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Protease-activated receptor 2 (PAR2) is expressed by vascular
endothelial cells and other cells in which its function and physio-
logical activator(s) are unknown. Unlike PAR1, PAR3, and PAR4,
PAR2 is not activatable by thrombin. Coagulation factors Vlla
(FVIla) and Xa (FXa) are proteases that act upstream of thrombin in
the coagulation cascade and require cofactors to interact with their
substrates. These proteases elicit cellular responses, but their
receptor(s) have not been identified. We asked whether FVlla and
FXa might activate PARs if presented by their cofactors. Co-
expression of tissue factor (TF), the cellular cofactor for FViia,
together with PAR1, PAR2, PAR3, or PAR4 conferred TF-dependent
FVlla activation of PAR2 and, to lesser degree, PAR1. Responses to
FXa were also observed but were independent of exogenous
cofactor. The TF/FVlla complex converts the inactive zymogen
Factor X (FX) to FXa. Strikingly, when FX was present, low pico-
molar concentrations of FVlla caused robust signaling in cells
expressing TF and PAR2. Responses in keratinocytes and cytokine-
treated endothelial cells suggested that PAR2 may be activated
directly by TF/FVIla and indirectly by TF/FVlla-generated FXa at
naturally occurring expression levels of TF and PAR2. These results
suggest that PAR2, although not activatable by thrombin, may
nonetheless function as a sensor for coagulation proteases and
contribute to endothelial activation in the setting of injury and
inflammation. More generally, these findings highlight the poten-
tial importance of cofactors in regulating PAR function and
specificity.

Proteases trigger cellular responses in part via protease-
activated G protein-coupled receptors (PARs). PAR1, the
prototype for this receptor subfamily, mediates responses to
thrombin in platelets and other cells (1). Thrombin activates
PARI1 by cleaving the receptor’s amino terminal exodomain
between arginine 41 and serine 42. This cleavage event unmasks
a new amino terminus beginning with the sequence SFLLRN,
which in turn serves as a tethered ligand, binding intramolecu-
larly to the body of the receptor to trigger transmembrane
signaling. Functionally, PAR1 is an important mediator of
thrombin signaling in human platelets and endothelial cells (1).
Three additional PARs have been identified. PAR2 can be
activated by trypsin and by other proteases with trypsin-like
specificity, but not by thrombin (2, 3). PAR3 and PAR4 can be
activated by thrombin, and PAR4 functions at least in part as a
second thrombin receptor in human platelets (4-6).

Thus far, PAR activation by proteases has been studied as a
simple binary interaction between protease and receptor. How-
ever, protease-substrate interactions are often made possible by
cofactors that both localize and regulate the activity of the
protease. Factor VIla (FVIIa) and Factor Xa (FXa) are coag-
ulation proteases that function upstream of thrombin in the
coagulation cascade, and both proteases form physiologically
important complexes with cofactors (7). Factor VIIa binds tissue
factor (TF), an integral membrane protein that both localizes
Factor VIla to the surface of cells and markedly enhances its
activity. TF is normally expressed on cells extrinsic to the
vascular compartment, but its expression can be induced in
monocytes and endothelial cells by inflammatory mediators (8).
Formation of the TF/FVIIa complex is the major physiological

trigger for thrombin generation and blood coagulation (7). The
TF/FVIla complex binds and cleaves the zymogen Factor X to
FXa, the active protease. FXa in turn binds Factor Va, a
membrane-associated cofactor for FXa-mediated cleavage of
prothrombin to active thrombin. Like thrombin, both FVIIa and
FXa can trigger signaling events in certain cells (9-18). These
responses are independent of thrombin generation, and in most
cases require the active site of the protease. In the case of FVIIa,
these effects also require TF. The receptors that mediate FVIIa
and FXa signaling have not been identified. We have examined
the possibility that the known PARs might mediate signaling to
FVIla and/or Xa when appropriate cofactors are present. We
report that PAR1 and PAR2 can mediate signaling to FVIIa
when TF is co-expressed in the same cell. Indeed, picomolar
concentrations of FVIIa elicited signaling when TF, PAR2, and
the zymogen factor X were present. These data suggest that
TF-dependent generation of FXa can trigger robust signaling
events independent of thrombin generation in cells that express
PAR2. It is likely that this can occur on the surface of endothelial
cells in which TF expression has been induced. Our results
emphasize the potential importance of cofactors in orchestrating
PAR activation. Moreover, the role of PAR2 expressed in
endothelial cells has been obscure, and our results suggest that
PAR?2 may function as a FVIIa/FXa receptor in certain settings.

Materials and Methods

Materials. The agonist peptides TFLLRNPNDK (PAR1-specific)
and SLIGRL (PAR2-specific) were synthesized as carboxyl
amides and were purified by reverse-phase high performance
liquid chromatography. Trypsin, hirudin, and the M1 anti-FLAG
monoclonal antibody were from Sigma. Recombinant human
FVIla was from American Diagnostica (Greenwich, CT). Hu-
man plasma-derived FX, FVIIa, active site-inhibited FVIIa, and
an anti-human TF monoclonal antibody were from Enzyme
Research Laboratories (South Bend, IN). Preparations of puri-
fied FX were immunodepleted of FVII/FVIIa. Human FV, FVa,
Gla-domainless FXa, and active site-inhibited FXa were from
Hematologic Technologies (Essex Junction, VT). Human FXa
was from Enzyme Research Laboratories and Hematologic
Technologies. 1 unit/ml FX and FXa corresponds to 174 nM.
Human tissue factor pathway inhibitor (TFPI) 1 was a gift from
George Broze (Washington University, St. Louis).

Constructs. All wild-type and mutant human TF and PARs used
in this study were epitope-tagged with the FLAG sequence
(DYKDDDD) at the amino terminus of the mature receptor
protein (19). This did not interfere with receptor cleavage in the
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PAR activation and cofactor dependence. Xenopus oocytes were injected with cRNAs encoding TF (TF) and PAR1, PAR2, PAR3, or PAR4, and

agonist-triggered 4°Ca?* release was assessed. Surface expression of TF and PARs was confirmed by anti-FLAG antibody binding (not shown). (4) Activation of
PARs by FVlla (50 nM), FXa (174 nM), SLIGRL (100 uM), or thrombin (aT, 10 nM). TF expression was necessary for FVlla responses (C), but did not affect responses
to FXa (not shown). Data shown are fold increase 4>Ca release (mean =+ SE of 2-10 independent experiments each done in triplicate). (B) Effect of the thrombin
inhibitor hirudin (10 units/ml) on PAR1 activation by other proteases. Protease concentrations were as in A. *, TF cRNA was co-injected with PAR1T cRNA when
FVlla was used as an agonist. Representative experiment (mean = SD, n = 3). (C) Concentration responses to FVIla and FXa in oocytes expressing PAR2 with or
without TF as indicated. Average of 2-3 independent experiments done in triplicate (mean * SE).

case of PARs nor with FVIIa binding in the case of TF. A
QuickChange site-directed mutagenesis kit (Stratagene) was
used to generate the PAR2g37p mutant in which serine in the P1’
position of the PAR2 cleavage site was replaced by proline.
TF/CD8 was generated by fusing cDNA encoding the extracel-
lular domain of TF (amino acids 1-218) and the transmembrane
and cytoplasmic domains (162-215) of the CD8 « chain (20) by
PCR. The amino acid sequence at the junction (—) was TF
extracellular domain... GQEKGEFR-DIYIWAPL... CDS8
transmembrane domain. TF devoid of the cytoplasmic domain
(TF1-242) was constructed by inserting a stop codon after the
sequence coding for amino acid 242 using PCR. Constructs were
subcloned into pFROG (21) or pGEM-3Z HE (Emily Liman,
Harvard Medical School) for cRNA synthesis and into PBJ
(Mark Davis, Stanford University) for mammalian expression.
All constructs were sequenced.

Cell Culture. The KOLF lung fibroblast cell line was derived from
PARI1 knockout mice (22). The human keratinocyte line HaCaT
(23) was from Norbert Fusenig (German Cancer Research
Center, Heidelberg). KOLFs and HaCaT were grown in DMEM
with 10% FBS, 100 units/ml penicillin, and 100 ug/ml strepto-
mycin. Human umbilical vein endothelial cells (HU VECs) were
grown on fibronectin in endothelial basal medium (Clonetics,
San Diego) and were used at passage 2-5. TF expression was
induced by treating HUVEC: for 6 h with tumor necrosis factor
a (10 ng/ml) and vascular endothelial growth factor (1 nM)
(24). Cell surface TF expression was confirmed by cell surface
ELISA (19) using a TF mAb. KOLF-based cell lines (KOLFrr,
KOLFpar2, and KOLFrripar2) were generated by co-
transfecting expression constructs with a hygromycin resistance
vector and screening hygromycin B-resistant clones for TF
and/or PAR?2 expression by cell surface ELISA using FLAG,
TF, and PAR2 antibodies. Several clones were tested for each
line, and the lines were maintained on 200 wg/ml hygromycin B.

45Ca?+ Efflux in Xenopus Oocytes. Receptors were expressed by
microinjection of Xenopus oocytes with cRNAs as described
(21). Receptor expression on the oocyte surface was measured
as specific binding of antibody to the FLAG epitope (19).
Agonist-stimulated #Ca?* efflux was measured as described
(21) except that the Ca?* in the buffer was at 2 mM. Basal “Ca?*
release was defined as that occurring in the 30-min interval
before stimulation, and agonist-induced “*Ca®* release as that
occurring in the subsequent 30 min. Results are expressed as fold
increase (stimulated over basal).
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Phosphoinositide Hydrolysis in Mammalian Cells. Cells in 24-well
plates were loaded overnight with 2 wCi/ml 3H-myoinositol in
DMEM/BSA (0.2%)/Hepes (10 mM) with (HaCaT) or without
(KOLF) 10% FBS, or in endothelial growth medium (HUVEC).
HUVECs were washed in PBS and were incubated in DMEM/
BSA/Hepes with or without cytokines for 6 h before agonist
addition. Cells were washed and treated with 20 mM LiCl in
DMEM/BSA/Hepes with or without agonist for 90 min and
then were extracted with formic acid. Released total 3H-inositol
phosphates were quantitated (19).

Cytoplasmic Calcium Transients in Mammalian Cells. KOLF clones
were detached by using Cell Dissociation Buffer (GIBCO/BRL)
and were loaded with 4 ug/ml Fura-2/AM (Molecular Probes)
for 45 min at 37°C. Agonist-dependent calcium mobilization was
measured by using a Hitachi F2000 fluorometer (19).

Results

We first determined whether FVIIa or FXa could activate PARs
heterologously expressed in Xenopus oocytes. Agonist-triggered
4Ca?* release, which reflects phosphoinositide hydrolysis, was
used as an endpoint. FVIIa triggered Ca’" release from
oocytes that expressed TF together with PAR1 or PAR2 but not
PAR3 or PAR4 (Fig. 14). No responses to FVIIa were detected
in the absence of TF expression (not shown). By contrast, FXa
triggered signaling in oocytes expressing PAR1, PAR2, or PAR4
with no requirement for TF (Fig. 14). Indeed, co-expression of
TF did not change the concentration response to FXa (not
shown). Recombinant FVIIa and FVIla purified from plasma
were equally potent in this system (data not shown). Moreover,
the thrombin inhibitor hirudin, at a concentration sufficient to
block a thrombin response of greater magnitude, did not sub-
stantially inhibit responses to FVIIa or FXa (Fig. 1B). These data
and the TF-dependence of FVIIa signaling militate against a
contaminating protease or thrombin generated in the oocyte
system (perhaps from any remaining Xenopus prothrombin)
being responsible for the signaling in Fig. 1, and strongly suggest
that FVIIa can activate PAR1 and PAR2 and that FXa can
activate PAR1, PAR2, and PAR4.

In most settings in which substantial FVIIa and FXa are
generated in vivo, one would expect concomitant thrombin
generation. Thrombin can activate PAR1 and PAR4; thus, the
relative importance of the observation that FVIIa and FXa can
activate these receptors is unknown. However, thrombin cannot
activate PAR2. Trypsin and tryptase, the known activators of
PAR2, seem unlikely to account for its activation in all cell types,
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and the notion that PAR2 might sense activation of the coag-
ulation cascade is potentially important. We therefore focused
on characterizing the actions of FVIIa and FXa on PAR2. In
oocytes expressing only PAR2, even 300 nM FVIIa failed to
cause signaling (Fig. 1C). By contrast, when TF and PAR2 were
co-expressed, FVIIa caused robust signaling with an ECs of 3.5
nM. This is similar to the K4 reported for FVII/FVIIa binding
to cell surface TF (25) and below the plasma concentration of
zymogen FVII (10 nM) but well above estimated plasma con-
centrations of FVIIa (26). FXa activated PAR2-expressing 00-
cytes independent of cofactor with an ECsy of 7 nM (Fig. 10),
well below the plasma concentration of zymogen FX (174 nM,
1 unit/ml) (7).

The cytoplasmic carboxyl tail of TF was not required to
promote activation of PAR2 by FVIIa. Both the carboxyl tail
deletion mutant TF;_»4, and TF/CDS, in which the extracellular
domain of TF was fused to the transmembrane domain of CDS,
displayed cofactor activity (Fig. 24). TF/CD8 was slightly less
effective in promoting PAR2 activation by FVIIa than wild-type
TF, and this was not attributable to different levels expressed on
the cell surface. Whether TF/CDS positions FVIIa’s active site
at a suboptimal distance above the membrane or, more inter-
estingly, has an altered preference for specific domains in the
plasma membrane that renders it less effective for presenting
FVIIa to PAR2 is unknown.

The PAR2 mutant S37P, in which the cleavage site was
rendered uncleavable, failed to mediate responsiveness to FVIIa
or FXa or to trypsin. Responsiveness to exogenous tethered
ligand peptide SLIGRL, which bypasses the requirement for
receptor cleavage, was preserved (Fig. 2B). These data strongly
support the model that the TF/FVIla complex and FXa activate
PAR2 by cleavage at the R36/S37 peptide bond.

Xenopus oocytes express receptors at extraordinary levels. To
determine whether FVIIa and FXa can trigger PAR2 signaling
in mammalian cells in which receptors are expressed at more
physiological levels, we expressed TF and PAR2 alone and
together in KOLFs, a lung fibroblast cell line derived from PAR1
knockout mice. Phosphoinositide hydrolysis was measured as an
endpoint for signaling. Untransfected KOLFs lack thrombin
receptors (22) and PAR2, and did not respond to thrombin,
trypsin, or SLIGRL (data not shown). Cells expressing TF alone
(KOLFr) failed to respond to FVIIa or FXa (Fig. 34). Cells
expressing PAR2 alone (KOLFpar2) responded to FXa but not
FVIIa. Cells expressing both TF and PAR2 (KOLFtr par2)
responded to both proteases. Similar results were obtained when
signaling was measured as cytoplasmic calcium mobilization (see
below) or as rapid induction mRNA for egr-1 (not shown). Thus,
in agreement with the oocyte experiments, FVIIa elicited sig-
naling via PAR2 only when co-expressed with TF. These data
strongly suggest that TF can function as a cofactor that permits
FVIIa to activate PAR2. This result stands in contrast to a
previous report in which co-transfection of CHO cells with TF
and PAR2 did not confer signaling by FVIIa (18). The discrep-
ancy between this negative result with CHO cells and the positive
result in current study is likely attributable to differences in the
level of TF and/or PAR2 expression achieved in the CHO vs.
KOLF systems. It is also possible that CHO cells lack a factor
that is present in KOLFs and important for TF-dependent PAR2
activation.

Are FVIIa and FXa physiological activators of PAR2? The
concentration of FVIIa required for ECsy activation of phos-
phoinositide hydrolysis in KOLFrg,par2 Wwas =4 nM, compara-
ble to that of zymogen FVII in plasma and well above the 100
PM estimated plasma concentration of FVIIa. Strikingly, how-
ever, 50 pM FVIla triggered robust signaling in KOLFrg4par2
cells when the inactive zymogen FX was present at its estimated
plasma concentration (1 unit/ml, 174 nM) (Fig. 34 Bottom).
Indeed, the ECs for responses to FVIla decreased nearly three
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Fig. 2. Mechanism of PAR2 activation. Xenopus oocytes were injected with
cRNAs encoding wild-type or mutant TF and/or PAR2, and agonist-triggered
45CaZ* mobilization was measured. Representative experiments (mean + SD,
n = 3) are shown. (A) FVlla-induced responses in oocytes expressing PAR2 with
or without wild-type or mutant TF. (B) Responses in oocytes expressing PAR2
or the PAR2 cleavage site mutant (PAR2s37p). Receptors were co-expressed
with TF where indicated. ND, not determined.

logs (4 nM to 8 pM; Fig. 3B) when FX was included. In the
absence of FX, 50 pM FVIla was without effect, and, in the
absence FVIla, FX was without effect. Moreover, even in the
presence of FX, 50 pM FVlIla did not elicit cellular responses in
cells expressing PAR?2 alone; co-expression of TF was required.
Similar results were obtained when PAR2 activation was as-
sessed as calcium mobilization measured fluorometrically in
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Fig. 3.

Activation of PAR2 in stably transfected fibroblasts by FVila and FXa. KOLFs expressing TF, PAR2, or TF + PAR2 were used. Results shown are

representative of several lines tested. Figures show representative experiments (mean = SD; n = 3). (A) Pl hydrolysis induced by FVlla (Top), FXa (Middle), or a
combination of picomolar FVlla and zymogen FX (Bottom), all relative to saturating PAR2 agonist (SLIGRL, 100 wM). The maximal response to SLIGRL varied with
PAR2 expression and the lower maximal response in KOLFpag; relative to KOLFrr-pag: is likely caused by different PAR2 expression levels in the particular clones
shown. (B) Dose responses for FVlla-induced Pl hydrolysis in KOLFr¢.parz2 in the presence or absence of plasma concentrations of FX. (C) Calcium transients induced
by FXa (1 unit/ml) or FVlla (100 pM) + FX (1 unit/ml) in Fura-2 loaded KOLF¢+pag2 cells. 1 unit/mlFXa or FX = 174 nM. Increases in cytosolic calcium were measured
fluorometrically. Agonists were added at time indicated by arrows. (D) Dose-response for FXa- or Gla-domainless FXa-induced Pl hydrolysis. (E) Inhibition of
FXa-induced PAR2 activation by preincubation of cells with the indicated concentrations of active site-inhibited FXa .

Fura-2 loaded KOLFs. 100 pM FVIIa or 1 unit/ml FX alone
triggered little or no calcium signaling in KOLFrgipar2 cells
(Fig. 3C). However, addition of both proteins elicited a rapid and
robust increase in cytosolic calcium comparable to that triggered
by 1 unit/ml FXa. These data strongly suggest that signaling in
response to picomolar FVIIa in the presence of zymogen FX is
mediated by FXa generated by the TF/FVIla complex. More-
over, they show that FVIIa levels below those thought to
circulate in plasma can trigger signaling in this system.

The ECs for activation of phosphoinositide hydrolysis in
PAR2-expressing cells by soluble FXa was 27 nM. Thus, the
FVIla signaling described above might require substantial con-
version of FX to FXa. Alternatively, because of an increased
probability of colliding in two instead of three dimensions
and/or favorable localization by other mechanisms, FXa gener-
ated locally on the cell surface might have a kinetic advantage
over soluble exogenous FXa for activating PAR2 on the same
membrane. If so, PAR2 activation might be achieved without
generating high levels of FXa in solution. It has been difficult to
test this prediction directly because, in the absence of inhibitors,
TF/FVIla converts FX to FXa very efficiently, and substantial
levels of FXa were generated even in the 30 seconds required to
reach peak cytosolic calcium triggered by addition of 100 pM
FVIla/174 nM FX to KOLFrgipar2 cells (not shown; see
Discussion).

Several experiments do support the notion that localization of
FXa to the plasma membrane makes some contribution to its
ability to activate PAR2. FXa lacking the Gla domain activated
PAR?2 with reduced potency (7-fold average increase in ECso;
Fig. 3D), consistent with the notion that Gla domain-mediated
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localization of FXa to the cell surface contributes to PAR2
activation. Moreover, excess active site-inhibited FXa attenuated
PAR2 activation by low concentrations of FXa (Fig. 3E). This
was not attributable to contaminating chloromethyl ketone and
was specific for FXa; 870 nM active site-inhibited FXa did not
inhibit signaling to 50 nM FVIIa in parallel experiments (not
shown). Addition of FVa, the known FXa cofactor for prothrom-
bin activation, did not enhance FXa activity against PAR2 in the
oocyte or KOLF systems (not shown). Taken together, these
data suggest that binding of FXa to some saturable site(s) on the
plasma membrane contributes to its activity at PAR2. Whether
this site is PAR?2 itself, a protein cofactor, or another cell
membrane component is unknown. The observation that FXa
effectively activated PAR2 expressed in both Xenopus oocytes
and mammalian fibroblasts militates against a requirement for a
specific protein cofactor unless that cofactor is present in the
oocyte system.

The data presented above show that, in transfected cells, TF
and PAR2 expression on the same cell permits both direct
activation of PAR2 by TF/FVIIa and indirect activation by
TF/VIla-generated FXa. Do these phenomena occur in untrans-
fected differentiated cells known to respond to FVIIa or FXa?
TF and PAR?2 are expressed by various epithelial cell types (27,
28), and, provocatively, their expression can be induced (TF) or
enhanced (PAR2) in endothelial cells by inflammatory stimuli
(8,29, 30) and in smooth muscle cells by vascular injury (31, 32).
Fig. 4 shows signaling induced by FVIIa and FX/FXa in two
untransfected cell lines. The human keratinocyte cell line Ha-
CaT expresses PAR2 and TF constitutively, the latter at levels
comparable to those in the KOLFrr par2 cells used in these

Camerer et al.
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Fig. 4. Protease responses in keratinocytes and vascular endothelial cells.
Data shown are fold increase in 3H-inositol phosphate accumulation (mean +
SD, n = 3) and are representative of at least three separate experiments. (4)
Pl hydrolysis in response to proteases and peptide agonists in keratinocyte line
HaCaT, which expresses TF and PAR2 constitutively. Where indicated, anti-TF
mAb was added 1 h before agonists. (B) Pl hydrolysis in response to proteases
and peptide agonists in naive HUVEC or HUVEC pretreated for 6 h with tumor
necrosis factor a (10 ng/ml) and vascular endothelial growth factor (1 nM).
Cytokines induce TF expression and increase PAR2 expression in these cells.
Cell surface TF expression as determined by surface ELISA with a TF mAb is
shown in the inset. Where indicated, active site-inhibited FVIla was added 1 h
before agonists.

studies (not shown). HaCaT cells indeed behaved much like the
KOLFrr+par2 cell line; signaling was detected in response to
high FVIla or FXa alone and to the combination of picomolar
FVIla and zymogen FX (Fig. 44). Unlike HaCaTs, human
umbilical venous endothelial cells (HUVECs) express little or no
TF unless it is induced by cytokines; even after induction, TF
expression is substantially lower than in HaCaTs (not shown).
HUVEC:s do constitutively express PAR2, and PAR2 expression
can be increased by cytokines (30). Naive HUVECs responded
to FXa and PAR agonist peptides (Fig. 4B) but not to FVIIa,
consistent with the TF-dependence of FVIIa signaling noted in
our transfection studies. Cytokine treatment of HUVECsS in-
duced TF expression and conferred responsiveness to picomolar
FVIla in combination with FX, but not to FVIIa alone, even
when the latter was used at high concentrations (Fig. 4B). This
difference between HUVEC vs. HaCaT and KOLFrg;par2 is
probably explained by the TF expression level in HUVECs being
below that required for direct activation of PAR2 by TF/FVIla,
even after cytokine stimulation. Alternatively, tissue factor
pathway inhibitor (TFPI) 1 and 2 are expressed by HUVEC:s (8,
33) and might attenuate the direct TF/FVIla signaling. Exoge-
nous TFPI did inhibit signaling in KOLFrgpar2 cells; 5 nM
TFPI-1 inhibited activation of PAR2 by 100 pM FVIIa/1 unit/ml
FX, and 125 nM TFPI-1 inhibited activation by 50 nM FVIIa and
35 nM FXa (not shown). The FVIIa and FVIIa/FX signaling
effects in both HaCaT and HUVEC systems were substantially
reduced by pretreating with active site-inhibited FVIIa or an-
ti-TF antibodies (Fig. 4 4 and B; data not shown), again
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consistent with TF-dependence. Desensitization of PAR2 with
SLIGRL virtually abolished FXa signaling in HUVECs (not
shown) and HaCaTs (18) whereas thrombin desensitization had
little effect. Because SLIGRL also caused some heterologous
desensitization of PARI1 signaling in cells that expressed both
PARI1 and PAR2, we cannot conclude that all FXa signaling in
endothelial cells is PAR2-mediated. Nonetheless, these results
suggest that FXa signaling in HUVECs was at least partially
PAR2-dependent. Taken together, these data strongly suggest
that FVIIa can trigger signaling in human keratinocytes and
HUVECs via TF-dependent generation of FXa on the cell
surface and consequent PAR?2 cleavage and activation.

Discussion

We have shown that picomolar FVIIa can activate PAR2 when
TF and FX are present. These results imply a cascade of events
on the cell surface. FVIIa binds to TF, the TF/FVIIa complex
converts inactive zymogen FX to the active protease FXa, then
FXa cleaves PAR2 to trigger transmembrane signaling. TF/
FVIla may also directly activate PAR2, especially when TF is
expressed at high levels. This model is consistent with previous
reports that FVIIa and FXa can elicit cellular responses and
likely accounts, at least in part, for many of the active site-
dependent cellular effects described (9-18). It also provides a
plausible scenario by which PAR2 might function as a receptor
for these coagulation proteases in vivo. More generally, these
results emphasize a role for cofactors in protease signaling—
PAR activation need not be thought of simply in terms of a
binary interactions between fluid-phase proteases and the inte-
gral membrane PARS. A priori, use of cofactors in PAR activa-
tion might serve to promote specificity by demanding that the
target cell express both cofactor and PAR to be responsive to a
particular protease. In addition, regulation of cofactor expres-
sion might also permit cells to vary responsiveness to different
proteases while using only one or a few PARs. Our findings with
vascular endothelial cells support these notions.

Available data are consistent with the possibility that PAR2
responds to TF/FVIIa and/or FXa in vivo. FVIIa is relatively
long-lived in plasma and circulates at ~100 pM (7, 34). In our
studies of FX-dependent PAR2 activation by FVIIa, the ECs for
FVIla signaling was only =8 pM. Zymogen FX was at its plasma
concentration. Thus, when TF and FX are present, the level of
FVIIaknown to circulate in vivo is more than sufficient to initiate
FXa generation and signaling. Exactly which protease might
dominate in vivo is difficult to predict. Depending on the balance
with inhibitors and the level of TF expression, feedback activa-
tion of zymogen FVII by FXa might generate sufficient TF/VIla
on the cell surface to directly activate PAR2. Alternatively, FXa
generated by TF/VIla or by VIIIa/IXa might be the dominant
actor. Regardless, human keratinocytes naturally express both
TF and PAR2 (35), and human endothelial cells naturally
express PAR2 and can be induced to express TF by inflamma-
tory cytokines (29). The observation that picomolar FVIIa can
trigger signaling in HaCaT cells and in cytokine-induced
HUVEC:s in the presence of FX suggests that such signaling
might occur in vivo when plasma proteins contact keratinocytes
or TF-expressing endothelial cells at sites of wounding, inflam-
mation, or altered vascular integrity.

Fluid phase FXa is short-lived and susceptible to inhibition by
both tissue factor pathway inhibitor and antithrombin III (7). By
contrast, FXa generated on the surface of a PAR2-expressing
cell might be well positioned to activate nearby receptors before
being inactivated by circulating inhibitors. Indeed, the presence
of inhibitors such as antithrombin III (36) might allow local cell
surface PAR?2 activation (and perhaps also local prothrombinase
formation) without significant propagation of coagulation.

The function of PAR2 in endothelial cells has been obscure in
part because the protease that activates PAR?2 in this context has
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not been identified. Our results suggest that endothelial PAR2
can sense activation of the coagulation cascade, whether trig-
gered by induction of endothelial TF expression by cytokines
(29), by monocyte TF in the context of leukocyte-vessel wall
interactions, or by vascular injury. Like PAR1 activation, PAR2
activation triggers phosphoinositide hydrolysis and mobilization
of intracellular calcium. These signaling events are associated
with release of vWF and mobilization of P-selectin to the
endothelial surface (37-39). PAR2 activation should thus pro-
mote platelet and leukocyte rolling on the vascular endothelium,
and pharmacological studies using SLIGRL have indeed impli-
cated PAR?2 in this process (40). Thus, PAR2 might participate
in the well established link between coagulation and inflamma-
tion, and interrupting this positive feedback loop might be
beneficial in certain settings (41). This hypothesis is testable by
examining the effect of PAR2-deficiency in mouse models of
endothelial activation and microvascular thrombosis (42). These
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results also raise the interesting prospect that PAR2 and PAR1
might serve redundant functions in some settings, a notion that
has important implications for interpretation of studies done
with PAR1- and PAR2-deficient mice.

A possible role for PAR2 in neurogenic inflammation has
recently been proposed (43), but whether the triggering protease
in vivo is mast cell tryptase or other protease(s) is unknown. By
casting PAR?2 as a sensor of coagulation proteases, our results
provide a possible link between tissue injury and activation of
PAR?2 similar to that previously envisioned for PARI. It is thus
possible that TF/VIIa and FXa activation of neuronal PAR2
plays a role in neurogenic inflammation.
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