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Mice

Zhi Xu, Haifeng Xu, Victoria A Ploplis, and Francis | Castellino

WM Keck Center for Transgene Research and Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame,
Indiana, United States of America

Skin keratinocytes express tissue factor (TF) and are highly associated with skin wound healing. Although it has been
demonstrated that perivascular TF expression in granulation tissue formed after dermal injury is downregulated during heal-
ing. studies of the mechanism of factor (F) VII, a TF ligand, in skin wound healing are lacking. We reported the use of a der-
mal punch model fo demonstrate that low-expressing FVII mice (~1% of wild type (WT)) exhibited impaired skin wound heal-
ing compared with WT controls. These low-FVII mice showed defective reepithelialization and reduced inflammatory cell
infilfration at wound sites. This attenuated reepithelialization was associated with diminished expression of the franscription
factor early growth response 1 (Egr-1). In vitro, Egr-1 was shown to be essential for the FVIla-induced regulatfion of keratino-
cyte migration and inflammation. Both Egr-1 upregulation and downstream inflamsnmatory cytokine appearance in keratfino-
cytes depended on FVIla/TF/protease-activated receptor 2 (PAR-2)-induced signaling and did not require subsequent gen-
eration of FXa and thrombin. The participation of Egr-1 in FVIla-mediated regulation of keratinocyte function was confirmed
by use of Egr-1-deficient mice, wherein a significant delay in skin wound healing after injury was observed, relative to WT
mice. The results from these studies demonstrate an in vivo mechanistic relationship between FVlla, Egr-1 and the inflamma-

tory response in kerafinocyte function during the wound healing process.
© 2010 The Feinstein Institute for Medical Research, www.feinsteininstitute.org

Online address: hitp://www.molmed.org

doi: 10.2119/molmed.2009.00171

INTRODUCTION

Injury to the skin initiates a dynamic
and complex process of wound healing
that is characterized by an inflammatory
phase, wherein factors are produced
that induce migration of cells (for exam-
ple, keratinocytes and fibroblasts); a
proliferative phase, in which a series of
biological steps allow for a provisional
matrix to be deposited; and a final re-
modeling process (for example, apopto-
sis) that removes cells that are no longer
required. These healing steps also in-
volve an array of effectors, including co-
agulation cascade proteins (1) and va-
soactive mediators (2). Many types of
cells, including platelets (3), neutrophils
(4), macrophages (5), mast cells (6), fi-
broblasts (7) and keratinocytes (8) are

also involved in steps leading to healing
of the wound. In addition, cellular
processes, such as angiogenesis (9), fi-
broplasia and granulation tissue forma-
tion (10,11), collagen deposition (12) and
epithelialization (13) contribute to the
repair. Although the process of wound
healing has been extensively studied,
unresolved issues remain, including
those surrounding the interplay be-
tween environmental and genetic fac-
tors, which allow the healing process to
occur normally.

It has been demonstrated that the co-
agulation and fibrinolytic systems are
critical to several steps of wound heal-
ing, and the outcome of this repair pro-
cess is modulated by alterations of these
components. With regard to the fibri-
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nolytic system, it has been demonstrated
that degradation of fibrin in the provi-
sional wound matrix is important for
timely wound healing. Thus, wound
healing is delayed by factors that affect
fibrin degradation and matrix resolution,
for example, a plasminogen (Pg) defi-
ciency (14) or a double deficiency of two
critical activators of Pg, urokinase-type
Pg activator and tissue-type Pg activator
(15). Not unexpectedly, then, a deficiency
in Pg activator inhibitor-1 accelerates the
rate of wound healing in mice in a der-
mal punch model (16). A fibrinogen defi-
ciency attenuates wound healing (17),
and the mechanism of this response is
multifaceted, involving a loss of fibrin in
the wound field that is required for effec-
tive plasmin generation from Pg via
tissue-type Pg activator, a loss of the pro-
tection of fibrin-bound plasmin from in-
activation by its natural plasma inhibitor,
a,-antiplasmin, and the diminished
availability of bioactive fibrin fragments
in the provisional matrix. Linkages be-
tween these pathways and involvement
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of matrix metalloproteinases also exist
(17,18).

The demonstration of increased levels
of thrombin and thrombomodulin in
human scars (19) also links blood coag-
ulation with wound healing. Studies on
wound healing in hemophilia B mice
(FIX™'") showed that macrophage infil-
tration and wound healing were de-
layed, potentially because of insuffi-
cient thrombin-mediated generation of
fibrin degradation-based chemoattrac-
tant agents and insufficient fibrin scaf-
folding for reepithelialization of the
wound area (20). Other studies have
demonstrated that in EXIIT™/~ mice, a
delay in reepithelialization of the
wounded area occurs that is rescued
with FXIII treatment (21). Similar obser-
vations have been made in patients
with inherited FXIII deficiencies (22).
Additional studies have demonstrated
that perivascular tissue factor (TF) ex-
pression is downregulated in granula-
tion tissue during the healing process,
which potentially provides a method of
preventing thrombosis of neovessels
formed during angiogenesis (23).

Clearly, procoagulant proteins are fun-
damentally important to the process of
wound healing, and procoagulant pro-
teases may be major contributors to these
events. Indeed, as the initiation point of
the extrinsic coagulation cascade, FVII
has been implicated in the process of
wound healing. For example, with the
use of the HaCaT keratinocyte cell line,
FVIIa has been shown to induce expres-
sion of genes associated with early steps
of wound healing, such as connective tis-
sue growth factor, mitogen-activated pro-
tein kinase and epidermal growth factor
(EGF) (24,25). In addition, PAR-2 has
been implicated in FVIIa-induced signal-
ing (26). However, despite many studies
conducted using various cell lines, the in
vivo significance of FVII in wound heal-
ing has yet to be demonstrated. This is
probably because of the fact that mice
with a complete deficiency of FVII
(FVII'") suffer fatal perinatal bleeding,
thus precluding any studies with adult
mice (27). To overcome this difficulty, we

used a gene-targeting strategy to develop
a novel line of mice that express very
low levels of FVII (FVII'™/™) (28). In a
C57B1/6 background, FVII™/™ mice
produce less than 1% of WT FVII levels,
but nevertheless survive to adulthood.
This mouse line provides one of the bet-
ter available tools to study the in vivo
function of FVII in an animal model. We
used these mice to study the effects of
FVII deficiency and its functions, directly
and indirectly, as a regulator of the in-
flammatory response in regulating skin
wound healing after injury. The results of
this study are summarized herein.

MATERIALS AND METHODS

Mice

Mice producing low levels (<1% of WT)
of FVII (FVII™™/™) were as described (27).
Egr-1"7~ mice were purchased from
Taconic (Hudson, NY, USA); PAR-1"/~ and
PAR-2"/~ mice were obtained from S.
Coughlin (University of California, San
Francisco). Low-producing (~1% of WT)
TF mice [TF/ "hTF(tg)], which provide TF
from a nontargeted single allelic trans-
genic (tg) insertion of the human TF
cDNA, with the endogenous gene encod-
ing mouse TF totally inactivated through
breeding with TF* mice (29), were ob-
tained from N Mackman (University of
North Carolina). In all cases, we used
C57Bl/6 male mice, 812 wks old. The
local institutional animal care and use
committee approved all animal protocols.

Wound-Healing Model

Mice were anesthetized with rodent
cocktail (0.075 mg ketamine/0.015 mg
xylazine /0.0025 mg aceprozamine per
gram weight of mouse). The backs were
shaved and disinfected. A full-thickness
skin excision was made on the dorsal
midline using an 8-mm dermal biopsy
punch. Each wound was measured with
a caliper every other day. Changes in the
wound areas were expressed as the per-
centages of the initial wound areas. These
measurements were made under condi-
tions in which the investigators were
blinded to the genotypes of the mice.
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Histochemistry and
Immunohistochemistry

Skin tissue samples were excised at d 5
after wounding, fixed in periodatelysine-
paraformaldehyde fixative and embed-
ded in paraffin. Sections (4 um) were sub-
jected to anti-CD45 and anti-cytokeratin
immunostaining. The primary antibodies
were rat antimouse CD45 (Pharmingen,
San Diego, CA, USA) and mouse antihu-
man cytokeratin (DakoCytomation,
Carpinteria, CA, USA), respectively. Sec-
ondary antibodies were biotinylated rab-
bit antirat IgG and biotinylated rabbit
antimouse IgG, respectively. The slides
were developed by using streptavidin-
horseradish peroxidase, followed by di-
aminobenzidine, after which they were
counterstained with hematoxylin QS.

Primary Keratinocyte Isolation and
Stimulation Assays

Primary epidermal keratinocytes were
isolated from the skins of newborn mice
with the aid of a commercial kit (Cascade
Biologics, Portland, OR, USA). Whole
skins of the mice were dissected and
treated with a splitting solution, which
also contained dispase (Cascade Biolog-
ics), for 34 h at 4°C. The epidermis was
peeled from the dermis with forceps and
treated with trypsin-EDTA for 20 min at
37°C. The liberated keratinocytes were se-
quentially centrifuged, suspended in ke-
ratinocyte serum-free medium (Cascade
Biologics), seeded onto 10-mm plates pre-
coated with coating matrix (Cascade Bio-
logics) and then cultured in EpiLife me-
dium with Ca®" plus keratinocyte growth
supplement (HKGS-V2; Cascade Biolog-
ics). After confluence, keratinocytes com-
prised >95% of the total cell population.
There were no variations in the protocol
needed for isolating keratinocytes from
the various gene-altered mice.

The isolated keratinocytes were em-
ployed in in vitro models by use of
murine FVIla (mFVIla; a gift from LC
Petersen, NovoNordisk, Maalov, Den-
mark) and/or lipopolysaccharide (LPS)
(Escherichia coli serotype O111:B4; Sigma,
St Louis, MO, USA) as stimulants. An
endotoxin detection assay (QCL-1000



chromogenic limulus amoebocyte lysate
endpoint assay; Lonza Group, Basel,
Switzerland) was used to determine the
LPS level in mFVIIa. Fondaparinux
(Arixtra) was from GlaxoSmithKline
(Brentford, UK) and Lepirudin (Refludan)
was a product of Berlex (Montville, NJ,
USA). PAR-1- and PAR-2-specific acti-
vation peptides were purchased from
Bachem (Torrence, CA, USA). For these
studies, keratinocytes were seeded at
equal densities into 12-well plates (5 x
10° cells/well) and then starved without
growth supplement for 24 h before chal-
lenge. After challenge, the cells were in-
cubated at 37°C for 1 h for assay of
Egr-1, and for 2 h for examination of
macrophage inflammatory protein-2
(MIP-2) transcript levels by quantitative
RT-PCR. Quantitative Q-RT-PCR was
performed on the 7500 Fast Real-Time
PCR System (Applied Biosystems, Foster
City, CA, USA) using these specific
primers and probes for Egr-1, MIP-2 and
RPL19: Egr-1 (amplicon size 79 bp) for-
ward primer 5'-CAGCGCCTTCAATCC
TCAAG-3', reverse primer 5-CCATC
GCCTTCTCATTATTCAGA-3', probe 5'-
AGCACCTGACCACAGAGTCCTTTTC
TGACAT-3'; MIP-2 (amplicon size 101 bp)
forward primer 5-CAGACAGAAG
TCATAGCCACTCTCA-3', reverse
primer, 5'-CCTTTGTTCAGTATCTTTTG
GATGATTT-3', probe 5-CAGACAGAAG
TCATAGCCACTCTCA-3'; RPL19 (am-
plicon size 233 bp) forward primer 5'-
ATGTATCACAGCCTGTACCTG-3/, re-
verse primer 5'-TTCTTGGTCTCCTCC
TCCTTG-3', probe 5-TTTCGTGCTT
CCTTGGTCTTAGACCT-3'.

The probes were 5' labeled with the re-
porter dye 6-carboxyfluorescein and 3' la-
beled with the black hole fluorescence
quencher-1. Reverse transcription and PCR
were coupled in a single reaction using the
relative quantification plate assay.

Keratinocyte Migration Assays
Measurements were carried out in
Boyden chambers using 8-um high-
throughput screening membranes (BD
Biosciences, San Jose, CA, USA). Primary
keratinocytes were starved for 24 h before

the migration assay. The bottom chamber
contained EGF (20 ng/mL) in keratino-
cyte serum-free medium as a chemoat-
tractant. The chambers were then incu-
bated for 24 h. Afterward, the fluorescent
dye cyquant (Invitrogen, Carlsbad, CA,
USA) was used to stain the cells that mi-
grated to the bottom chamber. The num-
ber of cells was quantified by measuring
the fluorescence intensity at Ay =485 nm
and Ag, = 520 nm using a BMG FLU-
Ostar Galaxy microplate reader (BMG
Labtech, Offenburg, Germany). The emi-
grated cells were visualized and con-
firmed by fluorescence microscopy.

Thioglycollate Challenge Model

Mice were injected intraperitoneally
with 1 mL of a 4% Brewer thioglycollate
medium solution (Difco, Detroit, MI,
USA). At various times after stimulation,
the mice were euthanized by cervical dislo-
cation. The peritoneal cavity was then
exposed and the exudates collected by
washing the cavity with 3 mL sterile
PBS/10 mmol/L EDTA. The percentage of
viable cells from the peritoneal lavages
was determined in triplicate by using
Guava ViaCount dye (Guava Technologies,
Hayward, CA, USA). Diluted cells were in-
cubated with Guava PCA-96 ViaCount
Flex reagent (Guava Technologies) at room
temperature for 10 min. Samples were
measured on the Guava EasyCyte System
using the Guava ViaCount application. For
peritoneal cell differentials, a total of 100
peritoneal cells/sample were subjected to
cytospin onto a glass slide, stained with
DiffQuick and manually counted.

Statistical Analyses

All data are expressed as the mean +
SEM. The Student t test was used for
data analysis and comparison of single
pairs, with a value of P < 0.05 used to
void the null hypothesis.

RESULTS

Low-Expressing FVII Mice Display

Impaired Wound Healing Kinetics
Dermal wounds (8-mm diameter) were

made in age-matched male FVIT™/™
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and WT mice, and wound sizes were
monitored every other d. The initial skin
wounds were similar between WT and
FVII'™/"™ mice at d 1 post wound (Fig-
ure 1A, D). In WT mice, there was a
gradual contraction of the wound (Fig-
ure 1B) and loss of the wound crust
around d 12 (Figure 1C), which fully
healed by d 15. FVII"™/™ mice showed
significantly larger wound sizes, com-
pared with WT mice, during the wound
contraction phase (d 5 to d 11). In addi-
tion, the crust was attached to the in-
jured skin in FVII'™/™ mice by d 12
(Figure 1E, F). However, the wound in
FVII'™/™ mice eventually resolved, and
the final outcome of the wound recovery
(d 15) was similar between the two geno-
types (Figure 1G).

Impaired Reepithelialization
in Low-Expressing FVII Mice during
Wound Healing

Impaired reepithelialization is a distin-
guishing feature of the chronic ischemic
wound. The dysfunction of keratinocytes
is directly associated with defective reep-
ithelialization because of their inability to
function as a mechanical support and to
protect from injury (30). Keratinocytes
are also actively involved in regulating
inflammatory cytokines and growth fac-
tors that are critical for the healing pro-
cess of the wound (31). Because reepithe-
lialization is a crucial event during skin
wound healing, keratinocyte migration
in the wound areas was investigated by
cytokeratin immunostaining of histologi-
cal sections. Although the keratinocytes
in WT mice showed significant migration
at d 5 post wound (Figure 2A), the ke-
ratinocytes in FVII™/™ mice remained
adjacent to the edge of the nonwounded
skin tissue at this time point (Figure 2B).
Morphologically, the shape of the epider-
mal tongue was sharp edged in WT mice
compared with blunt edged in FVII'™/™
mice. The leading edge of keratinocytes
in FVII™/™ mice was just above the
zone of the proliferating epidermis, with-
out the additional intrusion into the
wound crust that was seen in WT mice.
These findings suggest that FVII regu-
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Figure 1. Time course of dermal wound healing in WT and FVII™™ mice. Representative post wound photographs at d 1 (A), d 9 (B) and

d 12 (C) in WT mice and at d 1 (D), d 9 (E) and d 12 (F) in FVI™™ mice. The wound area is marked by red circle. The scale bar represents
1 cm in length. (&) The kinetics of skin wound closure in WT (solid line) and FVII™™ (dashed line) mice. The values represent mean + SEM,
N = 7 for WT and N = 8 for FVI™™ mice.*P < 0.05 at d 5,7,9 and 11 affer injury.

lates keratinocyte migration and reep-
ithelialization during wound healing.

FVII Regulates Leukocyte Migration
during Wound Healing

It has been well established that in-
flammation is a critical phase involved in
wound healing, in which bacteria and
debris are removed mainly by phagocy-
tosis via macrophages. In addition, vari-
ous cytokines/chemokines are released
to prepare for the cell migration and pro-
liferation stages necessary for proper
wound healing. Previous studies from
our laboratory have established that FVII
regulates the inflammatory response
in endotoxemia (32). To determine the in-
flammatory state of skin wound healing
between WT and FVII™/™ mice, anti-
CD45 immunostaining was performed.
Atd 5 in WT mouse skin, a large num-

ber of leukocytes infiltrated the entire
hypodermis and upper dermal compart-
ment of the wound (Figure 2C). On the
other hand, leukocytes showed much
less intense infiltration in the wounded
area in the skins of FVII'™/™ mice (Fig-
ure 2D).

FVlla Signaling Is Mediated through
Egr-1 in Keratinocytes

The FVIIa/TF complex initiates the
extrinsic coagulation cascade, ultimately
resulting in fibrin formation as well as
protease signaling. Undoubtedly, FVIIa-
induced fibrin clot formation is needed
to control active bleeding immediately
after wounding occurs. However, the
extended delay of wound healing up to
d 11 post wound, as well as the aberrant
keratinocyte migration and the dimin-
ished inflammation in FVII"™/™ mice,
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suggested that the role of FVII in
wound healing could reach beyond the
coagulation cascade. Therefore, the in-
volvement of FVIla-mediated signaling
in this model of wound healing was
investigated.

We examined the potential role of
Egr-1 in mediating FVIla signaling in
wound healing. Such a relationship has
been previously reported by our labora-
tory in a setting of lethal endotoxemia
(32). Furthermore, Egr-1 is a critical tran-
scriptional factor that controls a wide
spectrum of gene expression, including
growth factors, adhesion molecules,
cytokines and proteases (33). This regula-
tor has been shown to be an important
mediator in FGF-dependent cell growth
and migration (34) and has been impli-
cated as a potential drug target in wound
healing (35). Therefore, we studied Egr-1



Figure 2. Low FVII impairs reepithelialization and leukocyte migration during wound heal-
ing. (A-D) Immunohistochemical stains of d 5 wounds. Representative cytokeratin stains of
wounded skin at d 5 postinjury in WT (A) and FVI™/™ (B) mice. Original magnification 40x.
The arrows indicate the distance from the edge of the wound (e) to the tip (t) of the ke-
ratinocytes. Representative CD45 stains (orown) at d 5 after wound induction in WT (C)
and FVI™™ (D) mice. The orientation is marked with the location of the scar tissue (s)
and hypodermis (h). Original magnification 200x.

as a mediator of FVII downstream in-
flammatory signaling in the setting of
wound healing, using primary keratino-
cytes at an early passage number
(P1-P2). Indeed, primary keratinocytes
challenged with mFVIla induced a dose-
dependent increase in Egr-1 mRNA lev-
els (Figure 3A). This finding suggested
that Egr-1 expression might be a down-
stream mediator of FVIla-induced signal-
ing in wound healing.

Additional studies were performed to
determine whether Egr-1 was a neces-
sary transcription factor in regulating
FVIla-induced inflammatory signaling,
using Egr-l‘/ ~ keratinocyte, and MIP-2
expression as an end point. The physio-
logical plasma concentration of FVII in
humans is approximately 10 nmol/L.
However, a supraphysiological level of
FVIIa, 50 nmol/L, was used for the sub-
sequent experiments to stimulate ke-
ratinocytes. This is mainly because of
two considerations: a therapeutic

dosage of FVIIa for bleeding control, as
in patients with postoperative refrac-
tory bleeding or hemophilia A or B, is
typically higher than physiological con-
centration, and the FVII expression
level has been demonstrated to be up-
regulated during challenges, such as in-
flammation and malignancy (32,36). In
particular, TF expression in cutaneous
tissue is upregulated immediately after
wounding (37). In addition, although
10 nmol/L of mFVIIa induced signifi-
cant Egr-1 upregulation in the primary
keratinocytes, 50 nmol/L of mFVIIa
treatment elicited a more robust re-
sponse (Figure 3A).

WT and Egr-1"/~ mouse keratinocytes
were treated with mFVIIa + LPS. Treat-
ments with mFVIIa resulted in an in-
crease of MIP-2 mRNA levels in WT ke-
ratinocytes, but only marginally so in
Egr-17/~ keratinocytes (Figure 3B). This
finding suggests that Egr-1 is a key
transcriptional mediator in FVIla-
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mediated signaling in keratinocytes.
LPS was used as a positive control of
inflammatory responses in keratino-
cytes. Under conditions of LPS stimula-
tion, increased inflammation was ob-
served, and a similar trend of reduction
in MIP-2 mRNA in Egr-1"/~ keratino-
cytes was also found (Figure 3B), sug-
gesting that Egr-1 is a general mediator
involved in inflammatory responses in
keratinocytes. In addition, mFVIIa, or
LPS or a combination of mFVIla and
LPS treatment did not induce a statisti-
cally significant upregulation of MIP-2
in Egr-17/~ keratinocytes, which under-
scores the critical role of Egr-1 in
inflammatory responses during wound
healing.

FVlla Signaling Depends on TF and
Protease-Activated Receptor 2 in
Keratinocytes

We also sought to determine aspects
of the molecular mechanism of FVIIa-
induced signaling in wound healing.
Protease-activated receptor (PAR)-
mediated signaling is a critical pathway
induced by several coagulation pro-
teases, which could exert a variety of
biological activities in many physiologi-
cal and pathological conditions. To es-
tablish the relevance of PAR-mediated
signaling in keratinocytes in this study,
WT Kkeratinocytes were subjected to
challenge by either PAR-1 or PAR-2
activation peptide (PAR-1/AP and
PAR-2/AP). Both Egr-1 and MIP-2 ex-
pression levels were significantly in-
creased by PAR-1/AP and PAR-2/AP,
suggesting that these inflammatory me-
diators are among the downstream tar-
gets of PAR-1- and PAR-2-based signal-
ing (Figure 3C, D). PAR-1/ AP appears
to be a more potent inducer for Egr-1
expression compared with PAR-2/AP
in keratinocytes.

Next, we sought to dissect the com-
ponents of the FVIIa signaling pathway
in keratinocytes. To determine whether
TF is necessary for FVIla-mediated sig-
naling events leading to Egr-1 and
MIP-2 production, mFVIIa was added
to keratinocytes isolated from low

MOL MED 16(5-6)167-176, MAY-JUNE 2010 | XU ET AL. | 171



FACTOR VIIA AIDS SKIN WOUND HEALING

=
£
s
|
[
&
o
=
0 2 10 50 100 500
[mFVIIa], nM

30
= *
3 C
220
= *
=
é 10
o
=

none PAR-1/AP PAR-2/AP
*

= 6.0 E *
&
o
—
g
4 3.0
T
=

-mFVIla + mFVIIa

(=)

MIP-2/RPL19, fold
w

mFVIla

L__n I;I‘I I:I'I lﬁ

+

LPS - +

14 * *
=]
= D 1 T
2
=
A
9
=
b= —

none PAR-1/AP PAR-2/AP
= 41 F . s
&
)
—
& 2 F
&
Q@
=]
=
-mFVIla + mFVIla

Figure 3. FVlia signaling is mediated through Egr-1 and depends on TF and PAR-2 in keratino-
cytes. (A) Egr-1 mRNA levels in keratinocyte in response to addition of murine FVila. (B) MIP-2

mMRNA levels from keratinocytes obtained from WT (filed bars) and Egr-17~ (unfiled bars)
mice affer various combinations of mFVila (60 nmol/L) and LPS (10 ug/mL) were added o
the culture. The Student t fest was performed to compare WT and Egr-17 keratinocytes

within each treatment group. (C-D) Egr-1 and MIP-2 are downstream targets of PARs signal-

ing in keratinocytes. Expression levels of Egr-1 and MIP-2 are measured in WT keratinocytes
before and after stimulation with either PAR-1/AR 100 umol/L, or PAR-2/AR 100 umol/L. (E, F)

FVlla-induced signaling in keratinocyte is mediated by TF and PAR-2. Expression levels of Egr-1

(E) and MIP-2 (F) in keratinocyte derived from WT (filed bars), PAR-17~ (open bars), PAR-27/
(horizontal striped bars) and TF/"hTF (tg) (vertical striped bars) mice, before (- mFVIla) and
after (+ mFVIla) addition of 50 nmol/L mFVila for 2 h. *P < 0.05, N = 3 for each genotype.

TF-producing mice [(TF”/"hTF(tg)]. Our
data show that neither Egr-1 nor MIP-2
is upregulated in these cells (Figure 3E, F),
indicating the TF dependence of FVIIa-
induced signaling in keratinocytes.
Similarly, when mFVIIa was added to
PAR-27/~ keratinocytes, Egr-1 and
MIP-2 mRNA levels were significantly
reduced compared with WT keratino-
cytes (Figure 3E, F), whereas no such
reduction in inflammation signals were
found when PAR-17/~ keratinocytes
were used. These results show that
FVIIa inflammatory signaling in kerati-
nocytes proceeds through the FVIIa/
TF/PAR-2 axis.
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FVlla-Induced Signaling Is Specific
and Does Not Require Subsequent
Generation of FXa and Thrombin in
Keratinocytes

The FVIIa/TF pathway initiates the co-
agulation cascade, resulting in the gener-
ation of a series of activated coagulation
factors, including FXa and thrombin.
Both of these serine proteases may acti-
vate cell-signaling pathways through
PARs. Therefore, we assessed the indirect
contributions of FXa and thrombin in
FVIla-induced signaling in keratinocytes.
In this regard, the roles of FXa and throm-
bin in FVIIa-induced signaling were dis-
sected using fondaparinux and lepirudin,
specific inhibitors of FXa and thrombin,
respectively. The data (Figure 4A, B) dem-
onstrate that neither fondaparinux nor
lepirudin treatments altered the FVIla-
induced upregulation of Egr-1 or MIP-2
in keratinocytes. These data suggest that
FVIla-induced signaling is direct and
specific in keratinocytes and does not re-
quire subsequent generation of FXa and
thrombin.

Role of Egr-1 in Skin Wound Healing
Our data suggest that Egr-1 is a critical
downstream mediator of FVIIa/TF/
PAR-2 signaling during wound healing.
To further examine the functional role of
Egr-1 in vivo, skin wound-healing stud-
ies were performed in WT and Egr-17/"
mice. Similar to FVII™/™ mice, Egr-17~

o
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Figure 4. FVlla signaling is specific and does not require subsequent generation of FXa
and thrombin in keratinocyte. Expression levels of Egr-1 (A) and MIP-2 (B) in WT keratino-
cytes either without pretreatment (filled bars), or preincubated with fondaparinux

(6 ug/mL, open bars), or lepirudin (4 ug/mL, horizontal striped bars) for 1 h, before

(- mFVlla) and after (+ mFVlla) addition of 50 nmol/L mFVlla for 2 h. *P < 0.05, N = 3 for
each genotype.
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mice displayed a pronounced delay in
wound healing from d 5 through d 15
post wound, compared with WT mice
(Figure 5A), confirming the critical role
of Egr-1 in wound healing. Furthermore,
Egr-1"/~ and WT keratinocyte migration
results indicated that Egr-1"/~ keratino-
cytes migrated toward this chemoattrac-
tant to a significantly lesser extent com-
pared with WT keratinocytes (Figure 5B).
In addition, because FVIla influences
Egr-1 mRNA levels, we examined
whether FVIIa plays a role in regulating
inflammatory cell migration via effects
on Egr-1 by using a peritoneal thiogly-
collate challenge model in WT and Egr-
17/~ mice. The results (Figure 5C) indicate
that Egr-1"/~ mice had fewer total leuko-
cytes in the peritoneal lavage fluid com-
pared with WT mice at 6, 24, 48, 72 and
96 h after thioglycollate challenge. Differ-
ential cell counts demonstrated that neu-
trophil migration was the prominent cell
type, which diminished early during
thioglycollate challenge (Figure 5D),
whereas macrophage migration was
greatly diminished late during challenge,
in Egr-1"~ mice (Figure 5E). Taken to-
gether, these data suggest that as one of
the downstream mediators of FVIla/TF/
PAR-2 signaling, Egr-1 plays a crucial
role in the regulation of wound healing.

DISCUSSION

Healing of cutaneous wounds is an or-
dered process that requires a network of
repair mechanisms. The initial immune
responses to injured skin result in a
proinflammatory state that is critical for
inhibiting local infection and clearing
the debris at the wound site. Coagula-
tion factors are also critical during early
stages of wound healing to stem the
bleeding and to prevent additional
blood loss after injury to the vessels.
Thus, in response to inflammation, in-
duction of TE followed by formation of
a provisional fibrin matrix and growth
of new smooth muscle actin-positive
vessels, are essential to the initial phases
of repair. In addition, many of the serine
proteases, for example, thrombin, down-
stream of FVIIa in the coagulation cas-
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Figure 5. Egr-1 is a critical mediator in wound healing and cell migration. (A) Kinetics of
skin wound healing in WT (solid line) and Egr-17~ (dashed line) mice. The values represent
the mean + SEM (N = 4 for WT and N = 6 for Egr-17~ mice). *P < 0.05 at d 5, 7,9, 11, 13 and
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nificantly reduced migration toward EGF (20 ng/mL in the botfom chamber) compared
with WT keratinocytes (filled bars). (C, D) Inflammatory cell recruitment in WT (filled bars)
and Egr-17~ mice (unfilled bars) after thioglycollate challenge. (C) Total peritoneal leuko-
cytes affer thioglycollate challenge from WT and Egr-17/~ mice. Differential counts of peri-
tfoneal neutrophils (D) and macrophages (E). *P < 0.05, N = 3-8.

post wound in WT and FVII™/™ mice.
The histological findings at day 5
demonstrated that inflammatory cell in-
filtration was reduced in FVII"™/™ mice
compared with WT mice. The attenuated
inflammatory state of FVII'™/™ mice
could result in insufficient clearing of the
cell debris, as well as downregulation of
target gene expression, which leads to in-
sufficient fibroblast/keratinocyte migra-
tion and delayed closure of the wound.
Taken together, these data suggest that
FVII plays an important role in regulat-
ing inflammation via leukocyte migra-
tion and infiltration to the site of injury
during wound healing.

It must be considered that FVII, as
the initiator of the extrinsic coagulation
cascade, may execute its regulatory
function in wound healing through the
activation of downstream coagulation
factors, mainly FXa and thrombin. In-
deed, FVIla-initiated fibrin clot forma-

cade elicit intracellular signaling, which
regulates gene transcripts that are in-
volved in wound healing (38). For exam-
ple, administration of a 23-residue pep-
tide derived from thrombin has been
shown to accelerate wound repair (39),
and enhancement of TF expression via
gene transfer in wounds in diabetic mice
restored the delayed wound closure
times found in these mice to those of
nondiabetic mice (37).

FVlIIa initiates inflammatory cellular
events that are important mechanisms
for wound repair. The in vivo significance
of FVIIa/TF signaling in inflammation
has been demonstrated in disease mod-
els, for example, endotoxemia (32,40).
Thus, the availability of low-FVII ex-
pressing mice provided us an excellent
tool to investigate the role of FVII during
wound healing, and it was found that
delayed wound healing kinetics were
significantly different between days 5-12
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tion is critical to control active bleeding
immediately after wounding occurs and
FXa, thrombin and fibrin have been
shown to affect wound healing through
a number of mechanisms, for example,
as chemotactic and mitogenic factors
for leukocytes (41-43). However, sev-
eral considerations encouraged an ex-
ploration of other mechanisms to iden-
tify roles of FVIla, independent of
thrombin generation, in regulation of
wound healing: (a) restoring thrombin
generation in hemophilia B did not nor-
malize wound healing to the level of
WT mice (44); (b) the response of FVIIa
treatment in keratinocytes is abrogated
by TF-neutralizing antibody, but is not
affected by hirudin (26); (c) FVIla sig-
naling, independent of coagulation, af-
fects smooth muscle cell migration and
proliferation (45), as well as transcrip-
tional responses in keratinocytes (26);
and (d) FVIla-mediated inflammatory
signaling, independent of thrombin and
FXa, has been shown to occur in the re-
sponse of mice to lethal endotoxemia
(32). In addition, the initial observations
in this study, for example, the extended
delay of wound healing up to day 11
post wound, the reduced keratinocyte
migration, and the diminished inflam-
mation in FVII"™/™ mice, suggest that
the role of FVII in wound healing ex-
tends beyond the coagulation cascade.
Therefore, we centered our focus on the
investigation of direct FVIla signaling
in wound healing.

Of note, TF is expressed in keratino-
cytes under physiological conditions
(46), suggesting an environment in
which FVIIa/TF signaling might be func-
tioning. Indeed, a previous study
showed that stimulating a human
HaCa-T keratinocyte cell line with FVIIa
induced gene transcripts with a pattern
very similar to those found in a wound-
type response (26). To investigate the
mechanism of FVIIa signaling in a con-
text resembling in vivo conditions, very
low passage primary keratinocytes were
used in this study to examine FVIIa-
based signaling and its consequences in
regulating inflammation and migration.

Egr-1 is an important transcriptional
factor that controls expression of a vari-
ety of genes relevant to wound healing,
such as growth factors, adhesion mole-
cules, cytokines and proteases (33). Egr-1
has been implicated as a potential drug
target in wound healing (35), and deliv-
ery of Egr-1 expression was shown to ac-
celerate wound healing (47). Further-
more, previous studies from our
laboratory have established links be-
tween FVIIa and Egr-1 in the setting of
lethal endotoxemia in mice (32). Thus,
we sought to study Egr-1 as a mediator
of FVII downstream inflammatory sig-
naling in wound healing. Primary kerati-
nocytes challenged with mFVIIa induced
an increase of Egr-1 transcripts, suggest-
ing that FVIla-induced signaling in-
volves the regulation of Egr-1. The possi-
bility that the induction of Egr-1 by FVIIa
is due to an LPS contamination in FVIla
was excluded by assays that demon-
strated undetectable levels of LPS in the
proteins that were employed. Because
Egr-1 has been shown to be a central
transcription factor leading to inflamma-
tion, we tested the hypothesis that FVIIa-
induced inflammation depends on Egr-1.
When Egr-1-deficient keratinocytes were
challenged with FVIIa, decreased MIP-2
levels were detected compared with WT
keratinocytes. These results indicate that
Egr-1 is a key downstream mediator in-
volved in FVIla-induced signaling.

It has been shown that FVIIa/TF in-
duced enhancement of a series of genes
related to wound response in vitro in a
human keratinocyte cell line (26). Evi-
dence for this relationship has been
strengthened in vivo in the mouse
wound-healing model reported here. In
addition, FVIIa-mediated inflammatory
signaling via PAR-2 has been proposed
to occur in a breast carcinoma cell line
(48,49). In the current study, the cellular
mechanism of FVIla-mediated inflamma-
tory signaling in keratinocytes was in-
vestigated using keratinocytes isolated
from mice with gene deficiencies that
have been implicated in FVIla-induced
cellular signaling. This approach led to
the discovery that keratinocytes employ
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the FVIIa/TF/PAR-2 system to enhance
production of inflammatory cytokines,
such as MIP-2, that are dependent on up-
regulation of the transcription factor,
Egr-1.

Notably, our data suggest that PAR-2
is an important, but not an exclusive,
mediator for FVIIa/TF signaling, particu-
larly in the case of Egr-1 expression. In-
deed, it has been suggested that the TF
cytoplasmic domain may be phosphory-
lated at Ser253 and Ser258 (50). Conse-
quently, this may regulate cell signaling
and many cellular events, such as NF-kB
activation, proinflammatory cytokine
production, leukocyte recruitment and
reactive oxygen species production in
monocytes (51,52). Furthermore, our data
demonstrate that FVIIa-induced signal-
ing in keratinocytes is direct and specific,
and independent of subsequent genera-
tion of FXa and thrombin. More surpris-
ingly, it has been demonstrated that
perivascular TF near the wound was ab-
sent 1 day after cutaneous wounding,
and returned only by day 8. Neither en-
dothelial cells nor granulation tissue to
repair wounds showed TF expression
(23,53). The mechanism associated with
this observation is not well understood,
but it has been speculated that it may
serve to prevent thrombosis near newly
wounded vasculature, thereby providing
an adequate blood supply to granulation
tissue for wound repair. Nevertheless, it
highlights the complexity of wound heal-
ing, and suggests that the function of
FVIIa/TF during wound healing occurs
in a tissue- and cell type-specific manner.

Lastly, we sought to determine the func-
tional consequences of Egr-1-mediated
FVIIa/TF/PAR-2 signaling in wound
healing. Because Egr-1-deficient keratino-
cytes display a diminished inflammatory
response compared with WT keratino-
cytes, the migratory properties of these
cells were investigated as the likely con-
sequence of inflammation. The results in-
dicated that Egr-1-deficient keratinocytes
migrated toward EGF at a reduced rate
compared with WT keratinocytes. Fur-
thermore, Egr-1 plays an important role
in regulating inflammatory cell migra-



tion, because Egr—l’/ ~ mice had fewer
total leukocytes in the peritoneal lavage
fluid compared with WT mice after thio-
glycollate challenge. To further investi-
gate the in vivo relevance of this finding,
we demonstrated that Egr-1-deficient
mice showed impaired wound healing ki-
netics in a dermal punch model, which is
consistent with a recent observation by
Wu et al. (54). Furthermore, our data sug-
gested that Egr-1 is a critical regulator of
keratinocyte and inflammatory cell mi-
gration, whereas Wu et al. demonstrated
similar findings in fibroblast. Taken to-
gether, these results indicate that Egr-1 is
an essential transcription factor in regu-
lating multiple cell types and events of
wound healing. Interestingly, Egr-1"~
mice show an even more pronounced
delay of wound healing compared with
FVII™/™ mice. This finding suggests
that Egr-1 is a general transcriptional fac-
tor involved in the regulation by signal-
ing molecules in addition to FVIIa, which
also contribute to wound healing. In ad-
dition, it underscores the critical role of
Egr-1 in wound healing.

In conclusion, the current study
demonstrated that a deficiency in FVII
impairs skin wound healing. The mecha-
nism involved is associated with delayed
keratinocyte migration and less pro-
nounced inflammation, similar to that
observed in FIX”/~ hemophiliac mice. The
diminished, but not complete, abrogation
of wound healing in coagulation-defi-
cient mice implicates other pathways in
regulating this process. Furthermore, we
demonstrate that Egr-1 is a key transcrip-
tional factor regulating FVIIa/TF/PAR-
2-induced inflammatory signaling and
contributes to the healing process of cu-
taneous wounds.
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