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1. ABSTRACT

The procoagulant role of tissue factor (TF) is
well recognized. The ability to form a hemostatic clot is
essential to normal healing of an injury. However, TF also
has additional activities as a regulator of cellular processes.
Both by production of coagulant molecules that also have
cytokine and growth factor-like activities, and by directly
mediating cell signaling events, TF has the potential to
influence the course and tempo of healing. The literature in
this are remains somewhat sparse, but suggests that
modulation of TF expression plays a role in modulating the
host response to injury.
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2. INTRODUCTION

Tissue factor (TF) is a transmembrane protein
that serves as the primary initiator of physiologic
hemostasis. It has no enzymatic activity of its own, but
binds coagulation factor VII (FVII), promotes its
activation, and greatly enhances the proteolytic activity of
FVIla (1). The procoagulant activity in tissue extracts was
assigned to a protein component in the 1960’s (2, 3). The
complete genomic sequence was published in 1989 (4).
Interestingly, TF was found not to be homologous to any of
the other coagulation factors. Instead, it has an overall
structure that places it in the family of type 2 cytokine
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The vessels that are
going to lose their TF
are down here

Figure 1. One day old punch biopsy wound on a wild type
mouse stained with hematoxylin and eosin. The tissue
defect is filled with a fibrin clot that is infiltrated by
neutrophils. At this early time the tissue is not yet distorted
by edema and cellular influx. The neutrophils are followed
in the next 1-2 days by an influx of monocytes. Original
magnification 40x

receptors (5). Thus, its lineage suggests that it should play a
role in host defense in addition to hemostasis. TF has a
very short intracytoplasmic tail, a fact which originally led
researchers to believe that it was unlikely to mediate signal
transduction events. However, more recent studies have
made it clear that TF not only serves as a cofactor in
coagulation, but also can mediate activation of several
cellular signalling pathways (6, 7), and alter gene
expression (8, 9). The burgeoning literature on the
intracellular pathways impacted by FVIIa/TF is reviewed in
(10). TF mediates signaling by two known mechanisms.
First, the FVIIa/TF complex can cleave and activate
protease activated receptor (PAR) 2 and, to a lesser degree,
PAR-1 (11). This mechanism requires proteolytically
active FVIla, but does not require the cytoplasmic tail of
TF. TF-mediated PAR signaling has been implicated in
tumor metastasis (12) and tumor angiogenesis (13).
Second, TF can transduce a signal via its intracellular
domain when it binds FVIIa. The cytoplasmic domain of
TF has also been implicated in tumor metastasis (14),
angiogenesis (15), as well as vascular remodeling (16),
leukocyte recruitment (17) and cell-mediated immune
responses (18). It also appears that signaling by these two
mechanisms can synergize in producing cellular responses.

Since expression of TF has been linked to several
biological processes that are involved in restoring tissue
structure and function after injury, it is reasonable to
hypothesize that TF plays a role in mediating tissue repair.
However, the amount of data that directly addresses the
roles of TF in healing is quite limited. Many of the studies
deal with the role of TF in the aberrant form of “healing”
associated with malignancy, and others use in vitro models.
Recent reports suggest that findings on the activities of TF
in these settings do not necessarily apply to the role of TF
in physiologic host responses to injury. The goal of this
short review is to summarize the limited data available in
this area and highlight some tantalizing findings suggesting
that TF might indeed play an important role in wound
healing beyond its procoagulant activity. Note that the vast
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majority of the data in this area are derived from studies in
mice. Even where the data appear conclusive, their
applicability to humans remains to be determined.

3. PHASES OF HEALING

Wound healing has been divided into four
phases: 1) hemostasis, 2) inflammation, 3) proliferation and
4) remodeling or resolution. TF and active factors
produced by its procoagulant activity have clear effects on
each of the phases of healing. Receptor-triggered cellular
responses that play a role in inflammation and healing are
less well delineated, but maybe as important as the pro-
coagulant activities of TF in modulating the host response
to injury.

3.1. Hemostatic Phase

Hemostasis commences as soon as vessels are
breached during wounding. The hemostatic process is
important not only because it stops blood loss, but also
because it delivers biologically active molecules to the
wound site that influence subsequent inflammatory and
proliferative responses. The hemostatic response to injury
is clearly important for subsequent tissue repair. Our group
has shown that wound healing is delayed and the histology
of the wound site is abnormal in hemophilia B mice, which
have a profound hemostatic defect (19). These studies used
an excisional model of cutaneous wound healing in which a
punch biopsy wound is placed on the back of a mouse and
the progress of surface wound closure, as well as the
histology of the tissue can be studied. A section of a one-
day-old biopsy wound stained with hematoxylin and eosin
is shown in Figure 1.

Of course, TF plays an important role in the
hemostatic phase of wound healing because it is the major
biological initiator of hemostatic clot formation. However,
TF is not expressed equally by all tissues. Surprisingly,
many sites have very low levels of expression, such as most
fibroblasts and skeletal muscle. Highest levels are seen in
the brain and lung, with high levels also in kidney and heart
(20, 21). In the skin, TF expression is limited to the
squamous epithelium and to the mesenchymal -cells
(pericytes) around blood vessels (20, 21). This variable
expression led to the idea that TF is localized to sites where
it is needed to rapidly initiate coagulation when significant
injury — especially vascular injury — takes place.

The major sites of TF expression in the skin are
shown in Figure 2. Tissue preparation and
immunohistochemical staining for TF was conducted as
described in (22). The brown color indicates the expression
of TF in the squamous epithelium that lines the surface of
the skin and hair follicles, as well as around the blood
vessels in the dermis. TF around vessels has bound FVII(a)
even in the absence of injury (23). Thus, small amounts of
activated coagulation factors are likely formed at this site in
the baseline state. However, when a vessel is breached,
platelets adhere at the site of injury to provide additional
surface to support the coagulation reactions.  The
procoagulant activity initiated by FVIIa/TF can then lead to
a burst of thrombin production on platelet surfaces.
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Figure 2.
normal mouse skin. The brown color indicates expression
of TF around vessels in the deep dermis, and by squamous
epithelial cells of the surface epithelium and hair follicles.
Original magnification 100x

Thrombin’s key activities in hemostasis are in
platelet activation and cleavage of fibrinogen to initiate
formation of the fibrin clot. At completion of the
hemostatic phase, a fibrin and platelet clot fills the wound
site as indicated in Figure 1.

Mice that lack fibrinogen can still heal cutaneous
wounds, but the initial wound strength is reduced and
cellular migration into the wound bed is altered (24).
Fibrinogen influences wound healing by several
mechanisms. The fibrin clot forms a framework on which
tissue repair takes place, and fibrin degradation products
promote the influx of neutrophils and macrophages (25-27).
Fibrin supports the influx of leukocytes and stromal cells
and forms a substrate for keratinocyte migration during re-
epithelialization (28). It is not sufficient simply that a fibrin
clot is formed during hemostasis. The structural features of
the fibrin clot affect fibroblast proliferation as well as
expression of growth factors and interleukins (29). Mice
that have a defect in fibrin stabilization (factor XIII
knockout) also have defects in wound healing, including a
delay in reepithelialization (30). A wound healing defect in
humans with FXIII deficiency has long been recognized
(31). Thus, the presence and structure of fibrin formed
during hemostasis plays an important role in the speed and
quality of healing.
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Thrombin also has biological activities apart
from its direct role in hemostasis. It influences subsequent
wound healing by acting as a chemotactic agent and a
mitogenic agent for macrophage influx as well as
promoting angiogenesis (32-34). When it activates platelets
it consequently promotes the secretion of a variety of
cytokines and growth factors stored in platelet granules.
Thrombin agonists have been found to speed the wound
healing process in several animal models (34-37).

A major mechanism of thrombin’s effects on
cells is by cleavage of protease activated receptors (PARs)
(38). Thrombin is able to cleave and transmit a signal via
PAR-1, PAR-3 and PAR-4. The role of PAR’s in
hemostasis is different in humans and mice. In humans, the
primary PAR involved in platelet activation is PAR-1,
while in mice it is PAR-4 (39). However, the dominant
mediator of thrombin’s effects on non-platelet cells in both
species appears to be PAR-1. Therefore, it seems
reasonable that thrombin’s role in wound healing might be
mediated, at least in part, by PAR-1. However, PAR-1
knockout mice showed no defects in closure time of
excisional wounds, tensile strength of healed wounds, or
wound histology (40). One study did note a modest
reduction in wound contraction and leukocyte infiltration in
PAR-1 knockout mice (41). Furthermore, application of
dressings impregnated with a specific PAR-1 agonist
promoted more rapid closure of excisional wounds than
dressing alone (37). These results suggest that while PAR-
1-mediated signaling may not be essential for healing, it
may be able to enhance healing as a pharmacologic effect.

Thus, the hemostatic blood clot that is initiated
by TF plays a role in wound healing by halting blood loss
and promoting inflammatory and reparative cell influx.
The coagulation process also produces multifunctional
molecules that link coagulation to tissue repair. However,
TF can also function as a cell surface receptor, inducing
both signaling events and changes in gene expression.
There is currently a small body of tantalizing data to
suggest that TF plays roles in inflammation and
proliferative responses that are not due to its procoagulant
activity.

3.2.Inflammatory Phase

Inflammation at sites of cutaneous wounding is
characterized by the influx of neutrophils that begins within
minutes and peaks about 1-2 days after injury. While
neutrophils play an important first line of defense against
bacterial invasion, a lack of neutrophils does not result in
any defect in wound closure, cellularity or connective
tissue formation (42). Neutrophil influx is followed by an
influx of monocytes in the first day or two that peaks by 4-
5 days after injury. Several findings support the idea that
products of the hemostatic response play a significant role
in inflammatory cell influx after cutaneous wounding.
Neutrophil and monocyte influx in response to skin
wounding is delayed and reduced in hemophilia B mice
(19). The influx of monocytes is restored when hemostatic
thrombin generation is temporarily restored at the time of
injury (43). Thrombin likely plays a direct role in
promoting leukocyte influx, since the defect in
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Figure 3. Tissue Factor (TF) immunostaining around
dermal vessels near sites of wounding. Reproduced with
permission from (39). Top panels - TF antigen is indicated
by the brown color. Representative vessels from wild type
mice are shown. Normal TF distribution around a dermal
vessel is in the upper left, and 2 days after wound
placement in the upper right. Original magnification
1000X. Bottom panel - TF expression around vessels
within 2 high-power (40X) fields of the wound was scored
for 3-4 mice per time point, and means with sd plotted.

inflammation appears to be more severe in hemophilia B
mice than in fibrinogen deficient mice.

After monocytes migrate into the tissues, they
rapidly mature into macrophages. Macrophages not only
ingest and degrade debris, but also coordinate repair and
immune responses through production of a broad spectrum
of cytokines. Macrophages are not essential to repair of the
epidermal defect, since mice that lack macrophages have
normal wound closure times (44). However, formation of
fibrous tissue (scar) and angiogenesis are strongly
influenced by macrophage-derived factors. Macrophages
are provoked to secrete such factors when they are
activated by conditions and cytokines within the wound
environment. Interestingly, even though macrophages do
not seem to be essential for wound healing, the rate of
healing of chronic skin ulcers can be enhanced by local
injection or application of granulocyte-macrophage colony
stimulating factor (GM-CSF) (45).

TF is expressed by macrophages, though its role
in macrophage function is not well understood. It can
modulate cell-mediated immune responses in a manner that
appears to depend on signaling, rather than procoagulant
function. For example, mice lacking the cytoplasmic
domain of TF in their leukocytes show reduced cutaneous
hypersensitivity, as well as reduced leukocyte-endothelial
cell adhesion (46). This suggests that TF expression on
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infiltrating macrophages might play a role in regulating
inflammation and immune responses.

TF expression is increased on a wide range of
cell types in culture by inflammatory mediators. Not
surprisingly, overall TF mRNA expression in skin is
increased following cutaneous wounding (47). However,
we recently made the surprising observation that TF
goes away from its normal location around dermal
vessels within 24 hours after cutaneous wounding (22).
Immunostaining and the time course of downregulation
of TF staining are shown in Figure 3. The cells that
normally express TF around the adventitial side of blood
vessels are termed pericytes. These cells have features
of both fibroblasts and smooth muscle cells. They play
a specialized role in supporting and stabilizing small
vessels. They are active co-participants, along with
endothelial cells, in the process of angiogenesis. Down-
regulation of pericyte TF does not appear to be the
result of inflammation and leukocyte influx per se, since
a pure inflammatory stimulus (blister beetle toxin)
causes a dramatic influx of leukocytes in both wild type
and hemophilic mice, but does not lead to down-
regulation of perivascular TF (48). This suggests that
the loss of TF may be linked instead to the process of
angiogenesis, which is not a part of the response to
blister beetle toxin, but is prominent following cutaneous
wounding.

3.3. Proliferative Phase

In skin wounds, the proliferative phase is
characterized by epidermal regeneration, angiogenesis, and
fibroblast ingrowth as the fibrin clot and debris filling the
wound site are replaced by granulation tissue. The term
“granulation tissue” comes from the fact that the surface of
the reparative tissue has a granular appearance when it is
not covered by an epithelial surface. It is very delicate and
bleeds easily because of the great numbers of delicate new
blood vessels it contains. This tissue is extremely cellular
and generally has a greater bulk than the normal tissue that
it replaces. TF expression on several of the cell types
involved in tissue repair is modulated during the
proliferative process.

3.3.1. Keratinocytes

During cutaneous healing, epithelial cells both
proliferate and migrate in from the edges of the wound to
fill the surface defect. Squamous epithelial cells express TF
constitutively. However, during healing the leading edge of
the sheet of keratinocytes expresses particularly high levels
of TF. The intense expression of TF at the edge of a healing
skin wound is shown in Figure 4. Tissue preparation and
staining was performed as in (22). The time allowed for
color development of the immunohistochemical stain has
been reduced to emphasize the higher level of TF
expression in the migrating and proliferating keratinocytes
compared to the surrounding quiescent epithelium. The
active edge of squamous epithelium originates at the
margin of the wound and migrates underneath the blood
clot until the surface is again covered by an intact epithelial
layer.
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Figure 4. Three day old punch biopsy wound
immunostained for TF. The squamous epithelium at the
edge of the epidermal defect proliferates and migrates
across the wound bed, underneath the blood clot. The
leading edge of the squamous epithelium stains strongly for
TF protein (brown color).
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Figure 5. The process of angiogenesis - At the top of the
figure is a schematic of a small cutaneous vessel. Under the
influence of angiogenic factors, the vessel dilates, becomes
leaky and its pericytes detach from around the adventitial
surface. This is followed by degradation of the endothelial
basement membrane and development of endothelial
sprouts as a component of the granulation tissue filling the
wound bed. The sprouts connect to form complete
functioning capillary loops. The neovessels are stabilized
as they are surrounded by pericytes.

TF has been hypothesized to mediate cellular
adhesion and migration, based on the ability of TF ligands
to support cell adhesion and migration in culture, and the
association of the TF cytoplasmic tail with an actin binding
protein (49). In addition, our group has some preliminary
evidence on wound healing in mice expressing very low
(1%) levels of TF (50). While there was only a slight
increase in bleeding after wound placement, we found focal
areas of separation between the epithelium and upper
dermis at the sites of some healed wounds in these mice.
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Thus, while there is little data on this subject, TF might
play a direct role in adhesion and migration of
keratinocytes during re-epithelialization.

TF expressed by squamous epithelial cells, in
contrast to TF around blood vessels, has NOT bound
FVII(a) in the absence of injury (23). Binding of FVIla to
cultured squamous epithelial-like cells triggers expression
of genes for several transcription factors, growth factors,
inflammatory cytokines and proteins involved in cell
migration (9). Some of the induced genes included
connective tissue growth factor, isoforms of epidermal
growth factor and fibroblast growth factor, interleukin-8,
interleukin-1 beta and transforming growth factor beta-2.
Effects of FVIla on gene expression were evident by 30
minutes after binding. Thus, it seems likely that when FVII
from the blood binds to epithelial TF at the site of an injury
and becomes activated, it transduces a signal to the
keratinocytes at the edge of the wound.

Squamous epithelial cells express a high level of
PAR-2 (51), suggesting that PAR-2 cleavage by FVIIa/TF
complexes could modulate some of these epithelial
responses. PAR-2 has been shown to mediate other
activities of keratinocytes, including secretion of cytokines
(52), uptake of melanin pigment (53) and permeability
barrier function (54). In addition, keratinocytes can
produce substantial amounts of vascular endothelial growth
factor (VEGF) (55). Thus, it is tempting to speculate that
FVIIa/TF signaling to squamous epithelial cells rapidly
promotes secretion of cytokines and growth factors that
influence surface wound closure, leukocyte influx and
angiogenesis during healing.

3.3.2. Vascular Pericytes

As noted above, TF expression by pericytes
around dermal vessels is downregulated within 24 hours
after a cutaneous wound (22) and remains depressed
through most of the proliferative phase of healing. Another
surprising finding in these studies was that the new
angiogenic vessels in the granulation tissue that initially
fills the dermal wound site also do not have a TF coat (TF
is however visible in the squamous epithelium above the
granulation tissue). We initially speculated that these new
vessels lacked pericytes. However, staining for desmin
(which stains pericytes but not endothelial cells) showed
that pericytes were indeed present around vessels in the
granulation tissue. Thus, during the period of active
angiogenesis, both the vessels of origin and the neovessels
themselves lack a layer of TF.

As illustrated schematically in Figure 5, vessels
that will revascularize a site of injury first respond to
angiogenic signals with increased permeability and the
detachment of pericytes from around the vessel. The
vessels progressively become more leaky as endothelial
cells degrade the basement membrane and begin migration.
Led by endothelial cells, angiogenic sprouts grow from
their origins on pre-existing vessels into the granulation
tissue of the wound bed. They eventually meet
complementary sprouts and form functioning vascular
loops that can then deliver blood to the healing tissues. As
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the sprouts mature they are supported by pericytes that
reestablish their positions around the outside of the new
vessels. It appears that the loss of TF from around dermal
vessels after wounding may closely follow the delivery of
the first angiogenic signals.

TF expression by the endothelium of angiogenic
vessels in malignancies has been reported by a number of
workers (56), and has been considered by some to be a key
driver of the angiogenic process (15, 57). However, we
found that the angiogenic vessels in the healing skin
wounds lacked TF expression by either the endothelial cells
or pericytes. This may be one reason that granulation
tissue is so prone to bleeding. In animal models of a defect
in coagulation proteins or platelets, angiogenesis is
associated with marked bleeding from the delicate and
leaky neo-vessels. However, in hemostatically intact
animals, only extravasation of small numbers of red blood
cells is seen unless the granulation tissue is traumatized.

Vascularization of malignant tumors can be
accomplished by several mechanisms (reviewed in (58)).
Angiogenic sprouts from pre-existing normal vessels can
occur as it does in normal adult tissues and wound healing.
However, another mechanism involves malignant cells
forming vascular channels in a process termed
“vasculogenic mimicry” (59). Since the cells lining these
“vessels” are derived from the tumor, it seems likely that
these are the “endothelial” cells that express high levels of
TF in the setting of malignancy. TF-expression in
angiogenic vessels in malignancy is often associated with
thrombosis. We hypothesize that a lack of TF expression
around angiogenic vessels during normal healing is a
protective mechanism to prevent thrombosis of the vessels
during their early development while they are delicate and
leaky.

In spite of the fact that TF is reduced or absent
around vessels, the overall expression of TF near a skin
wound is increased. Wound healing is delayed in diabetic
humans and in animal models of diabetes. In diabetic mice,
TF is not upregulated to the same extent as in wild type
mice (47). When somatic gene transfer was used to increase
TF levels in the wounds of these diabetic mice, more TF
was seen in the leading edge of the migrating epidermal
cells; fibrin deposition in the wound bed was increased; and
wound healing time was restored to normal (47). In
addition, vascular endothelial growth factor (VEGF)
expression by the squamous epithelium was increased and
this was associated with an increased number of angiogenic
vessels in the wound bed. These results suggest that both
coagulant and non-coagulant functions of tissue factor
might be important in the proliferative phase.

3.4. Remodeling or resolution phase

Remodeling of the wound site can continue for
weeks or months as proliferation stops, the overall
cellularity of the site declines, the inflammatory infiltrate
resolves, most of the newly formed vessels regress and the
structure of the wound site collagen is reorganized. The
bulk of the tissue at the wound site shrinks and the contour
of the tissue returns to near normal or even smaller than its
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original size as the cells are replaced by acellular
connective tissue (scar). As the proliferation declines and
the remodeling phase ensues, TF expression in the
squamous epithelium declines to baseline levels, and
vessels in the deep dermis recover their surrounding coat of
TF (22). Thus, along with the restoration of tissue
structure, the balance of TF expression is also restored.

4. PERSPECTIVE

In summary, the data support the conclusion that
TF plays multiple important roles in wound healing. These
include the obvious role in coagulation, and also as a
mediator of signals involved in proliferation, inflammation
and immune responses. However, TF expression and
activity is differentially regulated. It is upregulated at the
leading edge of the healing epithelium, but downregulated
around pre-existing and angiogenic vessels. The increased
expression of TF in squamous epithelium seems to
contribute to closure of the surface epithelial defect.
Downregulation of TF around angiogenic vessels may
serve to protect the leaky developing vessels from
thrombosis. Importantly, TF seems to play a different role
in normal healing than it does in tumor angiogenesis. In
this setting TF expression by vascular lining cells seems to
drive angiogenesis, but also contributes to thrombosis of
tumor vessels. This suggests that a better understanding of
the subtleties of TF’s roles may allow development of more
finely targeted anti-angiogenic therapies to treat
malignancies and other pathologic conditions.
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