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Abstract

Cell exposed tissue factor (TF) is generally in a low procoagulant (“cryptic”) state, and requires an
activation step (decryption) to exhibit its full procoagulant potential. Recent data suggest that TF
decryption may be regulated by the redox environment through the oxidoreductase activity of protein
disulfide isomerase (PDI). In this article we review PDI contribution to different models of TF
decryption, namely the disulfide switch model and the phosphatidylserine dynamics, and hypothesize
on PDI contribution to TF self-association and association with lipid domains. Experimental evidence
debate the disulfide switch model of TF decryption and its regulation by PDI. More recently we
showed that PDI oxidoreductase activity regulates the phosphatidylserine equilibrium at the plasma
membrane. Interestingly, PDI reductase activity could maintain TF in the reduced monomeric form,
while also maintaining low exposure of PS, both states correlated with low procoagulant function.
In contrast, PDI inhibition or oxidants may promote the adverse effects with a net increase in
coagulation. The relative contribution of disulfide isomerization and PS exposure needs to be further
analyzed to understand the redox control of TF procoagulant function. For the moment however TF
regulation remains cryptic.
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Introduction

Tissue factor (TF) is the main initiator of coagulation in both physiologic and pathologic
conditions, functioning as the receptor and allosteric cofactor for plasma protease factor Vlla
(FV11a). The extrinsic tenase complex (TF-FV1Ia) initiates the coagulation cascade through
limited proteolysis of factor X (FX), autoactivation of FVV11 and activation of the intrinsic tenase
protease factor IX (FIX). As such, TF has a pivotal role in the explosive process that ultimately
leads to thrombin generation and fibrin formation.
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Under physiologic conditions, TF is expressed by cells that are not exposed to the circulating
coagulation factors[1]. Combined with the low concentration and procoagulant activity of
plasma TF[2,3], this distribution prevents the initiation of coagulation in the absence of
vascular damage. In pathologic conditions TF may become exposed by endothelial cells[4,5]
and monocytes[6], initiating thrombotic events associated with sepsis[4], cancer[7] or
atherosclerosis[8]. In vitro studies have indicated that most of TF exposed in different cellular
environments is in a low procoagulant, or “cryptic” state, and that an activation step, named
decryption, is required for the maximal expression of TF procoagulant potential[9]. Although
not experimentally shown in vivo, understanding the mechanisms of TF decryption may
provide valuable knowledge that could ultimately allow therapeutic interventions in
thrombosis.

Models of TF decryption

While many studies over the last two decades have focused on TF decryption, the molecular
characterization of the two assumed populations of TF (cryptic/decrypted) and the mechanisms
of their (inter-)conversion are still elusive[10]. Both cryptic and decrypted TF can bind FVIla
with similar affinity[9]. The resulting TF-FV1la complexes have similar activity toward small
peptide substrates but only the decrypted TF—FVIla complex can proteolytically activate the
macromolecular substrate FX[9]. Since FX docking involves domains from both TF and FV1la
[11], it was suggested that a conformational change between the cryptic and decrypted forms
of TF constitutes the molecular basis for the substrate preference/activity of the tenase complex
[12]. The experimental evidence for this conformational change in TF is mainly indirect;
although, the use of a monoclonal antibody as a specific probe for the cryptic TF was recently
reported[13] this requires further validation.

In the absence of tools for the direct detection and quantitation of cryptic and decrypted TF
pools, decryption has been analyzed using FXa generation assays that mimic the initiation of
coagulation. Phosphatidylserine (PS) exposure in response to multiple stimuli, such as cell
lysis[9], calcium ionophores[12,14] and apoptotic signals[15], has been considered as the most
potent TF decrypting process. However, there is no direct experimental evidence of a TF-PS
interaction that would translate into a TF conformational change to support decryption. PS may
still contribute to the initiation of coagulation through direct interaction with FVIla or FX and
as such PS-induced decryption may not involve changes in TF at all. PS-independent
mechanisms of TF decryption have also been postulated[16], such as TF self-association[12],
association with specialized membrane domains[17,18] and recently a redox switch of an
exposed disulfide in the extracellular domain of TF[19].

PDI regulates the redox decryption of TF

According to the disulfide switch model, the shuffling between the reduced and oxidized states
of the allosteric Cys186-Cys209 bond in TF extracellular domain induces a conformational
change that supports TF decryption[13,19,20]. Accordingly, TF containing reduced cysteines
is cryptic, while intramolecular cystine containing TF represents the decrypted, highly
procoagulant form[19,20]. TF labeling with maleimide-biotin and the effect of redox reagents
on TF procoagulant activity support this model[19]. Furthermore, it was proposed that PDI
regulates the redox switch of the allosteric disulfide, thus controlling TF coagulant and
signaling functions[13,20]. In this model, the oxidase or isomerase function of PDI is important
to generate decrypted TF (Fig.1A). PDI accumulation at sites of vascular injury in multiple in
vivo thrombotic models and the fibrin deposition defects in response to PDI inhibition support
arole for PDI in the regulation of coagulation[20-22]. The redox switch model has been highly
debated in recent publications[23-25], pointing that (1) there is no direct experimental evidence
that the exposed disulfide would affect TF conformation and subsequent binding and activity
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of FVIla; and (2) the redox agents used may have multiple effects on both TF and the cellular
environment. First, while it is expected that a disulfide bond, even allosteric[26], would impose
steric conformational restrictions in TF, its downstream effects in terms of FVIla binding
affinity and interaction with FX need to be determined. In contrast to a previous mutagenesis
study which localized these cysteines in a domain that interact with both FVIla and FX and
thus important for the tenase function[27], a recent report indicates that TF mutants with
impaired disulfide formation retain the specific procoagulant activity of the native TF[28].
Secondly, redox modulation of multiple cell types leads to changes in phospholipid dynamics
at the plasma membrane[29], thus affecting coagulation[30]. The redox reagents may affect
the regulatory oxidoreductase (PDI), the downstream substrate(s), —TF or other cellular
components—, or both groups, complicating their use in redox-dependent decryption studies.
Interestingly, the researchers supporting TF redox decryption also reported that one of the
exposed TF cysteines may actually be S-nitrosylated[13] and/or glutationylated[20], and as
such protected from subsequent oxidation. If that is the case then vicinal thiols oxidizing
reagents, initially used to support the model[19], would not be able to induce the intramolecular
disulfide during decryption, while they may still act on the regulatory oxidoreductase (PDI) or
other cellular components. Furthermore it has been recently debated that the allosteric cysteines
in TF are buried within the cryptic TF-FVIla complex and as such PDI cannot change their
redox status during decryption[25]. Further clarification of such inconsistencies is required to
understand the full extent of direct redox modulation of TF.

PDI modulation of lipid environment

Coagulation mainly occurs at the interface between a lipid bilayer and blood and is highly
modulated by the lipid surface[31,32]. It is generally accepted that phosphatidylcholine/
cholesterol-rich lipid domains are poor coagulation surfaces, while anionic lipids, especially
PS, enhance coagulation[33]. Although in resting conditions most of the PS is on the cytosolic
side of the plasma membrane, cell activation may lead to PS externalization and increased
membrane thrombogenicity. PS dynamics can be modulated by sulfhydryl modifying reagents
[30], with oxidants enhancing the externalization while reducing agents accelerating the influx
of PS[29]. Therefore we hypothesized that oxidoreductases may also affect the lipid
environment and we recently reported that extracellular PDI modulation changes PS dynamics
[34]. Using an endothelial cell model we showed that antibody—-mediated PDI inhibition
enhances both the tenase and prothrombinase activities. While a redox TF decryption could be
partially responsible for the increased tenase activity, the prothrombinase enhancement is
independent of TF and suggests changes in the lipid environment. PS exposure was confirmed
by direct Annexin V binding and the dynamics of fluorescent analogs of PS. Our observations
indicate that PDI reductase activity helps maintaining a low exposure of PS, while inhibition
of PDI induces PS exposure (Fig. 1B). Thus, modulation of extracellular PDI affects
coagulation at least in part through changes in lipid asymmetry of the plasma membrane.
However, since annexin V could not completely inhibit the PDI-induced procoagulant effects,
we cannot exclude the contribution of PS-independent mechanisms to the PDI-dependent
regulation of coagulation. Further studies are necessary to assess the relative contribution of
PDI-induced changes in lipid environment and TF redox switch to the initiation of coagulation.

PDI contribution to other decryption models

TF decryption has been suggested to correlate with TF self-association[12] as well as TF
association with specialized membrane domains[17,18]. Although preponderantly monomeric,
TF may also form dimers and multimers[35,36]. These complexes are sensitive to reducing
agents[35] suggesting disulfide linkages and as such the monomer-multimer equilibrium may
be regulated by oxidoreductases. In terms of TF decryption, the dimers were correlated with
the cryptic and the monomer with the decrypted form of TF[12]. PDI isomerase or reductase
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function may control the isomerization of the intermolecular bridge into the intramolecular
disulfides and subsequent monomerization of TF during decryption (Fig. 1C). So far it is not
demonstrated that TF complexes observed during decryption[12] are homodimers and/or that
TF homodimers have coagulant function, although they seem to enhance FVII autoactivation
in solution[37]. Further work is needed to address the identity and involvement of TF
complexes during decryption, whether these complexes are homodimers or the recently
reported TF-PDI heterodimers [13].

Since PDI is not a transmembrane protein[38] it is unlikely to contribute directly to the
partitioning of TF in lipid domains with different procoagulant potentials. However, by
regulating phospholipid transporters at the plasma membrane, PDI may contribute to the
formation of the procoagulant surface indirectly (Fig. 1D). Interestingly, we observed a
punctated surface distribution of PDI on endothelial surface, suggesting an association with
membrane microdomains. It would be interesting to evaluate whether TF decryption occurs in
these specialized domains, but such endeavor will require generation of specific tools/
antibodies for the cryptic and decrypted pools of TF.

PDI chaperone function and TF activity

Veersteg and Ruf proposed that PDI enhances the activity of the cryptic TF-FVIla complex
in reconstituted membranes through its chaperone activity and independent of the
oxidoreductase control[39]. The PDI interaction with the cryptic tenase complex involved the
TF macromolecular binding site around the allosteric disulfide and was sensitive to mutation
of those cysteines. However, two subsequent reports have debated this hypothesis and even
concluded that PS contamination of the PDI reagent may have been responsible for the observed
effects[24,40]. Unambiguous identification and functional modulation of PDI chaperone
domains in controlled redox conditions are necessary to understand their contribution to
coagulation.

In conclusion, PDI can have multiple regulatory implications for cellular TF decryption mainly
through its oxidoreductase activity. Although experimental evidence exists for PDI regulation
of coagulation through redox modification of TF and control of the phospholipid environment,
further studies are needed to understand their relative contribution to the procoagulant
functionality of TF. For the moment however, TF encryption is not fully decrypted.
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