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Role of Tissue Factor in Cancer
Raj S. Kasthuri, Mark B. Taubman, and Nigel Mackman

A B S T R A C T

Tissue factor (TF) is a transmembrane glycoprotein that localizes the coagulation serine protease
factor VII/Vlla (FVII/VIla) to the cell surface. The primary function of TF is to activate the clotting
cascade. The TF:FVIla complex also activates cells by cleavage of a G-protein coupled receptor
called protease-activated receptor 2 (PAR2). TF is expressed by tumor cells and contributes to a
variety of pathologic processes, such as thrombosis, metastasis, tumor growth, and tumor
angiogenesis. For instance, tumor cells release TF-positive procoagulant microparticles into the
circulation and these may trigger venous thromboembolism in patients with cancer. TF on
circulating tumor cells also leads to the coating of the cells with fibrin that traps them within the
microvasculature and facilitates hematogenous metastasis. In addition, TF:FVlla-dependent acti-
vation of PAR2 on tumor cells increases tumor growth via an undefined mechanism. One
possibility is that PAR2-dependent signaling increases the expression of proangiogenic proteins.
Other studies have reported that endothelial cells in the tumor vasculature express TF and this
may enhance angiogenesis. These results suggest that inhibition of TF should reduce several
pathologic pathways that increase tumor growth and metastasis. This would represent a novel
approach to anticancer therapy. Initial studies using inhibitors of the TF:FVlla complex in mouse
tumor models have produced encouraging results. Nevertheless, additional studies are needed to

determine if this strategy can be successfully translated to the treatment of cancer patients.

J Clin Oncol 27:4834-4838. © 2009 by American Society of Clinical Oncology

Tissue factor (TF) is a transmembrane glycoprotein
that is essential for hemostasis. It binds the coagula-
tion serine protease factor VII/VIIa (FVII/VIla) to
form a bimolecular complex that functions as the
primary initiator of coagulation in vivo." The TF/
FVIla complex activates both FX and FIX and leads
to the generation of thrombin and fibrin. Thrombin
also activates platelets by cleavage of protease-
activated receptors (PARs).” TF is constitutively ex-
pressed at high levels in adventitial fibroblasts of the
vessel wall and this facilitates the rapid activation of
the coagulation cascade after injury.>* TF can also be
induced in the smooth muscle cells and endothelial
cells of the vessel wall under various pathologic con-
ditions,>® resulting in a prothrombotic state. TF is
also expressed in a tissue-specific manner with high
levels in a variety of tissues, such as the brain, heart,
kidney, and placenta.” This pattern suggests that TF
provides additional hemostatic protection to these
vital organs. In support of this notion, both the in-
hibition of TF in mice with normal levels of TF and
mice with reduced levels of TF exhibit bleeding in
certain tissues, including the heart and brain.”

Very low levels of TF are present in the blood of
healthy individuals. This so-called circulating TF is
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mostly present in the form of microparticles (MPs),
which are submicron membrane vesicles derived
from apoptotic and/or activated cells.® The role of
circulating TF in healthy individuals has not been
defined.”'” Blood also contains soluble forms of TF,
including alternatively spliced TF.'® However, the
absence of the transmembrane domain greatly re-
duces the procoagulant activity of this alternatively
spliced TE."!

Many studies have shown that levels of circu-
lating TF in the form of MPs are increased in various
diseases, including cardiovascular disease, sepsis, di-
abetes, and cancer.® This MP TF likely contributes to
the increased incidence of thrombosis observed in
these diseases. One study showed that TE-positive
MPs isolated from the pericardial blood of cardiac
surgery patients increased venous thrombosis in the
rat model."

In endotoxemia and sepsis, TF expression by
cells within the vasculature leads to disseminated
intravascular coagulation. Monocytes appear to be
the major source of intravascular TF in many dis-
eases, such as sepsis. For instance, bacterial lipopoly-
saccharide induces monocyte TF expression and the
release of TF-positive MPs in vitro and in vivo.'*'*
We found that decreasing TF expression in hemato-
poietic cells reduced the activation of coagulation in
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a mouse model of endotoxemia.'® Other cell types, such as endothelial
cells, can also express TF in vitro.'® In addition, TF staining of endo-
thelial cells has been observed in the splenic microvasculature and at
branch points in the aorta of septic baboons.'”'® However, it is unclear
if this staining is due to TF expression by the endothelial cells them-
selves or deposition of leukocyte-derived, TF-positive MPs. We have
found that selective deletion of the TF gene in endothelial cells does
not reduce the activation of coagulation in endotoxemic mice
(Pawlinski and Mackman, unpublished data).

TF is expressed by all types of cancers. Importantly, TF-
dependent activation of coagulation has been implicated in cancer-
associated thrombosis and metastasis (Fig 1). In addition to its
procoagulant activity, TF has cell signaling properties. Formation of
the TF:FVIIa complex on the surface of tumor cells leads to cleavage
and activation of the G-protein—coupled receptor PAR2. The TF:
FVIIa-PAR2 signaling pathway appears to promote tumor growth
and tumor angiogenesis (Fig 1). This review will discuss how TF
expression by tumor cells may contribute to thrombosis, metastasis,
tumor growth, and tumor angiogenesis.

The incidence of thrombosis is significantly increased in patients with
cancer compared with the general population. Cancer is associated
with a four-fold increase in the risk for venous thromboembolism
(VTE) and chemotherapy further increases this risk to between six and
seven-fold compared with that in the general population.'® Overall,
the occurrence of VTE in patients with cancer is associated with
increased morbidity and mortality.*® The epidemiology of cancer-
associated thrombosis is discussed in detail elsewhere in this issue.
Many recent reports have suggested a role for TF in the develop-
ment of cancer-associated thrombosis. TF expression has been re-
ported in a number of cancers, such as glioma, pancreatic cancer,
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Fig 1. Tissue factor (TF) contributes to tumor growth, angiogenesis, metastasis,
and thrombosis in patients with cancer. TF expression by tumor cells may
increase the growth of tumors by increasing cell survival and/or increasing
angiogenesis. TF expression by tumor cells in the blood enhances metastasis by
activating coagulation and platelets. Release of TF-positive microparticles by
tumor cells and host cells into the blood may trigger venous thromboembolism.
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non-small-cell lung cancer, colorectal cancer, renal cell cancer, ovar-
ian cancer, prostate cancer, hepatocellular cancer, and breast cancer.*!
The level of TF expression varies among different types of cancers and,
in general, increases with advanced cancer stage.”* Interestingly, the
incidence of thrombosis in patients with tumors expressing higher
levels of TF, such as brain and pancreatic cancer, is greater than in
those with tumors expressing lower levels of TF, such as breast can-
cer.” For instance, increased TF expression in biopsies of patients with
pancreatic cancer was shown to correlate with a greater incidence of
VTE.* Similarly, increased TF expression in resected ovarian cancers
was found to be an independent predictor of risk for VTE.* There are
also reports of increased TF expression in resected squamous cell
carcinoma®® and increased levels of circulating TF in patients with
lung cancer,””*® although no data was provided on the incidence of
VTE in these studies.

There is support for the notion that increased levels of circulating
TF contributes to the prothrombotic state in patients with cancer.
Tumor cells themselves are likely to be an important source of the
elevated levels of circulating TF. An early study by Dvorak et al*’
showed that cancer cells shed procoagulant plasma membranes (com-
monly referred to as MPs). The authors proposed that these MPs may
account for the activation of the coagulation system associated with
malignancy. Many other studies have now shown that a variety of
tumor cells release TF-positive MPs. Tumor-derived TF-positive MPs
may gain access to the bloodstream via leaky vessels within the tumor
vasculature (Fig 1). The presence of a tumor may also elicit a host
response that leads to induction of TF expression in monocytes and
possibly endothelial cells, both of which are known to shed TF-
containing MPs. Currently, the relative contribution of tumor cells
and host cells to this pool of circulating TE-positive MPs is unknown.

Treatment of patients with chemotherapeutic agents and/or
radiation may promote TF expression and/or the release of TF-
positive MPs, resulting in an increase in the levels of circulating TF.
An early study reported that treatment of endothelial cells with
chemotherapeutic and antiangiogenic agents increased TF activity
without increasing TF expression.”® More recently, it was shown
that doxorubicin and epirubicin increased TF activity in endothe-
lial cells by inducing the exposure of the anionic phospholipid
phosphatidylserine.”’ However, another study reported that cis-
platin induced the release of procoagulant MPs from endothelial
cells that lacked TF.?* These differences appear to be due to the fact
that endothelial cells can sometimes express low levels of TF depend-
ing on the culture conditions.

Mouse tumor models have been used to measure the levels of
circulating TF. We found that mice containing human colorectal
tumors had detectable levels of human TF antigen in the circulation.*
We noted an association between tumor size and human TF antigen
levels in the plasma with higher levels noted in mice with larger
tumors. In addition, tumors expressing higher levels of TF released
more TF into the circulation than tumors expressing lower levels of
TF. Another study with mice containing human pancreatic tumors
found a positive correlation between the levels of plasma tumor-
derived human TF activity and thrombin-antithrombin complex, a
marker of activation of coagulation. Taken together, these results
suggest that tumors are a significant source of circulating TF that
likely promotes a hypercoagulable state. Indeed, we found that low
TF mice containing Lewis lung carcinomas were protected against
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cyclophosphamide-induced toxicity,”” suggesting that TF contributed
to the death of these mice.

Recent studies have focused on circulating TF-positive MPs and
their role in cancer-associated thrombosis in humans. One report
found an association between increased levels of circulating TF-
positive MPs and the incidence of VTE in patients with advanced
pancreatic and breast cancer. Higher levels of circulating TF-positive
MPs were also associated with decreased overall survival.*® In another
study, the number of TF-positive MPs was two-fold higher in patients
with advanced colorectal cancer compared with healthy controls.””
Moreover, levels of TF-positive MPs correlated with levels of D-dimer,
which is derived from degraded fibrin and elevated in patients with
VTE. We evaluated the association between circulating TF-positive
MPs and development of VTE prospectively in 11 patients with pan-
creatic cancer. We found that the two patients that had the highest
levels of TF antigen and MP TF activity in serial plasma samples
subsequently developed VTE.*®

In summary, there are emerging data that an increase in circulat-
ing TF, primarily in the form of TF-positive MPs, may be associated
with an increased risk for thrombosis in patients with cancer. How-
ever, it has yet to be established whether or not levels of circulating TF
can be used as biomarkers of thrombotic risk. Prospective studies are
being performed to determine if levels of MP TF are predictive of VTE
in patients with cancer. In addition, the use of clinical probability
models to estimate the risk of VTE in cancer that incorporate biomar-
kers, such as MP TF, are currently in progress.

An important mechanism of tumor metastasis is via the intravascular
space—so-called hematogenous metastasis. Although such hematog-
enous metastasis can occur directly in the form of tumor emboli, it is
likely that components of the host clotting system contribute to
this process.

Several studies have shown that tumor cell TF plays an important
role in hematogenous metastasis. In a mouse model of pulmonary
metastasis, inhibition of TF with a variety of agents, such as anti-TF
antibodies and tissue factor pathway inhibitor, reduced tumor
metastasis.””*' Tumor TF may enhance metastasis by inducing the
coating of the tumor cells with fibrin that would trap the cells in the
microvasculature, thereby aiding metastasis. Thrombin also activates
platelets, leading to the formation of platelet-fibrin thrombi in the
microvasculature. In support of this mechanism, tumor metastasis is
decreased in various mice, including those deficient in fibrinogen, and
in those deficient in PAR4, which are resistant to activation of platelets
by thrombin.*>** Clinical case series have also reported a correlation
between TF expression and tumor metastasis in patients with colorec-
tal and lung cancer.** Formation of a clot around the tumor cells in the
circulation also prevents killing of the tumor cells by natural-killer
cells.*>*® Thrombus formation in the microvasculature may also acti-
vate the endothelium and induce the expression of adhesion mole-
cules that facilitate tumor cell migration into the extravascular space.

In summary, TF expression by tumor cells appears to enhance
tumor metastasis, probably via activation of both the coagulation
cascade and platelets. From a clinical standpoint, these observations
provide a rationale for the use of antithrombotic agents as adjuvants in
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the treatment of patients with cancer. Clinical trials are needed to
examine this prospectively in the clinical setting.

TF expression by tumor cells has been implicated in enhanced tumor
growth and angiogenesis. TF has been reported to be expressed on
endothelial cells within the tumor vasculature,*” although this obser-
vation has not been universal.*®* One would think that increased TF
expression on endothelial cells would induce thrombosis and tumor
death, rather than promote tumor growth. However, TF expression by
endothelial cells has been proposed to enhance angiogenesis.*” One
study showed that increased TF expression in tumor cells was associ-
ated with increased expression of the proangiogenic protein vascular
endothelial growth factor (VEGF) and increased tumor size in mice.>
In human tumors, high levels of TF expression are associated with
increased VEGF expression and with increased vascularity.* A role for
TF in angiogenesis was also suggested by the finding that complete
deletion of the TF gene in mice led to a defect in remodeling of the yolk
sac vasculature and death at embryonic day 9.5.>' A subsequent study
showed that development of the yolk sac vasculature required TF-
dependent thrombin generation and PARI activation on endothelial
cells.>® However, it should be noted that the cellular processes involved
in the development of the yolk sac vasculature and tumor angiogenesis
may be very different. A recent study investigated the contribution of
host-derived TF to tumor neovascularization in B16F1 melanoma and
Lewis lung carcinoma cells.”® Growth of both of these tumors was not
affected by reducing TF expression in the host, but BI6F1 tumors in
low-TF mice had smaller blood vessels compared with tumors in
control mice.

Much of the early work on TF expression in tumors was correlative
and did not provide direct evidence that TF actively contributed to
tumor growth. More recently, however, a study showed a direct role
for TF in tumor growth. Strikingly, a selective reduction in TF expres-
sion in colorectal cancer cells using small interfering RNA dramati-
cally reduced tumor growth in mice.”” Interestingly, the reduction of
TF expression did not affect growth of the tumor cells in vitro, sug-
gesting that TF-mediated enhancement of tumor growth requires a
factor present in vivo that is not present when cells are grown in vitro.
Alikely candidate is FVIIa, which would form a TF:FVIIa complex on
the surface of tumor cells in vivo leading to activation of PAR2-
dependent signaling.”” TF-dependent thrombin generation and acti-
vation of PARI on tumor cells may also increase tumor growth.
Inhibition of the TE:FVIIa complex either with a tissue factor
pathway inhibitor or with a nematode anticoagulant protein called
NAPc2 reduced growth of B16 melanomas in mice.”* Another study
showed that a TF-blocking antibody reduced vascularization, VEGF
expression, and growth of human carcinomas in immunodeficient
mice.”® It was proposed that the inhibition of tumor growth may be
mediated through a nonhemostatic, TF signaling—dependent mecha-
nism because inhibition of the downstream coagulation serine
protease FXa was ineffective.* In support of this idea, selective
inhibition of TF:FVIIa signaling using a monoclonal antibody
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called 10H10 reduced breast tumor growth in mice.>® 10H10 does
not inhibit TF procoagulant activity. Finally, mice lacking PAR2,
but not PARI1, exhibited reduced tumor growth in a model of
spontaneous mammary tumors.”” Despite these studies, the precise
mechanism by which the TF:FVIIa-PAR2 pathway enhances tumor
growth remains to be fully elucidated. Activation of this pathway may
increase tumor growth by directly enhancing tumor cell survival
and/or by increasing the expression of proangiogenic proteins, such as
VEGF and interleukin 8%

TF AND ANTITUMOR STRATEGIES

Two very different antitumor strategies have been developed that
involve TF. The first targets a modified version of TF to the tumor
vasculature where it induces local thrombosis.” Thrombogens are
chimeric proteins consisting of a targeting domain and a procoagulant
domain. The targeting part of the chimera selectively recognizes the
tumor vasculature and localizes the thrombogen to the tumor. An
example of a targeting peptide is GNGRAHA, which targets amino-
peptidase N and the integrin avf33 on the tumor vasculature.®® The
procoagulant domain induces thrombosis within the tumor vascula-
ture and the subsequent destruction of the tumor. A truncated form of
TF (tTF) lacking the transmembrane domain is commonly used as the
procoagulant domain. tTF has limited procoagulant activity in the
circulation because it cannot localize FVIIa to a cell surface. However,
it induces thrombosis when it becomes localized on the surface of the
tumor vasculature via the targeting domain. A concern with this
strategy is that adding the thrombogen to cancer patients with elevated
levels of circulating TF may increase the risk of thrombosis.

The second strategy utilizes TF itself as a target for antitumor
therapy. Some of the early work used an immunoconjugate molecule
composed of a tumor-targeting domain conjugated to the Fc effector
domain of human immunoglobulin G1.°""** In this case, FVII was
used to target TF-positive cells within the tumor, such as tumor cells
themselves and possibly endothelial cells within the tumor vascula-
ture. This strategy was designed to kill any cell that expressed TF.
Direct injection of the immunoconjugate into the tumor was the
preferred route of delivery to maximize tumor killing and minimize
killing of TF-positive host cells that protect against bleeding. However,
the main concern with this strategy remains bleeding, which could

occur if the immunoconjugate escapes the tumor and enters
the bloodstream.

Given that inhibition of the TF:FVIIa complex with either an
anti-TF antibody or NAPc2 reduced tumor growth in mouse models,
another potential approach is to use either an anti-TF antibody or a
small molecule inhibitor of FVIIa to inhibit the TF:FVIla complex in
patients with cancer. This would inhibit both the procoagulant and
signaling activities of the TF:FVIIa complex. In addition, as described
above, selective inhibition of TF-dependent signaling may reduce
tumor growth without inducing bleeding. Inhibition of PAR2 may
result in a similar reduction in tumor growth. However, strategies that
selectively block signaling of the TF:FVIIa-PAR2 pathway may not be
as effective as those that block both signaling and procoagulant activ-
ities of TF because they will not impact thrombosis and metastasis. In
summary, antitumor strategies involving TF hold promise and need to
be evaluated further in the clinical setting.

There is compelling evidence that TF plays a role in many aspects of
cancer biology including thrombosis, metastasis, tumor growth, and
tumor angiogenesis. The use of circulating TF levels as biomarkers of
thrombotic risk is currently being evaluated and could lead to the
identification of a subset of patients that are at high risk for thrombo-
sis. In the future, these patients could be treated with low molecular
weight heparins or the new orally available anti-FXa and antithrombin
anticoagulants. Finally, inhibition of the TF:VIla complex holds
promise as a novel approach to reduce both thrombosis and tu-
mor growth.
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