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Summary

Background—Recent studies have shown that factor VIIa binds to endothelial cell protein C

receptor (EPCR), a cellular receptor for protein C and activated protein C. At present, the

physiologic significance of FVIIa interaction with EPCR in vivo remains unclear. Objective: To

investigate whether exogenously administered FVIIa, by binding to EPCR, induces a barrier

protective effect in vivo.

Methods—Lipopolysaccharide (LPS)-induced vascular leakage in the lung and kidney, and

vascular endothelial growth factor (VEGF)-induced vascular leakage in the skin, were used to

evaluate the FVIIa-induced barrier protective effect. Wild-type, EPCR-deficient, EPCR-

overexpressing and hemophilia A mice were used in the studies.

Results—Administration of FVIIa reduced LPS-induced vascular leakage in the lung and

kidney; the FVIIa-induced barrier protective effect was attenuated in EPCR-deficient mice. The

extent of VEGF-induced vascular leakage in the skin was highly dependent on EPCR expression

levels. Therapeutic concentrations of FVIIa attenuated VEGF-induced vascular leakage in control

mice but not in EPCR-deficient mice. Blockade of FVIIa binding to EPCR with a blocking mAb

completely attenuated the FVIIa-induced barrier protective effect. Similarly, administration of

protease-activated receptor 1 antagonist blocked the FVIIa-induced barrier protective effect.

Hemophilic mice showed increased vascular permeability, and administration of therapeutic

concentrations of FVIIa improved barrier integrity in these mice.

Conclusions—This is the first study to demonstrate that FVIIa binding to EPCR leads to a

barrier protective effect in vivo. This finding may have clinical relevance, as it indicates additional

advantages of using FVIIa in treating hemophilic patients.
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Introduction

Recent studies from our laboratory [1,2] and others [3,4] have established that, upon

vascular injury, factor VIIa, the protease that activates the coagulation cascade following its

binding to its cofactor, tissue factor (TF), also binds to endothelial cell protein C receptor

(EPCR) on the endothelium. EPCR is the key component in the protein C (PC)/activated

protein C (APC) anticoagulant pathway. EPCR also serves as the ‘signaling’ receptor for

APC by enabling EPCR-bound APC to cleave protease-activated receptor (PAR) 1 [5].

Recent studies have shown that EPCR–APC also activates PAR3 [6]. EPCR–APC-mediated

cell signaling was shown to play a key role in suppressing injury-induced vascular

permeability [7–10].

The discovery that FVIIa binds to EPCR in true ligand fashion, with a similar affinity as that

of PC/APC, raises the possibility of hitherto unknown functions of FVIIa and/or EPCR.

Although our earlier studies showed that FVIIa binding to EPCR on the endothelial cell

surface had no influence on FVIIa's coagulant activity [1], others have shown that FVIIa

binding to EPCR inhibits the procoagulant activity of TF–FVIIa [4]. Recent studies from our

laboratory suggest that EPCR mediates the internalization of FVII/FVIIa [2], and facilitates

the transport of FVII/FVIIa from the circulation to extravascular tissues [11]. Although our

studies involving a heterologous cell model system failed to provide evidence that FVIIa–

EPCR, like APC–EPCR, is capable of activating PAR-mediated cell signaling [1], our

subsequent studies have shown that FVIIa–EPCR on endothelial cells can activate

endogenous PAR1, and FVIIa–EPCR-mediated cell signaling confers a barrier protective

effect in vitro [8]. in vivo studies in mice showed that the administration of high doses of

FVIIa prior to lipopolysaccharide (LPS) treatment attenuated LPS-induced vascular leakage

in the lung and kidney [8]. However, the involvement of EPCR in the FVIIa-induced barrier

protective effect in vivo has yet to be shown.

The present study was carried out to investigate whether exogenously administered FVIIa

provides the barrier protective effect in vivo, and the role of EPCR and PAR1 in mediating

the FVIIa-induced barrier protective effect. Both LPS-induced vascular leakage in the lung

and kidney and vascular endothelial growth factor (VEGF)-induced vascular leakage in the

skin were used as model systems. The data obtained clearly show that FVIIa reduces LPS-

induced and VEGF-induced vascular permeability in an EPCR-dependent fashion. Our data

also show that therapeutic concentrations of FVIIa are sufficient to markedly reduce VEGF-

induced vascular permeability, and that the FVIIa-induced barrier protective effect involves

PAR1 activation. This is the first study to demonstrate that FVIIa binding to EPCR leads to

a barrier protective effect in vivo.
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Materials and methods

Reagents

Recombinant human FVIIa was from Novo Nordisk A/S (Maaloev, Denmark), recombinant

APC (Xigris) was from Eli Lilly (Indianapolis, IN, USA), and recombinant FVIII (Kogenate

FS) was from Bayer Healthcare Pharmaceuticals (Berkeley, CA, USA). Thrombin was from

Haematologic Technologies (Essex Junction, VT, USA). The non-peptide selective PAR1

receptor antagonist SCH79797 was from R&D Systems (Minneapolis, MN, USA). The

mAbs against mouse EPCR (mAb 1560, blocking mAb for EPCR; and mAb 1567, non-

blocking mAb for EPCR) were prepared by immunizing rats with recombinant mouse

soluble EPCR [12]. Recombinant mouse VEGF (VEGF164) was from R&D Systems.

Cell culture

Mouse brain microvascular endothelial cells (bEND3) were obtained from (American Type

Culture Collection, Manassas, VA, USA). bEND3 cells were grown in Dulbecco's modified

Eagle's medium (Life Technologies, Grand Island, NY, USA) containing 1% penicillin/

streptomycin, supplemented with 10% heat-inactivated fetal bovine serum.

Endothelial barrier permeability in vitro assay

Endothelial cell permeability was analyzed in a dual-chamber system with Evans blue–

labeled bovine serum albumin (BSA), as described in our earlier publication [8].

Mice

All animal procedures were approved by the Institutional Animal Use and Care Committee.

The generation of EPCR-deficient mice (Procr−/−) and EPCR-overexpressing mice (Tie2-

EPCR) has been described previously [12,13]. Both EPCR-deficient and EPCR-

overexpressing mice were backcrossed into C57BL/6 mice for at least 10 generations.

FVIII−/− breeding pairs were obtained from Jackson Laboratory (Bar Harbor, ME, USA),

and FVIII−/− mice were generated in-house by homozygous breeding. Wild-type C57BL/6

mice were obtained from Jackson Laboratory, or from the breeding colonies maintained in-

house. Mice aged 6–10 weeks, both male and female, were used.

Vascular permeability in vivo assay

LPS-induced injury—LPS-induced vascular permeability in the lung and kidney was

measured as described previously [8].

VEGF-induced vascular permeability in skin—One day before the experiment,

abdominal hair of the mice was removed with Nair hair remover. Mice were injected with

saline or human FVIIa (50–400 μg kg−1 body weight in 100 μL) intravenously via the tail

vein. Immediately following FVIIa injection, 100 μL of 1% Evans blue dye was injected

intravenously via the tail vein. Thirty minutes later, after 100 μL of blood had been obtained

via the submandibular vein into citrate anticoagulant, 50 ng of VEGF (in 25 μL, dissolved in

phosphate-buffered saline [PBS] containing 1 mg mL−1 BSA) per site was injected

intradermally into the preshaven abdomen at four different sites. As a control, 25 μL of PBS
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(containing 1 mg mL−1 BSA) per site was injected into the same mouse at two different

sites. Thirty minutes following VEGF administration, the mice were killed, and the sites of

injection in the skin were removed by dermal biopsy. The skin samples were incubated in

200 lL of formamide at 60 °C for 24 h, and the extracted Evans blue content was quantified

by dual-wavelength spectrophotometric analysis at 620 nm and 740 nm. When blocking

EPCR mAb or non-blocking EPCR mAb was given to mice (4 mg kg−1 body weight), they

were administered intraperitoneally 30 min before the injection of FVIIa, FXa, or thrombin.

Statistical analyses were performed with an unpaired Student's t-test or oneway ANOVA as

appropriate.

Histological examination

Tissues were fixed in Excel fixative (American Master Tech Scientific, Lodi, CA, USA) and

processed with paraffin-embedding procedures. Sections (5 μm in thickness) were cut and

stained with hematoxylin and eosin, and the stained sections were observed under a light

microscope (Olympus BX41, Center Valley, PA, USA) to assess extravasation of blood

cells. Images were captured with an Olympus DP25 camera.

ELISA for thrombin–antithrombin (TAT) complexes

Mouse TAT complex levels were measured with the mouse TAT Complex ELISA Kit

(Assaypro, St Charles, MO, USA).

Results

Administration of FVIIa reduces LPS-induced vascular leakage in wild-type but not in
EPCR-deficient mice

As shown in our earlier study [8], LPS administration markedly increased vascular leakage

in the lung and kidney in wild-type mice, and administration of recombinant FVIIa prior to

LPS treatment significantly reduced vascular leakage (Fig. 1). LPS treatment also increased

vascular leakage in the lung and kidney in EPCR-deficient mice. The extent of LPS-induced

leakage in the lung in EPCR-deficient mice was slightly lower than that observed in wild-

type mice, but the difference between them did not reach statistical significance. More

importantly, in contrast to what was observed in wild-type mice, administration of FVIIa

had no significant effect on LPS-induced vascular leakage in EPCR-deficient mice,

indicating an essential role of EPCR in mediating the FVIIa-induced barrier protective

effect.

FVIIa-induced barrier protection in the skin requires FVIIa binding to EPCR and FVIIa
protease activity

To evaluate whether therapeutic concentrations of FVIIa can protect vascular barrier

integrity, and the role of EPCR in mediating the FVIIa-induced barrier protective effect, we

employed VEGF-induced hyperpermeability in the skin as a model system. First, we

examined in vitro whether FVIIa attenuates the VEGF-induced increase in permeability in

mouse endothelial cells cultured to confluence in a Transwell system. As shown in Fig. 2A,

VEGF treatment markedly increased mouse endothelial cell permeability, and pretreatment

of cells with FVIIa (10 nM) significantly reduced VEGF-induced permeability. The FVIIa-
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mediated decrease in VEGF-induced endothelial cell permeability was attenuated if the

endothelial cells were treated with the blocking EPCR mAb but not if they were treated with

the non-blocking EPCR mAb prior to the addition of FVIIa, indicating that the FVIIa-

induced barrier protective effect is dependent on EPCR (Fig. 2B).

Next, to test whether exogenously administered FVIIa can protect vascular barrier integrity

in vivo, where endogenous ligands for EPCR are present in circulating blood, mice were

treated with FVIIa before an intradermal injection of VEGF into the skin. As shown in Fig.

3A, injection of VEGF into the skin increased vascular leakage around the injection sites,

and the extent of VEGF-induced permeability in the skin inversely correlated with EPCR

expression levels in mice, i.e. highest in EPCR-deficient mice, moderate in wild-type mice,

and lowest in EPCR-overexpressing mice. More importantly, administration of FVIIa (400

μg kg−1) markedly attenuated VEGF-induced hyperpermeability in wild-type mice, whereas

it had no effect in EPCR-deficient mice (Fig. 3A). Administration of FVIIa further reduced

an already low level of VEGF-induced permeability in EPCR-overexpressing mice (Fig.

3A). Next, to evaluate the relative effectiveness of FVIIa and APC in providing a barrier

protective effect, different doses of FVIIa or APC (50 and 120 μg kg−1 body weight) were

administered to wild-type mice before injection of VEGF. Surprisingly, FVIIa appeared to

be more effective than APC in reducing VEGF-induced hyperpermeability in the skin (Fig.

3B). FVIIa, even at the dose of 50 μg kg−1, provided effective and statistically significant

protection against VEGF-induced barrier disruption (Fig. 3B). No significant protection was

observed with APC at this low dose. However, at 120 μg kg−1, both FVIIa and APC showed

similar degrees of barrier protective effect against VEGF-induced hyperpermeability (Fig.

3B).

VEGF-induced vascular leakage and the EPCR-dependent FVIIa-induced barrier protective

effect were clearly evident on visual examination of the spread of Evans blue dye

surrounding VEGF-injected sites (Fig. 3C), as well as by microscopic examination of skin

tissue sections (Fig. 3D). Microscopic examination of hematoxylin and eosin-stained skin

tissue sections from saline-injected or VEGF-injected sites showed that VEGF treatment

induced extravasation of leukocytes into peripheral tissues in both wild-type and EPCR-

deficient mice, but more so in the latter. In addition to leukocytes, we also found

extravasation of a few red blood cells, which moved much further than leukocytes from

blood vessels (data not shown). FVIIa treatment prevented VEGF-induced extravasation of

leukocytes in wild-type mice but not in EPCR-deficient mice (Fig. 3D). VEGF-induced

extravasation of leukocytes into peripheral tissue was minimal in both control and FVIIa-

treated EPCR-overexpressing mice (Fig. 3D).

To investigate whether FVIIa restores the barrier integrity disrupted by VEGF, FVIIa was

administered to mice 30 min after intradermal injections of VEGF. As shown in Fig. 3E,

FVIIa administered following VEGF injury was capable of reducing VEGF-induced

vascular leakage. Thrombin is known to have a bimodal effect on endothelial cell

permeability, at least in in vitro model systems, with a low (picomolar) concentration

eliciting a barrier protective effect, but a high (nanomolar) concentration eliciting a barrier

disruptive effect [14]. Although it is unlikely that the administration of low doses of FVIIa

generated such widely varying amounts of thrombin in wild-type, EPCR-deficient and
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EPCR-overexpressing mice, we measured thrombin generation in these mice by measuring

the TAT complexes in blood. No significant differences were found in TAT complex levels

among all groups of mice (Table 1).

The failure of FVIIa to provide a barrier protective effect in EPCR-deficient mice, in

contrast to that observed in wild-type mice, suggests that FVIIa binding to EPCR is

necessary for the barrier protective effect. To confirm this observation, we investigated

whether blocking FVIIa binding to EPCR with a blocking EPCR mAb attenuated the FVIIa-

induced barrier protective effect in wild-type mice. Administration of blocking EPCR mAb

prior to FVIIa treatment completely blocked the FVIIa-induced barrier protective effect

(Fig. 4A). In contrast, non-blocking EPCR mAb had no noticeable effect on the FVIIa-

induced barrier protective effect. The requirement for FVIIa binding to EPCR to mediate the

barrier protective effect was further confirmed by the observation that an FVIIa mutant,

FVIIaF4A/L8A, which does not bind to EPCR, failed to provide the barrier protective effect

(Fig. 4B). To determine whether FVIIa binding to EPCR alone is sufficient to induce the

barrier protective effect or whether it requires, in addition to EPCR binding, protease

activity, active site-inhibited FVIIa (FVIIai) was administered to the mice in place of FVIIa.

FVIIai, which binds EPCR as effectively as FVIIa [2], failed to provide the barrier

protective effect (Fig. 4B), indicating that FVIIa protease activity is required for the EPCR–

FVIIa-induced barrier protective effect.

The EPCR–FVIIa-induced barrier protective effect involves PAR1 activation

To investigate the role of PAR1 in the FVIIa-induced barrier protective effect in vivo, a

PAR1-selective antagonist (SCH79797) was administered to wild-type mice 30 min prior to

FVIIa administration. The PAR1 antagonist had no effect on VEGF-induced vascular

permeability as such (Fig. 5). However, the PAR1 antagonist fully blocked the barrier

protective effect of FVIIa (Fig. 5). It may be pertinent to note here that, although SCH79797

is frequently used as a PAR1 antagonist, it was shown in in vitro cell proliferation and

survival studies that it could act independent of PAR1 [15]. However, it is unlikely that a

potential PAR1-independent effect of SCH79797 is responsible for the attenuation of the

FVIIa-induced barrier protective effect, as SCH79797 had no effect on basal or VEGF-

induced permeability in the absence of FVIIa.

FXa and thrombin provide a barrier protective effect independently of EPCR

Next, we examined whether FXa or thrombin provides a barrier protective effect in vivo, and

the involvement of EPCR in this process. As shown in Fig. 6A,B, both FXa and thrombin

partly attenuated VEGF-induced vascular leakage. A lower concentration of thrombin (1 U

kg−1 body weight) reduced VEGF-induced vascular leakage minimally, but in a statistically

significant fashion, whereas a higher concentration of thrombin (20 U kg−1 body weight)

substantially reduced VEGF-induced vascular leakage. Nonetheless, the barrier protective

effects against VEGF-induced vascular leakage provided by both FXa and thrombin were

lower than that the effect obtained with FVIIa. More importantly, administration of either

non-blocking or blocking EPCR mAb had no significant effect on the partial protection

conferred by FXa or thrombin (Fig. 6A,B), indicating that EPCR was not involved in

mediating the barrier protective effect of FXa or thrombin. This notion was further
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confirmed by the observation that both FXa and thrombin also reduced VEGF-induced

vascular leakage in EPCR-deficient mice (Fig. 6C).

Increased vascular leakage in hemophilic mice and correction with FVIIa treatment

Evaluation of vascular leakage in FVIII−/− mice injected with saline or VEGF into the skin

showed that vascular leakage was much greater in FVIII−/− mice than in wild-type mice,

even under basal conditions (saline-injected), and that VEGF markedly increased vascular

leakage in FVIII−/− mice as compared with wild-type mice (Fig. 7A,B). Similarly to what

was observed in wild-type mice, administration of FVIIa markedly reduced VEGF-induced

vascular leakage in hemophilic mice (Fig. 7A,B). Measurement of TAT complex levels in

the plasma of hemophilic mice showed that they were significantly lower than in wild-type

mice (7.5 ± 1.0 vs. 11.5 ± 0.55 ng mL−1), and that FVIIa treatment increased TAT complex

levels (16.1 0.21 ng mL−1). Pretreatment of FVIII−/− mice with ±blocking EPCR mAb prior

to FVIIa administration slightly, but not statistically significantly, increased TAT complex

levels (21.2 ± 3.6 ng mL−1). To investigate the contribution of FVIIa-induced thrombin

generation in reducing VEGF-induced barrier disruption, we determined the effect of

exogenously administered thrombin on VEGF-induced vascular leakage in FVIII−/− mice.

As shown in Fig. 7C, thrombin only partially reduced VEGF-induced vascular leakage in

hemophilic mice. It is interesting to note that a low concentration of thrombin (1 U kg−1

body weight) was slightly more effective than a higher concentration of thrombin (20 U

kg−1 body weight). In both cases, thrombin's protective effect was much lower than that of

FVIIa (Fig. 7C). Administration of thrombin along with FVIIa did not further reduce VEGF-

induced vascular permeability in the group that received FVIIa alone.

In additional experiments, we investigated whether administration of FVIII to FVIII−/− mice

would correct the hyperpermeability observed in these mice. As shown in Fig. 7D,

administration of FVIII (200 U kg−1 body weight) to FVIII−/− mice corrected VEGF-

induced hyper-permeability in these mice. The extent of vascular leakage in FVIII−/− mice

treated with FVIII was very similar to that observed in wild-type mice. Administration of the

same dose of FVIII to wild-type mice had no effect on VEGF-induced permeability. Similar

results were obtained when FVIIIa was administered in place of FVIII (data not shown).

Discussion

Although recent studies by us and other investigators have established that FVIIa binds to

EPCR, the relevance of this interaction in vivo is not completely understood. In vivo studies

have shown that administration of FVIIa attenuates LPS-induced vascular leakage in the

lung and kidney [8]. In the present study, we provide compelling evidence, for the first time,

that FVIIa provides barrier protective effects in vivo through binding to EPCR, and the

subsequent activation of PAR1-mediated signaling. The data presented here also show that

hemophilic conditions increase the susceptibility to barrier dysfunction and that

administration of a therapeutic concentration of FVIIa restores barrier integrity.

Recently, von Drygalski et al. [16] demonstrated increased vascular leakage in the lung and

kidney in EPCRlow mice as compared with control mice in response to LPS, indicating that

EPCR is required to maintain vascular integrity in vivo during endotoxemia. It was
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somewhat surprising for us to find in the present study that there were no significant

differences between EPCR-deficient and control mice in vascular leakage in the lung and

kidney in basal conditions or in response to LPS. Unknown genotypic differences between

the EPCRlow and EPCR-deficient mice used in these studies, possible differences in the LPS

product used and its potency in inducing leakage and/or differences in the methodology

employed to assess vascular leakage could have contributed to this result. Nonetheless, our

data show that the protective effect of exogenously administered FVIIa in reducing vascular

leakage in endotoxemia is dependent on EPCR, as FVIIa failed to reduce LPS-induced

vascular leakage in EPCR-deficient mice.

More importantly, a clear role of EPCR in maintaining vascular barrier integrity in vivo is

clearly evident in the VEGF-induced vascular hyperpermeability model, as the extent of

VEGF-induced vascular leakage in the skin was markedly higher in EPCR-deficient mice

than in wild-type mice, whereas overexpression of EPCR markedly attenuated VEGF-

induced vascular leakage. The observation that administration of therapeutic concentrations

of FVIIa significantly reduced VEGF-induced vascular leakage in wild-type but not in

EPCR-deficient mice confirms the conclusion reached from the endotoxemia model, i.e. that

FVIIa provides a barrier protective effect, and that the FVIIa-induced protective effect is

mediated through EPCR. At present, it is not entirely clear why EPCR-overexpressing mice

were protected from VEGF-induced vascular permeability even in the absence of FVIIa

treatment. It was shown previously that EPCR-overexpressing mice had a survival

advantage over wild-type mice after a lethal dose of LPS, presumably by generating more

APC in response to LPS challenge [12]. It is unlikely that VEGF administration leads to

more APC generation, particularly in the short duration of our experimental period. It is

possible that increased vascular compartmentalization of PC in EPCR-overexpressing mice

[12] may have a role in protecting EPCR-overexpressing mice from VEGF-induced vascular

permeability.

It is interesting to note that FVIIa appears to be more efficient than APC in providing the

barrier protective effect in our model system, but the reasons for this are unknown at

present. It may be pertinent to note here that FVIIa and APC have similar molecular masses

(50 kDa and 55 kDa, respectively) and circulatory half-lives in mice (~ 20–25 min)

[2,17,18]. Therefore, it is unlikely that similar doses of these proteins would result in widely

differing in vivo concentrations. Earlier in vitro studies using human endothelial cells also

showed that FVIIa and APC bound EPCR with similar affinities [1] and cleaved endogenous

PAR1 with similar efficiencies [8]. The lack of specific antibodies against murine PAR1

with which to measure the cleavage of endogenous murine PAR1 prevented us from

evaluating FVIIa and APC cleavage of murine PAR1. It is unlikely that traces of FXa or

thrombin generated in response to FVIIa administration partly contribute to the FVIIa-

induced barrier protective effect, as an FVIIa mutant that is capable of activating

coagulation but lacks an EPCR-binding site was completely unable to restore barrier

integrity in wild-type mice.

Exogenous administration of both FXa and thrombin also reduced VEGF-induced vascular

leakage. These data were consistent with in vitro findings showing that thrombin (at low

concentrations) [19] and FXa [10,20] provide a barrier protective effect in either an EPCR-
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dependent or an EPCR-independent manner. The partial protective effect that we observed

with thrombin and FXa appeared to be independent of EPCR, as we observed a similar

protective effect in EPCR-deficient mice. It has been suggested that FXa could have an

EPCR-independent barrier protective effect via its interaction with a putative binding site on

endothelial cells and the subsequent activation of PAR2 [10,20]. At present, it is unknown

whether such a mechanism is responsible for the FXa-induced barrier protective effect

observed in the present study.

Our earlier in vitro studies suggested that FVIIa–EPCR-induced PAR1 activation is

responsible for the FVIIa-induced barrier protective effect against thrombin-induced leakage

[8]. Consistent with the in vitro finding, blockade of PAR1 activation by the administration

of a PAR1 antagonist (SCH79797) attenuated the FVIIa-induced barrier protective effect

against VEGF-induced vascular permeability. At present, it is unknown whether the FVIIa-

induced barrier protective effect is solely mediated through FVIIa–EPCR activation of

PAR1, or whether it includes the activation of other PARs. Recent studies have shown that

APC–EPCR can cleave PAR1 and PAR3 at non-canonical cleavage sites, generating novel

N-terminal tethered ligands, and that the activation of PAR1 and PAR3 by these novel

tethered ligands is responsible for APC-mediated cytoprotective effects [6,21]. At present, it

is unknown whether FVIIa–EPCR can cleave PAR1 and PAR3 at these non-canonical

cleavage sites, and, if so, whether they are responsible for the FVIIa-induced barrier

protective effect.

Similarly to EPCR-deficient mice, hemophilic mice showed increased susceptibility to

VEGF-induced vascular leakage. It is noteworthy that increased vascular leakage was also

observed in hemophilic mice, as compared with controls, even under basal conditions. These

data suggest that traces of thrombin generated in basal conditions may play an important

role in vascular endothelial barrier stabilization in vivo. This notion was supported by the

observation that infusion of FVIII reduced the hyper-vascular permeability of FVIII−/− mice

to the same level as that found in wild-type mice. More importantly, administration of a

therapeutic concentration of FVIIa markedly reduced VEGF-induced vascular leakage in

hemophilic mice. It is unlikely that traces of thrombin generated by FVIIa are responsible

for this protective effect, as the FVIIa-induced barrier protective effective is more

pronounced than the thrombin effect.

Although we are not aware of any reports that have linked bleeding in hemophiliacs to

increased vascular permeability, it is interesting to note that increased capillary permeability

and lung epithelial permeability have been reported in hemophilic patients [22,23]. Our

present studies with hemophilic mice clearly establish that vascular barrier integrity is

compromised in hemophilia. Disruption of barrier integrity in vivo with VE-cadherin

antibodies or platelet-activating factor was shown to result in plasma leakage and bleeding

[24,25]. On the basis of our finding that a therapeutic concentration of FVIIa is capable of

restoring barrier integrity in hemophilic mice, we speculate that prophylactic administration

of FVIIa to hemophiliacs would prevent joint bleeding and joint destruction, not only by

stopping early bleeding by generating thrombin, but also by protecting the integrity of the

vascular endothelium. However, further in vivo studies with appropriate model systems are

required to test this possibility.
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Recent evidence indicates that the breakdown in endothelial barrier function plays a crucial

role in the pathogenesis of sepsis, and that prevention of vascular leakage reduces the

mortality resulting from sepsis [26]. Vascular permeability induced by VEGF secreted by

ischemic tissue was shown to expand the area of tissue damage in myocardial infarction and

stroke [27]. If the administration of FVIIa can prevent the vascular permeability associated

with inflammation and other injuries, it should be possible to use FVIIa as a therapeutic

agent to reduce vascular leakage in specific disease conditions. However, the risk of adverse

effects of FVIIa, such as, rarely, thromboembolism [28–30], should be taken account of in

such considerations. This is particularly important because this risk may increase with

increased exposure to TF in injury. It may be pertinent to note here that low doses of FVIIa

have been used successfully for treating trauma patients, who may have elevated levels of

TF [31]. Our present data serve as a proof-of-concept that FVIIa could protect vascular

barrier integrity in vivo involving EPCR, and highlights the need for additional studies in

this area.
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Fig. 1.
FVIIa protects mice from increased vascular permeability upon lipopolysaccharide (LPS)

challenge in an endothelial cell protein C receptor (EPCR)-dependent fashion. Wild-type

mice (13–17 mice per group) or EPCR-deficient mice (EPCR-def) (8–12 mice per group)

were injected with saline (open bars) or LPS (5 mg kg−1) (black bars) intraperitoneally In a

third group, FVIIa (250 μg per mouse) was administered via the tail vein to mice 2 h before

the LPS challenge (gray bars). Vascular permeability in the lung and kidney was measured

at 18 h after LPS challenge by injecting 0.1 mL of 1% Evans blue dye via the tail vein 45

min before the termination of the experiment, and measuring the extravasation of dye into

the lung and kidney. ***Statistically significant difference (P < 0.001). NS, no statistically

significant difference between the groups. (Note that the data shown for the wild-type mice

in the left panel are very similar to those was reported in our earlier study [8], and represent

cumulative data from wild-type mice used in that study and additional wild-type mice used

along with EPCR-def mice.)
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Fig. 2.
FVIIa treatment reduces vascular endothelial growth factor (VEGF)-induced barrier

disruption in mouse endothelial cells. (A) Mouse endothelial cells (bEND3) were plated on

12-transwell chambers and cultured for 4 days. Confluent monolayers were pretreated with

FVIIa (10 nM) for 2 h before they were treated with VEGF (50 ng mL−1) or thrombin (Thr)

(5 nM) for 30 min. After 30 min, the cells were washed with phosphate-buffered saline,

Evans blue-labeled bovine serum albumin was added to the upper chamber, and the amount

of dye that had leaked into the bottom chamber after 30 min was determined by measuring

the absorbance at 650 nm (n = 7). (B) Mouse endothelial cells cultured to confluency in tran-

swells, as described in (A), were treated with control vehicle, nonblocking endothelial cell

protein C receptor (EPCR) mAb or blocking EPCR mAb (25 μg mL−1), followed by FVIIa

(10 nM). After 2 h of treatment with FVIIa, VEGF (50 ng mL−1) was added to the cells, and

cell permeability following VEGF treatment was determined as described in (A) (n = 4). *P

< 0.05. NS, no statistically significant difference.
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Fig. 3.
FVIIa suppression of vascular endothelial growth factor (VEGF)-induced vascular

permeability requires endothelial cell protein C receptor (EPCR). (A) Wild-type EPCR-

overexpressing (EPCR-OE) or EPCR-deficient (EPCR-def) mice were injected with saline

or FVIIa (400 μg kg−1 body weight), followed by Evans blue dye (1%, 100 μL),

intravenously via the tail vein. After 30 min, saline or VEGF (50 ng) was injected

intradermally at six different sites (two with saline, and four with VEGF). Thirty minutes

after injection of VEGF, dermal tissues around the injection sites were removed by biopsy,
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the dye in the skin biopsies was eluted, and the absorbance of the dye was measured as

described in Materials and methods (five mice per group). (B) Wild-type mice were injected

with saline or varying doses of FVIIa or activated protein C (APC) (50 or 120 μg kg−1),

followed by Evans blue dye, and VEGF was then injected intradermally, as described in (A)

(six mice per group). (C) Wild-type EPCR-OE or EPCR-def mice were injected with saline

or FVIIa (120 μg kg−1 body weight), followed by Evans blue dye, and VEGF was then

injected intradermally. Photographs were taken 30 min after VEGF administration. Circles

indicate injection sites; 1 and 2 indicate saline-injected sites, and 3–6 indicate VEGF-

injected sites. The photographs shown are representative of five mice per group. (D)

Histological examination of skin tissue sections of wild-type, EPCR-OE and EPCR-def mice

injected with saline or FVIIa (120 μg kg−1 body weight), and then intradermally injected

with saline or VEGF. The blue arrows indicate extravasated leukocytes. The images shown

in the figure are representative micrographs from > 20 images obtained from skin tissue

sections by two different investigators (six mice per group). (E) Wild-type mice were first

injected with saline or FVIIa (120 μg kg−1), and then with Evans blue dye via the tail vein,

and saline or VEGF intradermally (Pre-VEGF). In the Post-VEGF group, wild-type mice

were first injected intradermally with saline or VEGF, and 30 min later, FVIIa (120 μg kg−1)

or saline was given intravenously. Thirty minutes after FVIIa administration, Evans blue dye

was injected into the mice. Leakage of the dye into skin tissues was measured 30 min after

VEGF (Pre-VEGF) or Evans blue dye (Post-VEGF) administration (six mice per group).

Values were normalized to the value obtained in the VEGF-injected mice that were not

treated with FVIIa within the specific experimental group. **P < 0.01; ***P < 0.001. C,

control; NS, no statistically significant difference.
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Fig. 4.
Blockade of FVIIa binding to endothelial cell protein C receptor (EPCR) attenuates the

FVIIa-induced barrier protective effect. (A) Wild-type mice were injected with saline, non-

blocking EPCR mAb or blocking EPCR mAb intraperitoneally (4 mg kg−1 body weight)

before being injected with FVIIa (120 μg kg−1 body weight) and vascular endothelial growth

factor (VEGF) (six mice per group). (B) Wild-type mice were injected with saline, FVIIa,

active site-inhibited FVIIa (FVIIai) or FVIIaF4A/L8A mutant (120 μg kg−1 body weight)

before VEGF was injected (six mice per group). Vascular leakage in the skin was measured

as described in Fig. 3. **P < 0.01; ***P < 0.001. NS, no statistically significant difference.
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Fig. 5.
Protease-activated receptor 1 (PAR1) antagonist blocks the FVIIa-induced barrier protective

effect. Wild-type mice were injected with a control vehicle or the PAR1 antagonist

SCH79797 (1.7 mg kg−1 body weight) via the tail vein. Thirty minutes later, saline or FVIIa

(120 μg kg−1 body weight) was injected into mice via the tail vein, and this was followed by

intradermal injection of vascular endothelial growth factor (VEGF) or saline. Vascular

leakage into the skin tissue was measured as described in Materials and methods (six mice

per group). ***P < 0.001. NS, no statistically significant difference.
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Fig. 6.
FXa and thrombin provide a partial barrier protective effect against vascular endothelial

growth factor (VEGF)-induced hyper-permeability independently of endothelial cell protein

C receptor (EPCR). (A) Wild-type mice were injected with a control vehicle (Con), FVIIa

(120 μg kg−1 body weight), FXa (120 μg kg−1 body weight), non-bocking EPCR mAb, or

blocking EPCR mAb, followed by FXa. The mAbs were administered intraperitoneally at 4

mg kg−1 body weight 30 min before FXa (three mice per group for the EPCR mAb group;

otherwise, six mice per group). (B) Wild-type mice were injected with a control vehicle
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(Con), FVIIa, thrombin (Thr) (1 U or 20 U kg−1 body weight [0.25 or 5 μg kg−1 body

weight]), blocking EPCR mAb, or non-blocking EPCR mAb, followed by Thr (20 U kg−1

body weight) (three mice per group for the EPCR mAb group; otherwise, six mice per

group). (C) EPCR-deficient mice were injected with a control vehicle, FXa (120 μg kg−1

body weight), or Thr (1 U or 20 U kg−1 body weight [0.25 or 5 μg kg−1 body weight]) (five

mice per group). In all experimental groups, 30 min after FVIIa, FXa or Thr injection,

VEGF or saline was injected intradermally, and vascular leakage into the surrounding skin

tissue was measured as described in Materials and methods. *P < 0.05; **P < 0.01; ***P <

0.001. NS, no statistically significant difference.
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Fig. 7.
Increased vascular leakage in hemophilia is corrected by administration of therapeutic

concentrations of FVIIa. (A) Wild-type or FVIII−/− mice were treated with saline (control)

or FVIIa (120 μg kg−1 body weight) by injection via the tail vein. Thirty minutes later, saline

or vascular endothelial growth factor (VEGF) (50 ng) was injected intradermally, and

VEGF-induced vascular leakage was measured as described in Materials and methods (n = 8

mice/group). (B) FVIII−/− mice were treated with saline or FVIIa, and then injected with

VEGF as in (A). Skin tissue sections were stained with hematoxylin and eosin. Arrows

indicate leukocytes that leaked into the tissue. The sections shown are representative of six

mice per group. (C) FVIII−/− mice were treated with saline (control), FVIIa (120 μg kg−1

body weight), thrombin (Thr) (1 U or 20 U kg−1 body weight [0.25 or 5 μg kg−1 body

weight]), or FVIIa + Thr (120 μg + 1 U kg−1 body weight), and then injected with VEGF

(three to seven mice per group). (D) FVIII−/− or wild-type mice were injected via the tail

vein with saline or FVIII (200 U kg−1 body weight). Thirty minutes later, saline or VEGF

(50 ng per site) was injected intradermally (five mice per group). VEGF-induced vascular
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leakage was measured as described in Materials and methods. *P < 0.05; **P < 0.01; ***P

< 0.001. C, control; NS, no statistically significant difference.
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Table 1

Thrombin-antithrombin (TAT) complex levels in wild-type, endothelial cell protein C receptor (EPCR)-

overexpressing and EPCR-deficient mice before and after administration of FVIIa (120 μg kg–1 body weight);

blood was drawn prior to FVIIa administration and 1 h after FVIIa administration (n = 10 mice per group)

Genotype TAT complex levels (ng mL –1)

Before FVIIa After FVIIa

Wild type 11.5 ± 0.56 13.7 ± 1.42

EPCR-overexpressing 11.8 ± 1.10 13.2 ± 1.16

EPCR-deficient 11.6 ± 0.37 12.7 ± 0.82
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