxin-like domain [106] B. The tertiary structure of PDI is U-

shaped, composed of four thioredoxin-like domains: a, b, b’ and a’ [107]. The active site 

motifs CGHC are found in the a and a’ domains. b and b’ are catalytically inactive substrate 

binding domains with b’ thought to be important for substrate specificity. The b’ and a’ 

domains are connected via a short 19-amino acid peptide x-linker. Adapted from [88].
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Figure 3. Mechanism-based trapping of PDI substrates.
Reduction of a substrate disulfide by PDI occurs through transient formation of a mixed 

disulfide between the N-terminal Cys in the PDI CGHC motif and a Cys in the substrate, as 

depicted in the top panel. Resolution of the mixed disulfide requires the C-terminal Cys of 

the CGHC motif. Mutation of the C-terminal Cys to alanine (Ala) in the PDI active site 

(CGHC to CGHA) makes this mixed PDI-substrate disulfide stable, as depicted in the lower 

panel. These PDI-substrate complexes can then be isolated and analyzed. The Western blot 

on the right shows one such reaction where no substrate is isolated with the use of wild-type 

PDI (CCCC) or inactive PDI (AAAA), but only with PDI trapping mutants with C-terminal 

Cys modified to Ala in one (CACC and CCCA) or both (CACA) catalytically active 

domains.
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Figure 4. Vitronectin is a substrate of PDI.
A.Vitronectin, a major plasma protein, does not bind to its receptors, endothelial ∝vβ3 and 

platelet ∝IIbβ3, under normal physiologic conditions. B. Vascular injury results in 

endothelial activation and release of PDI at the site of injury. Extracellular PDI reduces one 

or two disulfide bonds in vitronectin resulting in a structural change. C and D. ‘Activated’ 

vitronectin can now engage with its receptors ∝vβ3 and ∝IIbβ3 to support platelet 

aggregation and fibrin generation. The graphs show impaired platelet accumulation and 

fibrin generation at the site of vessel wall injury in the laser injury model of thrombus 

formation in vitronectin−/− mice. The downstream substrates of vitronectin in thrombus 

formation remain elusive.
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