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Summary

The protein C pathway provides multiple important functions to maintain a regulated balance
between haemostasis and host defence systems in response to vascular and inflammatory injury.
The anticoagulant protein C pathway is designed to regulate coagulation, maintain the fluidity of
blood within the vasculature, and prevent thrombosis, whereas the cytoprotective protein C
pathway prevents vascular damage and stress. The cytoprotective activities of activated protein C
(APC) include anti-apoptotic activity, anti-inflammatory activity, beneficial alterations of gene
expression profiles, and endothelial barrier stabilisation. These cytoprotective activities of APC,
which require the endothelial protein C receptor (EPCR) and protease-activated receptor-1
(PAR1), have been a major research focus. Recent insights, such as non-canonical activation of
PAR1 at Arg46 by APC and biased PAR1 signalling, provided better understanding of the
molecular mechanisms by which APC elicits cytoprotective signalling through cleavage of PAR1.
The discovery and development of anticoagulant-selective and cytoprotective-selective APC
mutants provided unique opportunities for preclinical research that has been and may continue to
be translated to clinical research. New mechanisms for the regulation of EPCR functionality, such
as modulation of EPCR-bound lipids that affect APC’s cytoprotective activities, may provide new
research directions to improve the efficacy of APC to convey its cytoprotective activities to cells.
Moreover, emerging novel functions for EPCR expand the roles of EPCR beyond mediating
protein C activation and APC-induced PAR1 cleavage. These discoveries increasingly develop our
understanding of the protein C pathway, which will conceivably expand its physiological
implications to many areas in the future.
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The protein C pathway

The protein C pathway provides multiple important functions that regulate both haemostasis
and host defence systems in response to vascular and inflammatory injury, respectively. The
anticoagulant protein C pathway is designed to regulate coagulation, maintain the fluidity of
blood within the vasculature, and prevent thrombosis, whereas the cytoprotective protein C
pathway provides anti-inflammatory and cytoprotective activities to prevent vascular
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damage and stress [1-5]. Through its different biologic activities, activated protein C (APC)
and the protein C pathway components have important implications for translational
research and potential treatment strategies in medical disorders such as thrombosis,
inflammation, ischaemic stroke and neurodegenerative disease [6-8]. Regulation of APC’s
biologic activities involves interactions with cofactors that facilitate the assembly of APC in
macromolecular complexes for efficient proteolysis of different substrates that produce
APC’s numerous physiologic effects. Studies of APC’s structure-function relationships have
provided insights into the components, molecular mechanisms and presumed assembly of
these macromolecular complexes [1, 3, 5, 9]. From these and other studies, the endothelial
protein C receptor (EPCR) emerges as a key receptor that regulates APC’s diverse activities.
In addition to the discussion of the latest insights into the molecular mechanisms of the
anticoagulant and cytoprotective protein C pathway, this review will also focus on the
emerging novel functions of EPCR and the regulation of its biological function.

The protein C pathway at the crossroads of coagulation and inflammation

Physiological proteolytic activation of protein C by thrombin occurs on the surface of
endothelial cells and involves two membrane receptors, thrombomodulin, and EPCR [10,
11]. Binding of thrombin to thrombomodulin shields thrombin’s procoagulant exosite | and
promotes activation of protein C. This reaction is augmented by localisation of protein C on
the endothelial surface by binding to EPCR (Fig 1) [12]. As an anticoagulant enzyme, APC
proteolytically inactivates factors Va (FVa) and Vllla (FVIlla) with enhancements from
various lipid and protein cofactors (Fig 1). In addition to facilitating activation of protein C
by the thrombin-thrombomodulin complex, EPCR also mediates effects of APC directly on
cells. APC associated with EPCR conveys cytoprotective signalling events through cleavage
of protease-activated receptor-1 (PAR1) (Fig 1) [13, 14]. EPCR-dependent cytoprotective
effects of APC include anti-inflammatory and anti-apoptotic activities, alterations of gene
expression profiles, and protection of the endothelial barrier function (Fig 1) [1]. Thus,
EPCR operates at the crossroads of the protein C anticoagulant and APC cytoprotective
pathways. The importance of the protein C pathway is best illustrated by the pro-thrombotic
and pro-inflammatory complications associated with protein C deficiency and has been
extensively demonstrated in animal models for ischaemic stroke, inflammatory disease,
atherosclerosis, and vascular disease [6-8]. While APC is best known for its anticoagulant
activity, the potential therapeutic application of APC in these diseases mostly relies on its
cytoprotective properties mediated via EPCR.

The anticoagulant protein C pathway

The APC-mediated inactivation of FVVa and FVIlla on negatively charged phospholipid
membranes is assisted by cofactors protein S (PS) and FV [15, 16]. Since FVa enhances
prothrombinase ~10,000-fold, inactivation of F\Va by APC effectively shuts down thrombin
formation. Although cleavage of FVa at Arg306 by APC results in a complete loss of
function, cleavage at Arg506 is kinetically favoured but results only in partial inactivation of
FVa [15-17]. Molecular mechanisms for enhanced APC-mediated cleavage of FVVa by PS
have been partially elucidated and involve a PS-induced change in the geometry of APC
relative to the membrane [18]. Limited structural information is available and thus the
putative spatial orientation of the APC-PS-FVa complex remains highly speculative.
Nevertheless, complex assembly involves interactions of an extended basic exosite on the
protease domain of APC with FVVa and multiple reciprocal interactions of APC with PS, and
PS with FVa [1, 3, 5].

Homologous to FV, FVIlla is an essential cofactor for the tenase complex and enhances
factor Xa (FXa) formation approximately 200,000-fold [19]. However, the physiological
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relevance of FVIlla inactivation by APC was questioned due to the rapid spontaneous
dissociation of the A2-domain, resulting in a FVIlla half-life of only 2 min [20].
Nevertheless, several observations, including stabilisation of FVIlla by FIXa in the tenase
complex, support a role for APC in the inactivation of FVIIla [20-22]. Homologous to
inactivation of FVa, inactivation of FVIlla by APC occurs upon cleavage at Arg336 and
Arg562. In contrast to FVa, cleavage of FVIlla at either site results in a complete loss of
cofactor activity. Both PS and FV but not FVa provide additional enhancement of APC-
mediated inactivation of FVIIla [21-23].

The cytoprotective protein C pathway

Since the initial conceptualisation of this pathway a decade ago, when APC was shown to
inhibit apoptosis and activate PAR1 in the presence of EPCR, the basic paradigm, although
refined, has remained much the same [13, 24]. APC-mediated cytoprotective signalling
requires co-localisation of PAR1 and EPCR in caveolin-1 enriched lipid rafts or caveolae,
possibly induced by occupancy of EPCR, and is initiated when APC bound to EPCR
activates PARL [1, 25, 26]. APC’s cytoprotective activities generally counteract cellular
injury, promote cell survival and, dependent on the cell type and injury, may include anti-
apoptotic and anti-inflammatory activities, alteration of gene expression profiles and
protection of endothelial barrier function. In addition to the many studies showing that
PAR1 and EPCR are required for APC’s protective effects on cells, other receptors such as
sphingosine-1-phosphate receptor 1 (S1P1), apolipoprotein E receptor 2 (ApoER2),
glycoprotein Ib, CD11b/CD18 (amp2; Mac-1; CR3), PAR-3, and Tie2 may independently
or cooperatively contribute to APC-initiated signalling on endothelial and other cells
[27-29]. Thus, different cells may employ different receptor ensembles to convey the
various aspects of APC’s cytoprotective cellular effects. APC’s cytoprotective effects
involving proteolytic inactivation of extracellular histones also protect against sepsis in mice
but presumably are independent from APC’s cell signalling effects [30].

Since the anticoagulant and cytoprotective activities of APC differ both in substrates (FVa
and FVIlla vs. PAR1) and cofactors (phospholipids/PS vs. EPCR), engineering approaches
of APC exploiting these differences have provided anticoagulant-selective and
cytoprotective-selective APC mutants. These activity-selective APC mutants have provided
valuable tools that have provided important insights into the relative contributions of APC’s
distinct functions towards the beneficial effects of APC in various murine injury and disease
models. To date, cytoprotective-selective APC mutations have targeted the interaction with
PS (e.g. L38D) or with FVa (e.g. R229A/R230A, K191A/K192A/K193A (a.k.a. 3K3A-APC
or combined a.k.a. 5A-APC) and R222C/D237C stabilising the 70-80 loop) [1, 31-34]. Vice
versa, anticoagulant-selective APC mutations have targeted EPCR binding (e.g. L8V) and
an exosite on APC (e.g. E330A and E333A) that is required for interactions with PAR1 [35,
36]. In addition, an enigmatic anticoagulant-selective E149A-APC, which lacks
cytoprotective activities but cleaves PAR1 like wild-type APC, provides a challenging test
of our current understanding of the cytoprotective protein C pathway as the molecular basis
for its defective cytoprotective activities remains unsolved to this date [37]. Generally
consistent with the concept that APC’s cytoprotective activities protect cells and APC’s
anticoagulant activities prevent occlusive thrombosis, cytoprotective-selective but not
anticoagulant-selective APC mutants provide beneficial effects in models of inflammation,
sepsis, and ischaemic stroke, whereas anticoagulant-selective but not cytoprotective-
selective APC mutants prevent thrombosis [7, 31, 37]. Strikingly however, in a model of
death due to total body radiation anticoagulant-selective E149A-APC reduced death but the
cytoprotective-selective 5A-APC did not [38].
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In 2001, the PROWESS trial reported that recombinant APC (Xigris) reduced 28-day all-
cause mortality in adult severe sepsis patients [39]. However, 10 years later, the repeat
PROWESS-SHOCK trial did not reproduce the beneficial effects of Xigris, resulting in its
market withdrawal in late 2011 [40]. These conflicting results raise many questions about
the individual trials, their comparison, and improvements in standards of care for sepsis
patients. It is important to realise that the PROWESS and PROWESS-SHOCK clinical trials
employed a 96-h long, low dose infusion regimen, which was based on the assumption that
APC’s anticoagulant activity was responsible for its beneficial effects. From multiple in vivo
studies, it now appears that the cytoprotective activities of APC are most important for
mortality reduction in sepsis and neuroprotection for stroke [7, 31, 37]. Furthermore, the 96-
h low dose infusion regimen was associated with serious bleeding risk [39, 40]. In the
future, cytoprotective-selective APC mutants with greatly reduced risk of bleeding should
permit trials with altered dosing regimens, consistent with APC’s ability to alter cell
signalling and provide multiple cytoprotective activities.

The PARL1 paradox

One of the reasons that PAR1-mediated cytoprotective signalling by APC initially drew
considerable scepticism was based on the major question of how APC could induce relevant
PAR1-mediated signalling when thrombin, the archetypal PAR1 activator, activates PAR1
so much more efficiently. Not only does thrombin induce PAR1-dependent proinflammatory
and endothelial barrier disruptive effects that contrast APC’s cytoprotective and endothelial
barrier protective effects, the requirement for thrombin to activate protein C seemed
incompatible with a role for PAR1-mediated cytoprotective effects of endogenously
generated APC [14, 41-43]. Finding satisfactory answers for this paradox turned out to be
quite a challenge and numerous different mechanisms have been suggested over the past few
years. Some insights came from demonstrations that membrane localisation of PAR1 with
EPCR in caveolae, or caveolin-1 rich microdomains, was required for selective PAR1
signalling by APC [44, 45].

Other suggested explanations for selective PAR1 signalling by APC involved PAR1-
dependent transactivation of S1P1, and Tie2 [42, 43, 46]. Phenotypic resemblance of the
barrier protective aspects of APC and sphingosine 1-phosphate (S1P)-mediated signalling
led to investigations of the role of S1P1 in the cytoprotective signalling pathway of APC
[42, 43]. Indeed, APC induces an interaction between EPCR and S1P1, and S1P1 is required
for APC-mediated protection against thrombin-induced endothelial permeability. Activation
of sphingosine kinase-1 (SK1) induced by APC, increases the intracellular levels of S1P,
and provides the ligand for S1P1 activation [43]. Collectively, these observations are
suggestive of transactivation of S1P1 by the APC-EPCR-PAR1 pathway that may involve
S1P1-mediated activation of PI3 kinase and Akt signalling to mediate APC’s barrier-
protective effects [42, 43]. In contrast, PAR1 activation by thrombin does not result in S1P1
activation [42]. APC was also found to modulate the angiopoietin (Ang)/Tie2 axis with
potential implications for S1P1-induced signalling by APC. Activation of the endothelial
Tie2 receptor is regulated by a dynamic balance between dummy ligand Ang2 that keeps the
receptor quiescent and agonist ligand Angl. The Ang/Tie2 axis is critical for remodelling,
maturation, and stability of developing vasculature [47] and stimulation of Tie2 by Angl
results in barrier protection [46]. APC enhances Tie2 expression and shifts the Ang1/Ang2
balance by stimulating Angl while inhibiting Ang2 expression in an EPCR- and PAR1-
dependent manner [46, 48]. Consistent with APC’s effects on SK1 activation, Angl induces
barrier protection by activation of SK1, suggesting that APC’s effects on the Ang/Tie2 axis
and S1P1 may be more intimately linked [49]. Contributions of other PAR receptors and
modulation of PAR1 signalling via formation of heterodimers provides additional selectivity
between APC and thrombin mediated PAR1 signalling. Thus far, PAR1 and three other
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family members, PAR2, PAR3 and PAR4 have been identified and are activated on many
different cell types by various proteases with a broad spectrum of biologic activities [14,
50]. APC can cleave PAR2 on cytokine-stimulated endothelial cells. However, no PAR2-
dependent effects of APC on endothelial cells have been reported, although PAR2 was
implicated in mediating APC effects on other cell types such as epithelial cells [51].
Cleavage of PAR2 by APC fails to induce specific gene expression responses and does not
alter the PAR1-dependency of APC signalling [52]. Furthermore, contrary to PAR1
activation by thrombin, activation by APC does not lead to PAR2 transactivation [52].
Although thrombin cannot cleave PAR2, thrombin-cleaved PAR1 supports formation of
PAR1-PAR2 heterodimer resulting in transactivation of PAR2 and explaining why some
thrombin responses require both PAR1 and PAR2 [53, 54]. The intriguing effects of PAR2
transactivation by PAR1 were shown in a study where early PAR1 activation had deleterious
effects but late PAR1 signalling dependent on PAR2 was beneficial and culminated in
barrier stabilisation [55].

PAR3 also contributes to APC’s cytoprotective effects in the brain, particularly on neurons,
in the kidney, and on podocytes [56-58]. PAR3 is considered a non-signalling receptor, and
is therefore the least studied member of the PAR family. Little is known about PAR3
functions in the APC cytoprotective pathway but neuroprotection by APC in murine brain
injury models required PAR1, EPCR and PAR3 [56]. Heterodimerisation of PAR3 with
PAR1 in murine podocytes or PAR2 in human podocytes that lack PAR1 seems required for
APC’s cytoprotective effects [57]. These observations suggest modulation of APC-mediated
signalling by PARS3, consistent with modulation of thrombin-mediated PARL1 signalling by
PAR3 due to PAR1-PAR3 heterodimer formation that enhances barrier disruptive effects of
thrombin [59].

Biased signalling of PAR1, a G protein-coupled receptor (GPCR)

The potential contributions of S1P1, the Ang/Tie2 axis and PAR2/PAR3 transactivation to
APC’s cytoprotective effect fail to explain why PAR1 activation by APC is fundamentally
different from activation by thrombin. The selective and opposite nature of thrombin and
APC for PAR1-dependent effects on endothelial barrier function is striking. Thrombin
induces activation of Ras homolog gene family member A (RhoA) that promotes endothelial
barrier leakage, whereas APC induces activation of Ras-related C3 botulinum toxin
substrate 1 (Racl) that promotes barrier stabilisation [41, 42, 60]. A major piece of the
puzzle to explain the PAR1 paradox was found by Trejo and colleagues, who demonstrated
that RhoA activation by thrombin requires G protein dependent signalling, whereas Racl
activation by APC requires B-arrestin 2-dependent signalling [61]. Thus, not only are the
functional effects of PAR1 signalling by APC and thrombin different but also the PAR1
signalling itself is qualitatively different. Insights gleaned from mechanisms regulating
GPCR signalling suggest that p-arrestin 2-dependent signalling is characteristic of biased
signalling, thus implying that PAR1 can induce biased signalling. According to the
emerging biased signalling paradigm, GPCRs exist in dynamic conformational ensembles
with each conformational subset linked to highly selective signalling outcomes (e.g.,
coupling to particular G proteins to initiate G protein dependent signalling or initiating p-
arrestin 2-dependent signalling) [62-64]. Since biased signalling is a property of the ligand-
receptor complex, both the ligand and/or the receptor can be biased. This provides a
conceptual framework to comprehend the complexities associated with biased agonism due
to different agonists and allosteric modulation [62, 65-68]. Structural and pharmacologic
information supports the notion that biased agonists can selectively and differentially
stabilise one or more conformational subsets of the receptor at the expense of others. Thus,
providing an explanation how different activators such as APC and thrombin (or different
PAR1 agonist, see also next section non-canonical PAR1 activation by APC) can induce
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qualitative different signalling outcomes. Particular conformational subsets of the receptor
induced by one activator (APC) versus another activator (thrombin) are linked to highly
selective signalling outcomes and functional consequences, such as Racl versus RhoA
activation. Alternatively, receptor bias can be induced by allosteric ligands or modulators.
Accordingly, allosteric ligands or modulators stabilise one or more conformational subsets
of the receptor linked to particular signalling outcomes and functional consequences
regardless of the activating ligand. Although hypothetical, the phenomenon of “receptor
occupancy of EPCR,” switching thrombin signalling from barrier disruptive to barrier
protective, may be consistent with binding of an allosteric ligand to EPCR. Allosteric
modulation of PARL1 signalling by EPCR and/or caveolin-1 may explain why cytoprotective
APC signalling is dependent on caveolae. Thus, because PAR1 was shown to be a biased
receptor, application of the biased signalling paradigm to PAR1 activation by APC and
thrombin provides a comprehensive, conceptual explanation why phenomena such as
receptor occupancy of EPCR and localisation of PAR1 and EPCR in caveolae result in such
remarkable differences in functional selectivity when PAR1 is activated by two different
proteases [25, 61, 69, 70].

Non-canonical PAR1 activation by APC

Another important piece of the PAR1 paradox puzzle was found by recent reports of non-
canonical PAR1 activation by APC, providing strong support for the application of the
biased signalling paradigm to PARL activation by APC and thrombin. Thrombin activates
PAR1 at the canonical Arg41 site, which generates the agonist N-terminal tethered-ligand
that begins with residue Ser42, but APC cleaves PAR1 predominantly at Arg46 in the
presence of EPCR [14, 71-73]. APC-mediated cleavage at Arg46 generates a novel N-
terminal tethered-ligand that begins with residue Asn47. A synthetic peptide comprising
PARL1 residues 47-66 (TR47) mimics APC-like protective signalling in endothelial cells as
reflected by Akt and GSK3p phosphorylation that is dependent on PARL. TR47 stabilises
endothelial barriers /n vitro and provides vascular barrier protective effects in vivo[73].
Furthermore, TR47 induces Racl activation, consistent with inducing a biased agonist
response in PARL1 that employs B-arrestin 2-dependent signalling to activate Racl. In
contrast to PAR1 agonist peptides starting at Serd2 (TRAP), TR47 does not induce platelet
activation [74] and does not induce phosphorylation of ERK1/2, which is typical of TRAP-
induced PARL signalling [73]. These data indicate that the novel PAR1 N-terminus
beginning at residue Asn47, generated by APC-mediated PARL1 cleavage at Arg46, induces
APC-like cytoprotective signalling that involves Racl activation. In contrast, the PAR1 N-
terminus beginning at residue Ser42, generated by thrombin (or APC-mediated cleavage at
Arg41), induces G protein-dependent activation of RhoA. Thus, TRAP and TR47 represent
two different PAR1 agonists that induce differential biased PAR1 signalling. Derived from
the biased signalling paradigm, proteolysis at Arg41 versus Arg46 presumably alters the
spectrum of conformations of PAR1 due to differences in the tethered-ligand sequences
implied by cleavage at either Arg41 or Arg46. Consequently, cleavage of PAR1 at Arg46 by
APC induces a subset of PAR1 conformations with functional consequences that differ from
that induced by PARL1 activation at Arg41 (Fig 2). Thus, activation of PARL1 at different
sites by thrombin and APC, generating different tethered-ligand agonists and resulting in the
activation of different signalling pathways, can understandably mediate the often-opposite
effects of thrombin and APC.

Another pending PAR1 paradox question is how a kinetically inefficient activation of PAR1
by APC can have physiologic effects compared to efficient PAR1 cleavage by thrombin.
Thrombin-cleaved PARL is rapidly internalised to provide regulation of PAR1-initiated
signalling, but APC-activated PARL1 tends to remain on the cell surface [45, 75]. Although
reasons for the lack of PAR1 internalisation after activation by APC remain to be
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determined, it is conceivable that PAR1 cleavage by APC at Arg46 might be a contributing
factor. Such a model would imply accumulation of Arg46-cleaved PAR1 on the membrane
until a critical mass required to induce prolonged cytoprotective signalling is reached,
consistent with the observations that APC’s functional effects on cells generally require
prolonged incubation with APC and that in murine models high-dose APC bolus generally
achieves better outcomes than low-dose infusion [27].

Regulation of EPCR function

The presence of functional EPCR on the cell surface is essential for APC’s cytoprotective
effects on endothelial cells and many other cells. Binding of APC to EPCR for
cytoprotective effects provides a mechanistic distinction compared to APC’s anticoagulant
activities that require binding of the APC Gla-domain to negatively charged phospholipid
membranes. Thus, expression of APC’s anticoagulant activities is incompatible with binding
of the Gla-domain to EPCR [76-78]. /n vivo studies using genetically modified mice with
low or high EPCR expression clearly demonstrate the importance of EPCR for the efficacy
of cytoprotective effects by APC [31, 79], thus prompting the question what mechanisms
regulate EPCR expression and function on cells.

EPCR is homologous to CD1/major histocompatibility complex (MHC) molecules that
consist of three extracellular domains, a-1, a-2, and a-3, although EPCR lacks the a.-3-
domain and, consequently, does not associate with f2-microglobulin [76]. The a-1 and a-2
domains are located along opposing edges of a planar platform. This forms a hydrophobic
binding groove that contains a phospholipid, most likely phosphatidylcholine (PCh),
important for correct spacing of the a-1 and a-2 domains to support (A)PC binding (Fig 3A)
[76, 80]. EPCR’s short cytoplasmic tail suggests that palmitoylation of the C-terminal Cys
residue may help localise EPCR to certain lipid rafts or caveolae to facilitate modulation of
cell signalling pathways but also implies that induction of direct cell signalling by EPCR is
unlikely [45, 81]. Several mechanisms have been described for modification of EPCR
function, including EPCR shedding and more recently lipid editing by phospholipase A2
(PLAZ2) [80, 82]. EPCR is shed from the endothelial cell surface by the metalloproteinase
tumour necrosis factor (TNF)-a converting enzyme (TACE), and shedding releases the
soluble extracellular EPCR domain (SEPCR) [83] (Fig 3B). Shedding can be stimulated by
both inflammatory mediators such as interleukin 1B, phorbol esters, and TNFa., and
activated coagulation factors such as thrombin [84, 85]. Accordingly, higher levels of
SEPCR have been reported in patients with systemic inflammatory diseases and conditions
associated with enhanced thrombin generation [86].

Recently, a mechanism was described by which an endothelial-derived phospholipase can
modify or “encrypt” EPCR to lose its ability to bind APC, thereby rendering EPCR unable
to mediate APC’s direct cytoprotective activities on cells (Fig 3C) [80]. These findings
conceptualise a novel phenomenon of “cellular APC resistance” similar to the well-known
“anticoagulant APC resistance” associated with an increased risk for venous thrombosis [1,
87]. When PCh metabolites, such as lysoPCh and platelet-activating factor, occupy EPCR’s
hydrophobic groove, the affinity for APC is reduced [80]. This raises immediate questions
of whether other lipids can occupy EPCR and what will be the consequences of
incorporation of such lipids on EPCR function. As a branch of the large phospholipase
family, PLA2s hydrolyse phospholipids at the sr-2 position producing free fatty acids and
lysophospholipids. Most PLAZ2s are intracellular, but some secreted PLAZ2s circulate in
plasma and are best known for their pro-atherogenic properties and participation in
inflammation via the generation of bioactive lipid mediators [88]. Secreted PLA2 group V
can modify the EPCR lipid, as incubation of endothelial cells or purified EPCR with
secreted PLA2-V results in diminished APC binding and inhibition of EPCR-dependent
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anti-apoptotic effects of APC on cells [80]. Cellular APC resistance may have important
implications for thrombotic and inflammatory vascular disease because EPCR inactivation
in vivo, either genetically or induced by blocking antibodies, increases susceptibility to
thrombotic and inflammatory disease [89]. Although it is recognised that the type of lipid
molecule embedded in the hydrophobic groove of EPCR is essential for binding of APC to
EPCR and that sSPLA, can modify this lipid, the precise role of SPLA; in regulating the
function of EPCR has not been established [76, 80]. In addition, whether cells can employ
shedding of encrypted EPCR as a possible counter measure to restore EPCR’s
cytoprotective functions after induction of cellular APC remains to be determined.

APC-independent actions of EPCR

EPCR also functions independent of APC as a receptor for factor VII (FVII) and FVlla.
Binding of FVI1I(a) to EPCR occurs in similar manner compared to APC and seems to have
implications for its circulation half-life, tissue factor-dependent procoagulant activity and
possibly PAR-dependent signalling. Recent studies showed that FV11a associates with the
endothelium when administered intravenously to mice, and that this affects its circulation
half-life [90, 91]. FVIla rapidly binds to EPCR on the endothelial surface where EPCR-
mediated transcytosis of FVI1la across the endothelial barrier promotes the perivascular
build-up of FVIlla. Intriguingly, functionally active FVIla remains in tissues for periods of
time far exceeding its circulatory half-life and one wonders whether this phenomenon
contributes to tissue thrombosis or is designed to protect against bleeding [90, 91]. Similar
to these observations, EPCR-dependent transcytosis of APC across the blood-brain barrier
was suggested to contribute to APC’s ability to provide neuroprotective activities in the
brain [92]. Also similar to APC, FVIla binding to EPCR seems to induce a shift from
FVIla’s activity in coagulation to activities on cells. Binding of FVI1la to EPCR inhibited the
procoagulant activity of the tissue factor (TF)/FVIla complex [93]. Some studies suggested
that FV1la does not activate PARL, that FV1la binding to EPCR does not facilitate PAR1
cleavage, and that FVI1la fails to prevent thrombin-induced endothelial cell barrier
permeability [81, 94]. However, other studies indicate that EPCR-bound FVIla can activate
PAR1 on primary endothelial cells and induce downstream protective signalling similar to
APC [95, 96]. Moreover, the ternary (FX-TF-FVI1la) complex is known to initiate PAR1 and
PAR?2 signalling and EPCR has been described to modulate PAR activation in this setting
[97].

Although FXa has also been reported to require EPCR to initiate PAR-dependent signalling
[98], this remains a controversial subject. The interaction between FXa and EPCR is one of
low affinity in purified systems [99, 100], and FX fails to compete with APC or FVII
binding in various cell-based assays [10, 99, 100]. Moreover, binding of FXa to endothelial
cells seems only partly EPCR-dependent as a portion of FXa remains bound to the
endothelial cells in the presence of large amounts of APC or a blocking anti-EPCR antibody
[98]. A more elaborate review on this subject has been published recently [99].

A new molecular partner for EPCR came from its identification as a ligand for the T cell
receptor (TCR) on a subpopulation of T cells [101]. Based on structural similarity of EPCR
with CD1/MHC molecules and the fact that EPCR binds lipids analogously to CD1d, a role
for lipid antigen presentation by EPCR was anticipated. However, mutagenesis of the lipid-
binding surface of EPCR showed no involvement in binding to the TCR, and recognition of
EPCR by the TCR did not involve discrimination of lipid antigens. Instead, structural
moieties in the p-sheet of EPCR were identified to mediate the EPCR-TCR interaction,
unlike the recognition of CD1d by TCRs. EPCR is proposed to contribute to the regulation
of the T cells in response to infection or malignancy in concert with other secondary signals.
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Possibly, T cells may use EPCR as a molecular beacon to identify a target cell as
endothelial, with additional factors distinguishing infected cells from uninfected cells [101].

Emerging insight on the role of the protein C pathway in cancer biology

Malignant tumour cells make use of cytoprotective pathways for survival and mitogenic
pathways for growth. Although the underlying triggers are different, some of the signalling
pathways involved in malignant cell growth intersect with PAR1-dependent signalling
pathways involved in the cytoprotective effects of APC and the mitogenic effects of
thrombin [102, 103]. This raises several questions regarding the potential role of the
cytoprotective protein C pathway and its receptors in tumour growth and metastasis. Can
tumour cells adopt APC’s cytoprotective signalling mechanisms to promote survival or
metastatic potential? Or vice versa, can inhibition of APC’s cytoprotective signalling
mechanisms on tumour cells inhibit survival and reduce metastasis? Is there good and bad
PAR1-mediated signalling and how does biased PAR1 signalling affect tumour growth,
survival and metastasis? Alternatively, can the cytoprotective protein C pathway be
employed to protect the surrounding healthy tissues during anti-tumour therapies aimed at
inflicting maximal damage to the tumour cells?

Studies addressing these questions suggest divergent effects of APC and its receptors on
tumour cell migration, invasion, and metastasis. EPCR is expressed in a variety of human
tumours cells and some studies found that APC induced EPCR- and PAR1-dependent anti-
apoptotic signalling pathways in certain tumour cells that enhanced survival and increased
the potential of these cells to form metastatic foci [104-108]. However, other studies have
found anti-metastatic effects of APC consisting of down-regulation of vascular adhesion
molecules that are involved in tumour cell adhesion and improvement of vascular barrier
functions thereby limiting the extravasation of potentially metastatic tumour cells [109,
110]. These observations imply a two compartment model, that of the tumour and that of the
vasculature (Fig 4). Different effects of APC are to be anticipated in the vasculature
compared to the tumour depending on the expression of the ensemble of protein C pathway
receptors in each compartment.

Modulation of EPCR expression on tumour cells versus the vasculature reveals striking
different outcomes. Vascular over-expression of EPCR diminished metastasis in a
melanoma model in which endogenous APC limited cancer cell extravasation and protected
against metastasis by enhancing vascular barrier functions [109, 110]. However, studies
targeting EPCR expression on the tumour cell revealed different, opposite effects of EPCR
expression. In a model of lung metastasis, over-expression of EPCR on lung
adenocarcinoma cells led to prometastatic effects, while silencing of EPCR expression
reduced metastasis [106]. These apparent contrasting effects of EPCR may be attributed to
differences in targeting EPCR expression in the vasculature (melanoma model) versus in the
tumour cells (lung metastasis model) and to the lack of EPCR expression on the melanoma
cells compared to the lung carcinoma cells that express abundant EPCR. Although these
observations are fascinating, the phenotypic and biochemical characteristics of tumour cells
are notorious heterogeneous and inherently dependent on the experimental model used.
Thus, further studies are needed to better understand the ramifications of the protein C
pathway in cancer biology.

Concluding remarks

The protein C pathway has come from an antithrombotic pathway to a full-fledge vascular
protective pathway. Developments in the last decade fostered a new branch in the protein C
pathway, /.e. the direct effects of APC on cells that result in cytoprotective signalling.
Recent insights into the APC cytoprotective pathway provide molecular mechanisms that
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involve EPCR and PAR1. Moreover, a major paradox of how PAR1 can mediate opposing
effects by APC and thrombin was solved by showing that these proteases activate PAR1 at
different sites, resulting in different tethered-ligands with different signalling characteristics.
Efforts by many have resulted in new possibilities for basic and preclinical studies that may
be translated to clinical applications. Notably, a cytoprotective-selective APC (3K3A-APC)
has recently entered phasel clinical trial for ischaemic stroke. The emerging new insights
into the molecular mechanisms of the protein C pathway provide additional exciting avenues
for mimetics with APC-like activities in translational research with potential clinical
applications, such as the treatment of ischaemic stroke, inflammatory disease, and vascular
disease. In line with biased agonism and allosteric modulation of PAR1 by thrombin and
APC, drug discovery efforts to identify compounds that antagonise PAR1’s G protein-
dependent signalling but not B-arrestin 2-dependent signalling may prove fruitful for treating
a variety of diseases where thrombosis, inflammation and barrier disruption play a key role.
Similarly, APC-mimetic compounds that promote cytoprotective PAR1-dependent
signalling while avoiding thrombin-mimetic signalling would encompass therapeutically
desirable biased PAR1 agonists. In addition, emerging studies on the regulation of EPCR
functionality might provide therapeutically relevant avenues to improve efficacy of
endogenous or pharmacologic cytoprotective activities of APC. To name but one example,
sPLAZ inhibitors developed to treat atherosclerosis [111] might be used as a therapeutic
strategy to prevent EPCR encryption and boost the endogenous protein C anticoagulant and
cytoprotective pathways. Extending studies of the protein C pathway in new fields such as
cancer research may uncover novel molecular mechanisms and potential targets for therapy.
In summary, recent discoveries have expanded the real potential of the cytoprotective
protein C pathway and have opened up exciting new horizons for translational research.
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Figure 1. The components and reactions of the protein C pathway

The three major reactions of the protein C pathway, depicted from left to right, are protein C
activation, the anticoagulant protein C pathway, and the cytoprotective protein C pathway.
(Ieft) Protein C activation. Physiological activation of protein C (PC) by the thrombin (l1a)-
thrombomodulin (TM) complex on the surface of endothelial cells is facilitated by EPCR.
(middle) The anticoagulant protein C pathway. APC exerts its anticoagulant activities by
proteolytic inactivation of FVa and FVI1lla aided by PS on negatively charged phospholipid
membranes. (right) The cytoprotective protein C pathway. APC associated with EPCR
cleaves PARL to initiate cell signalling with cytoprotective effects that may include anti-
inflammatory and anti-apoptotic activities, altered gene expression profiles, and barrier
protective effects.
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Figure 2. Biased agonism dueto canonical and non-canonical activation of PAR1

Because thrombin cleaves PAR1 at Arg41 and APC cleaves PAR1 at Arg46, the tethered-
ligand sequences generated by these proteases differ and accordingly result in activation of
different signalling pathways, which has been labelled “biased agonism.” The agonist bias is
thus directly related to the cleavage sites of the tethered-ligand and the new N-terminal
sequence as represented by the TRAP peptide that exists after cleavage at Arg41l or the
TRA7 peptide that exists after cleavage at Arg46 [73]. The conformer subsets of PAR1 that
are stabilised by different agonist can be different and have distinctly different properties
because one conformer subset can prefer binding of G proteins, whereas another conformer
subset can prefer signalling mediated by B-arrestin-2. TRAP and thrombin promote
signalling via different G proteins while the dynamic conformational ensembles of PAR1
stabilised by APC’s action, and presumably TR47, preferentially promote signalling
mediated by p-arrestin-2. This figure was originally published in Blood[73]. L.O. Mosnier,
R.K. Sinha, L. Burnier, E.A. Bouwens, J.H. Griffin. Biased agonism of protease-activated
receptor 1 by activated protein C caused by noncanonical cleavage at Arg46. Blood
2012;120:5237-46. © the American Society of Hematology.
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Figure 3. EPCR and mechanismsfor regulation of EPCR functionality and induction of cellular
APC resistance

(A) Structure of the N-terminal part of the APC GLA-domain (green) and Ca2+ ions
(orange) in complex with EPCR (red) based on 1LQV [76]. The phosphatidylcholine (PCh)
embedded in the hydrophobic groove of EPCR is indicated with the lipid head group in
purple and the fatty acid chains in blue. Cleavage of the lipid by sPLA2 at the sn-2 position
to generate lyso-PCh results in loss of the fatty acid chain indicated in light blue. (B)
Inflammatory mediators and activated coagulation factors such as thrombin (l1a),
lipopolysaccharide (LPS), TNFa and phorbol myristate acetate (PMA) can up regulate the
metalloproteinase TACE. TACE cleaves EPCR at the cell membrane, which results in
shedding of soluble EPCR (SEPCR) in the circulation. As a result APC, which normally
binds to EPCR on the cell surface, is unable to bind to the cell. This abrogates APC’s direct
cytoprotective effects on cells thereby inducing cellular APC resistance with potential
implications for the susceptibility to thrombosis and inflammation. (C) Functional EPCR
loaded with a PCh (green) in its hydrophobic groove promotes the generation of APC by the
thrombin-thrombomodulin complex and supports APC’s direct cytoprotective effects on
cells. Secreted phospholipase A2 group V (sPLA2-V) changes the PCh in EPCR for a
lysoPCh [80]. This lysoPCh-loaded EPCR (red), or encrypted EPCR, is dysfunctional with
regard to protein C and APC binding. Thus, SPLA2-V modified EPCR fails to promote APC
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generation by the thrombin-thrombomodulin complex and leads to cellular APC resistance
as APC can no longer exert its cytoprotective effects directly on the cell.
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Figure 4. Multiple effects of APC on tumour cell migration, invasion, and metastasis

Emerging studies on the effects of the protein C pathway for tumour cell migration,
invasion, and metastasis suggest a two-compartment model, the tumour and the vasculature.
Different effects of APC are to be anticipated in each compartment depending on the
expression of the ensemble of protein C pathway receptors. Initial reports suggests that on
tumour cells that express EPCR (EPCR+ cells (red)) anti-apoptotic APC effects can convey
survival benefits that cooperate the metastatic potential of these cells [104-106]. In contrast,
APC does not convey a survival advantage on EPCR deficient tumour cells (EPCR-cells
(orange)). In the vasculature, APC and the protein C pathway provide anti-metastatic effects
by down-regulating vascular adhesion molecules that are involved in tumour cell adhesion
and enhancing vascular barrier function thereby limiting the extravasation of potentially
metastatic tumour cells [109, 110]. Thus, important considerations for the interpretation of
the multiple different effects of APC on tumour cell migration, invasion, and metastasis
include: 1) the compartment(s) targeted by APC, and; 2) the ensemble of protein C pathway
receptors on the tumour cell and on the surrounding vasculature.
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