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Summary of recent advances

Stress induced activation or denudation of the endothelium elicits arrest and activation of platelets
with attendant triggering of coagulation, culminating in a physical barrier to limit blood loss.
Recently, coagulation-activated osteopontin, chemerin, and protease activated receptor signaling,
as well as platelet-derived molecules including platelet factor 4, serotonin, P-selectin, and CD154
(CD40L) have been revealed as new links between hemostasis and adaptive immunity. The
initiation of hemostasis establishes a local state of inflammation that serves as an adjuvant system
for antigen presentation, consequently influencing the onset and functional characteristics of an
evolving adaptive immune response. In this context, the hemostatic system and its associated
signaling pathways warrant further study as novel therapeutic targets that may enhance, abrogate,
or otherwise selectively direct the adaptive immune response.

Introduction

Hemostasis is an exquisite orchestration of physical and biochemical forces to arrest
bleeding. Trauma initiates local vasoconstriction and enhanced extravasation of blood to the
surrounding tissue. The endothelium lining the luminal surface of blood vessels can be
“activated” or physically denuded by injury to generate a highly prothrombotic interface. As
a consequence, circulating platelets bind and activate on the injured site, while coagulation
is triggered by exposed tissue factor (TF). These two systems are independent but highly
complementary. Platelet phospholipid membrane is an optimal substrate to amplify the
coagulation cascade, which generates thrombin that enables fibrin crosslinking to firmly
bind platelet clusters culminating in hemostatic plug formation. Thrombin, in turn, is a
powerful physiological activator of platelets, leading to the release of molecular mediators
that promote hemostatic reactions and initiate an inflammatory response.

Tantamount to pathogen recognition, “danger” signals elicited by inflammation are
obligatory for activation of antigen presenting cells (APCs) to direct the maturation of naive
precursor T and B lymphocytes. In the absence of danger cues, quiescent “semi-mature”
APCs maintain peripheral tolerance to self antigens (see review [1]). A growing body of
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evidence suggests that hemostasis, in this regard, tips the balance towards the onset of
adaptive immunity. Thrombin's ability to activate inflammatory mediators, particularly
protease activated receptors (PAR), as well as osteopontin and chemerin, has emerged as a
new molecular mechanism contributing to the pathogenesis of a number of immune
disorders. In collaboration, platelets express and secrete a complex set of pro-inflammatory
mediators such as serotonin, platelet factor 4, P-selectin, as well as CD154 (CDA40 ligand),
an indispensible co-stimulatory molecule for activation of naive lymphocytes. A number of
recent observations /n vivo implicate platelet-derived CD154 in enhancing germinal center
formation, protecting against infection, and inducing allograft rejection. This review will
summarize and interpret recently accumulated evidence that substantiates a previously
underappreciated role by hemostatic components as adjuvants in the initiation and
development of adaptive immunity.

Platelets and coagulation in the pas de deux of hemostasis

Current understanding of hemostatic mechanisms is largely based on /n vitro studies, and
their functional significance /n vivo remains a topic of ongoing investigation [2,3]. The
physiologically important soluble activators of platelets include thromboxane A2 (TxA2),
adenosine diphosphate (ADP), and thrombin. Alternatively, exposed collagen at sites of
vascular injury facilitates site-specific platelet adhesion and activation. Physiological
initiation of the coagulation cascade occurs when sub-endothelial TF binds factor Vlla, the
enzymatically active form of factor VII. The VIla/TF “tenase” complex converts factor X to
Xa, which assembles with cofactor VVa and Ca2* on the platelet phospholipid membrane to
form a “prothrombinase” complex that cleaves prothrombin into active thrombin. Secondary
to VIla/TF-induced onset of coagulation, thrombin production is sustained by an alternate
tenase, the complex of Vllla and 1Xa, and amplified through positive feedback by
thrombin's activation of VIlla and Va, as well as Xla required for IX activation. Ultimately,
thrombin cleaves fibrinogen and activates factor Xl to enable fibrin crosslinking. Activated
platelets further augment hemostasis by secreting their granular cargo consisting of TxA2,
ADP, thrombin, fibrinogen, as well as factor V. As a result, small amounts of thrombin can
trigger coagulation and platelet activation, which rapidly intensify in magnitude to generate
a hemostatic plug (Figure 1).

Multiple regulatory mechanisms are present in the vascular endothelium to establish an
activation threshold for hemostasis. The endothelium synthesizes prostacyclin
(prostaglandin 15, PGIl,) which limits platelet response to TxAZ2, nitric oxide (NO) that
decreases intracellular Ca2* to suppress a.llb3 binding with fibrinogen, and expresses ecto-
diphosphohydrolase (CD39) to hydrolyze ADP (reviewed in [3]). Notably, PGIl, and NO are
vasodilators, which enhance the convective efflux of hemostatic mediators, thus limiting
their participation in surface reactions. Circulating antithrombin Il irreversibly inactivates
thrombin in a process catalyzed by heparan sulfate proteoglycans, a constituent of the
endothelium. Thrombomodulin (TM), expressed in quiescent endothelial cells, forms a 1:1
complex with thrombin, reversing its procoagulant activity to accelerate production of
activated protein C (aPC) that suppresses coagulation through inactivation of cofactors Va
and VIlla. In this role, aPC bound to endothelial protein C receptors (EPCR) appears more
important than soluble aPC for factor Va inactivation. Furthermore, factor VVa associated
with prothrombinase complex on platelets is significantly more resistant to aPC inactivation
than factor VVa bound to the endothelium [4]. The TM-thrombin complex also catalyzes
activation of thrombin-activatable fibrinolysis inhibitor (TAFI) that stabilizes crosslinked
fibrin. Hence, rather than competitively inhibiting hemostasis after its onset, regulatory
mechanisms within the endothelium “cordon off” injury sites where hemostasis is
elaborated, thereby limiting deleterious systemic thrombosis.

Curr Opin Immunol. Author manuscript; available in PMC 2012 August 27.
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Coagulation serine proteases engage cell surface PARs, an emerging signaling paradigm
affecting the onset of adaptive immunity. Of the four known PARs, PARL1 can be activated
by the transient VVI1a/TF/Xa complex, thrombin, as well as EPCR-bound aPC (see review
[4,5]). Thrombin's potent capacity to activate platelets via PAR1 underscores the intricate
ties between the cellular and plasma compartments of hemostasis (reviewed in [6]). Both
plasmacytoid and myeloid DCs express PAR1, and can be stimulated by thrombin to
produce monocyte chemotactic protein-1 (MCP-1), IL-10, and IL-12 [7]. Thrombin
activation of PAR1 in mature DCs can also induce expression of CCL18, a potent
chemoattractant for immature DCs and T lymphocytes [8]. In a xenotransplantation model,
proinflammatory MCP-1 cytokine production by activated donor endothelial cells required
PAR1 engagement [9¢]. These studies suggest that, immediately following tissue injury, the
thrombin/PARL1 signaling pathway aids in homing and activation of APCs to maximize
antigen presentation. In support of this view, deletion of PAR1 protected mice against
carbon tetrachloride induced liver fibrosis, concomitant with a reduction in T cell infiltration
[10]. The VIIa/TF/Xa complex can additionally activate PAR2. DC activation and migration
to the lymph nodes, as well as T cell activation were dependent on the engagement of PAR2
in mice [11]. PAR2 and toll-like receptor 4 (TLR4) have synergistic effects in NFxB
induction, a possible mechanism for augmenting DC response to “danger” signals [12].
However, it does not appear that human DCs express PAR2 [8].

Activation of platelet PAR1 by thrombin and consequent activation of sphingosine kinase
generates a local gradient of sphingosine 1-phosphate (S1P), an essential regulator of
vascular permeability, as well as immune cell trafficking and differentiation (reviewed in
[13,14]). Notably, S1P appears to shift the phenotype of effector T cells towards Th2 and
Th17 while hampering Th1 type responses [13]. S1P's signaling capacity is partially
transmitted through a family of five S1P receptors (S1PR), which exhibit differential
constitutive and inducible tissue expression. The S1P receptor 1 (S1PR1) is abundantly
expressed in endothelial cells, and both S1IPR1 and S1PR3 are highly expressed in the
lymphoid organs. S1PR1 signaling was recently shown to be critical in maintaining basal
vascular integrity and blunting lethal responses to leak-inducing agents in mice [15¢].
Immature DCs preferentially express S1IPR1, but upregulate SIPR3 upon maturation.
Consistent with this observation, thrombin stimulation of DCs induced S1P production,
which activates S1IPR3, leading to an autocrine amplification of coagulation and
inflammation through increased tissue factor and IL-1f production [16e¢]. Engagement of
lymphocyte S1IPR1 was instrumental in promoting T cell retention in peripheral tissues in
response to inflammation, which increase S1P levels [17¢]. SIPR1 also appears responsible
for suppressing regulatory T cell development and function through activation of the Akt-
mTOR pathway [18].

Downstream PAR1 signaling pathways from activation by thrombin and aPC, two opposing
forces in the coagulation cascade, exert opposite effects on inflammation. Thrombin-PAR1
signaling increased inflammation-induced vascular leakage that is dependent on activation
of S1PR3, while aPC/EPCR-PAR1 signaling and transactivation of S1IPR1 produced the
opposite effect in LPS challenged mice [19e¢]. While aPC could mediate this effect in vivo
by blocking thrombin generation, it was demonstrated that aPC's PAR signaling activity was
more significant than its anticoagulant function in reducing mortality in this model [20]. In
addition to the divergent downstream S1P receptor signaling pathways of PARL, the barrier-
protective effects of aPC/EPCR also requires the trans-activation of endothelial PAR2 [21¢].
This is consistent with other studies that demonstrate PAR3 heterodimerization with PAR1
allosterically modulates thrombin-mediated PAR1 activation in endothelial cells [22¢].

Curr Opin Immunol. Author manuscript; available in PMC 2012 August 27.
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Likewise, the PAR4 heterodimerizes with PAR1 on platelets and enables their activation by
thrombin [23¢]. It is increasingly clear that both heterodimerization of PARs and divergent
S1PR engagement influence the signaling outcome of PAR1 activation.

Coagulation-activated inflammatory mediators and adaptive immune

disorders

Osteopontin (Opn), a phosphorylated glycoprotein, is traditionally tied to its physiological
roles in bone and tissue remodeling. Proteolytic cleavage of Opn by thrombin exposes
hidden a4p1 integrin (also known as VLA4) and CD44 binding domains to enable
migration of antigen-specific T cells to sites of inflammation. Conversely, TAFI renders
thrombin-cleaved Opn inactive to suppress inflammation [24]. Considerable evidence were
compiled recently using several disease models, which reveal Opn's role in augmenting Thl
and Th17 mediated immune responses [25]. Antigen-specific CD4+ and CD8+ memory T
cells secreted Opn upon activation and steered effector T cells towards a Th1 phenotype by
down-modulating their IL-4 production in murine models of chronic allergic contact
dermatitis (ACD) [26]. Likewise, during the sensitization stage of ACD, autocrine Opn
production was a vital component for DC migration to the skin-draining lymph nodes [27].
In experimental autoimmune encephalomyelitis (EAE), Opn was abundantly expressed in
mouse DCs, which induced IL-17 and IFN-y production by T cells in a process mediated by
integrins, while diminishing IL-10 production through CD44 engagement [28]. Further,
engagement of type | interferon receptors on DCs suppressed production of Opn and
inhibited IL-17 secretion [29e¢]. In agreement with these observations, interferon g, a
standard treatment for relapsing forms of multiple sclerosis (MS), decreased Opn and IL-17
production, as well as T cell migration [30]. Opn induced NF-xB activation, inhibited pro-
apoptotic FOXO3A activity, and altered Bim, Bak, and Bax expression, which collectively
prolonged survival of stimulated CD4+ and CD8+ T cells to exacerbate EAE relapse and
progression [31e]. In light of these discoveries, Opn is increasingly recognized as a central
mediator of relapsing MS (reviewed in [32]).

Highlighting the growing importance of bioinformatics in the field of immunology, a
proteomic analysis of human MS lesions identified tissue factor and protein C inhibitor
unique to chronic acute plaques. Respective inhibition of the physiological activity of these
target molecules with hirudin and aPC significantly ameliorated EAE in mice. aPC exerted
these effects by suppressing IL-17 production and NF-xB signaling by activated T cells
[33+¢]. A potential route by which aPC mediated this effect is through attenuating thrombin-
mediated activation of Opn. These results also raise the possibility that aPC can directly
modulate the functional behavior of immune cells, though the extent of this influence
remains unexplored. Indeed, it was demonstrated that on leukocytes where EPCR expression
is low, the integrin CD11b/CD18 could play a bigger role in mediating aPC-PAR1 signaling
[34]. Our understanding of aPC as an anti-inflammatory mediator is far from complete, and
their binding partners and signaling pathways in cellular compartment of immunity should
present exciting new areas of research.

Chemerin is a recently characterized chemoattractant that is increasingly studied for its role
in regulating inflammation. Similar to Opn, chemerin circulates as an inactive precursor that
can be activated by serine proteases involved in coagulation and fibrinolysis, the most potent
of which are factor Xlla and plasmin, and to a lesser extent factor Vlla. Additionally,
thrombin-stimulated platelets appear to release partially cleaved chemerin [35]. Chemerin
signaling via its cognate receptor ChemR23 (CMKLR1) may be involved in the
accumulation of DC in lesions from patients with psoriasis [36] as well as oral lichen planus
[37]. Emerging evidence also implicate chemerin in the development of EAE [38].
Sequential cleavage of chemerin by plasmin and TAFI /n vitro synergistically enhanced the
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activity of chemerin to affect plasmacytoid DC migration through ChemR23 [35]. The
significance of this observation /n vivois unclear, as TAFI inhibits plasmin generation.
Surprisingly, chemerin can reduce the production of proinflammatory mediators and
macrophage activation through ChemR23 but requires additional C-terminal processing by
cysteine proteases [39e¢]. This suggests an intriguing link with the secretion of cysteine
proteases by Staphylococcus aureus that could inhibit effective host defense to clear
infections [40]. In view of these observations, chemerin exhibits incredible plasticity to
transform into ligands that exert opposite effects on inflammation through the same receptor,
a process that deserves further study.

Platelet activation strengthens antigen presentation

Platelet activation is increasingly implicated in a number of chronic adaptive immune
diseases, including inflammatory bowel disease (IBD), atherosclerosis, infections, and
transplant rejection. In a mouse model of IBD, depletion of platelets by thrombocytopenia
commensurately reduced leukocyte adhesion in the inflamed colonic venules [41]. Antibody
blockade of TF function significantly blunted colonic inflammation induced by dextran
sodium sulfate (DSS) in mice. Remarkably, the treatment nearly abolished both leukocyte
and platelet recruitment to the venules of inflamed colons [42¢]. Genetic deletion of CD39
significantly exacerbated IBD in mice, and lower CD39 expression in humans was
correlated with increased susceptibility to Crohn's disease [43]. Activated platelets, which
express P-selectin (CD62P), appear to directly interact with DCs. Following initial contact
between CD62P and PSGL-1 expressed on DCs, junctional adhesion molecule C (JAM-C)
and Mac-1 mediated firm DC adherence to platelets /in vitro [44]. JAM-C deficient mice
showed decreased persistence of specific circulating 1gG titers and impaired germinal center
formation [45]. Elevated soluble CD62P levels, a marker for platelet activation, is associated
with an increased risk for atherosclerosis in ApoE ™~ mice [46].

A large repertoire of inflammatory mediators can be released or expressed by platelets upon
activation. Among these, platelet factor 4 (PF4, or CXCL4) was recently found to induce
migration of activated T lymphocytes in a process mediated by the native chemokine
receptor CXCR3 in addition to the previously known interactions with the alternatively
spliced variant CXCR3b [47]. A flow-cytometry based evaluation revealed constitutive
CXCL4 expression on DCs, B cells, and some T cells. Upon /n vitro bacterial infection, DCs
reduced their expression of CXCL4 [48]. Both observations were unexpected and deserve
further study. Heterodimerization of CXCL4 and RANTES (CCLD5) released by activated
platelets was critical for /n vivo monocyte recruitment and atherogenesis [49]. Elimination
of CXCL4 from platelets reduced the development of atherosclerosis in both wild type and
ApoE~"~ mice [50].

Despite their considerable importance as a neurotransmitter, serotonin (5-HT) is increasingly
known for its role as an inflammatory mediator. Platelets sequester 5-HT in their dense
granules and release them upon activation. Human monocytes treated with 5-HT exhibited
enhanced capacity to stimulate allogenic T cells /n vitro and reduced susceptibility to Fas-
FasL mediated apoptosis [51]. Exogenous 5-HT induced activation of ERK1/2 and NFxB as
well as endogenous production of 5-HT in naive T cells, contributing to their activation and
proliferation [52]. Interestingly, in a murine model of noncytopathic lymphocytic
choriomeningitis viral infection, platelet-derived 5-HT delayed activated virus-specific
CD8+ T cell infiltration but prolonged their persistence in the liver primarily through
altering the sinusoidal microcirculation [53]. Hence, 5-HT appears to exert proinflammatory
effects through physical and biochemical enhancement of T cell activation and survival.

Curr Opin Immunol. Author manuscript; available in PMC 2012 August 27.
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Platelet-derived CD154 appears to be an important component in directing the process of
antigen presentation so as to optimize the maturation of naive adaptive immune precursors.
A number of recent observations /7 vivo implicate platelet-derived CD154 in enhancing
germinal center formation, protecting against infection, and inducing allograft rejection.
TLR-4 engagement on platelets induced release of soluble CD154, implicating platelet
activation in immune response to infections [54]. DCs adherent to platelets were able to
stimulate lymphocyte proliferation only in the presence of CD154 [44]. Platelet-derived
membrane vesicles were capable of delivering CD154 to sites distant from location of
activation to stimulate antigen-specific 1gG production and to enhance CD4+ T cell
mediated germinal center formation [55¢¢]. Platelet CD154 secretion correlated with B
lymphocyte activation and 1gG production [56], and augmented cytotoxic T cell response to
Listeria challenge [57]. Activation of platelets was required for virus-specific cytotoxic T
lymphocyte response, a process that depended on CD154 [58e¢]. Soluble CD154 induced
rejection 30 days following allogeneic cardiac transplantation in mice, while platelet
infusion had no effect [59¢]. Thus, in7 vivo activation of platelets from surgical trauma at the
time of transplantation could serve as the sole exogenous source of CD154 to instigate
allograft rejection. Both CD40—/- and CD154—/— mice were protected from DSS induced
colitis, concomitant with a reduction in inflammatory angiogenesis [60]. Hyperinsulinemia
and hyperglycemia induced greater circulating levels of CD154+ platelets, as well as tissue
factor procoagulant activity, leading to a prothrombotic state that could be linked to the
greater incidence of atherosclerosis in patients with type 2 diabetes [61,62].

Conclusions and perspectives

The link between adaptive immunity and hemostasis has long been suspected through
observations by transplant surgeons associating acute allograft rejection with significant
thrombosis. Despite recent progress, therapeutic targeting of the hemostatic system and its
related signaling pathways to treat disorders of adaptive immunity has not been well
defined. Clinical trials in the last decade have revealed benefits of anticoagulants, such as
aPC (Xigris®) to treat severe sepsis. Undesirable bleeding risks associated with these
formulations may be overcome by engineering newer aPC variants with impaired
anticoagulant activity but intact PAR signaling capacity [4]. Alternatively, thrombomodulin
exhibits thrombin-dependent, “on-demand” generation of aPC and TAFI, whose anti-
inflammatory downstream pathways are only beginning to be uncovered. Our laboratory
showed exogenous TM infusion enhanced long-term engraftment in an allogeneic murine
model of intraportal islet transplantation, substantially suppressing the hallmark endogenous
“danger” signals IL-1p and TNF-a in the liver [63¢]. Risks of bleeding and dosage
requirement can be further reduced through recombinant TM fusion proteins with targeting
moieties for TF [64], as well as techniques to site-specifically tether TM to tissue surfaces
[65].

Two decades after their initial discovery, the PAR and downstream S1P signaling pathway
has emerged as a new paradigm linking inflammation and a plethora of adaptive immune
disorders. Phase 111 clinical trials showed fingolimod (Gilenia®), a synthetic S1P analogue,
significantly reduced relapse rates in MS patients compared with placebo and IFN B-1a
therapy [66,67]. Fingolimod is an agonist of four of the five S1P receptors and influences
lymphocyte trafficking, though its immune-modulatory mechanisms are currently not fully
characterized. In 2010, a US Food and Drug Administration advisory panel unanimously
recognized the safety and effectiveness of fingolimod, and overwhelmingly recommended
its approval as a first-line treatment for relapsing MS. Therapeutic intervention with a
specific inhibitor of sphingosine kinase-1 has also been demonstrated to inhibit production
of proinflammatory cytokines in a mouse model of sepsis [68]. These encouraging

Curr Opin Immunol. Author manuscript; available in PMC 2012 August 27.
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developments have demarcated the lipid metabolic and signaling pathways as a new frontier
in the quest to create a unified model of inflammation onset and resolution.

In conclusion, recent research substantiates an elegant system whereby activation of
coagulation and platelets in response to trauma contributes to a state of inflammation that is
central to the development of an effective host defense response as well as numerous
adaptive immune disorders (Figure 2). We anticipate that the evolution of bioinformatics, as
well as /n vitroand in vivo models of immune dysfunction will further expand our
understanding of the molecular networks through which hemostatic reactions affect the
onset of adaptive immunity, as well as our repertoire of available drug targets that provide
new opportunities to modulate this process.
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Figure 1.

Physiological elaboration of coagulation and platelet activation is quarantined by quiescent
endothelial cells. Generation of thrombin (Th) from the coagulation cascade facilitates fibrin
crosslinking to form a hemostatic plug, and is intimately linked to activation of platelets
through PAR1/PARA4 heterodimers. Self-reinforcing feedback systems amplify production of
Th through its activation of factor VIII and V, as well as platelet activation which release
agonists such as Th, factor V, and ADP. Endogenous regulators of coagulation in the
endothelium include heparan sulfate proteoglycans (HSPG) that catalyze the inactivation of
Th by antithrombin 111 (AT), as well as thrombomodulin (TM), a cofactor for Th that
reverses its prothrombotic activity to accelerate generation of activated protein C (aPC)
which disrupts formation of tenase and prothrombinase complexes. The TM-Th complex
also catalyzes formation of thrombin-activatable fibrinolysis inhibitor (TAFI) which
stabilizes crosslinked fibrin. In concert, platelet activation is abrogated by endothelial
regulators, such as CD39 that hydrolyze ADP to AMP. Mediators of hemostasis are
increasingly associated with establishing a state of inflammation that is linked to the
initiation and development of adaptive immunity. Abbreviations: TF, tissue factor.
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Figure 2.
Interface between hemostasis and adaptive immunity. Thrombin activation of PARs and

pro-osteopontin (proOpn), in concert with platelet-derived CD154, serotonin (5-HT),
platelet factor 4 (PF4), and RANTES, have now been discovered to optimize the process of
antigen presentation to initiate and steer the phenotype of subsequent adaptive immune
responses. Platelets express CD154 which can be secreted by TLR4 induction or remotely
delivered by platelet-derived microvesicles (PDMV) to augment both dendritic and B cell
activation. In a similar capacity, 5-HT can activate T cells and induce autocrine production
of 5-HT to amplify this process. PF4 directly interacts with CXCR3 to increase T cell
recruitment, or forms dimers with RANTES that recruits monocytes and T cells. Activation
of PAR1 on dendritic cells (DC) enhanced the production of proinflammatory and
prothrombotic mediators, a potential feedback system to amplify antigen presentation. A
critical signaling pathway downstream of PAR engagement is activation of sphingosine
kinase (SphK) to generate sphingosine-1 phosphate (S1P) that act on S1P receptors (S1PR).
Extravasation of inflammatory cells through the endothelium is enhanced by thrombin (Th)
activation of the S1PR3 pathway, while activated protein C (aPC) maintains the endothelial
barrier through S1PR1. Differential engagement of PAR heterodimers by aPC and Th is also
responsible for this divergent effect. Engagement of S1PR1 steers T helper cells away from
Th1 phenotype towards a Th2-type response. aPC attenuates Th17 responses and
downregulate T cell activation. Osteopontin (Opn) has been implicated in prolonging T cell
survival and driving a Th17 response. Chemerin depends on precise protease processing to
either enhance or attenuate inflammation through the same receptor ChemR23. Activated
thrombin-activatable fibrinolysis inhibitor (TAFla) deactivates Opn and inhibits chemerin
cleavage by plasmin that yields a proinflammatory ligand for ChemR23. Substantial
crosstalk between the hemostatic and adaptive immune compartments is therefore an
indispensible component in the onset of effective host defense as well as immune
dysfunction. Abbreviations: MCP-1, monocyte chemotactic protein-1; sCD154, soluble
CD154; TF, tissue factor.
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