Arteriosclerosis,
Thrombosts, and
Vascular Biology

o
JOURNAL OF THE AMERICAN HEART ASSOCIATION Learn and leesu

American Heart
Associatione

Role of Tissue Factor in Hemostasis, Thrombosis, and Vascular Development
Nigel Mackman
Arterioscler Thromb Vasc Biol 2004;24;1015-1022; originally published online Apr
29, 2004;
DOI: 10.1161/01.ATV.0000130465.23430.74
Arteriosclerosis, Thrombosis, and VVascular Biology is published by the American Heart Association.
7272 Greenville Avenue, Dallas, TX 72514
Copyright © 2004 American Heart Association. All rights reserved. Print ISSN: 1079-5642. Online
ISSN: 1524-4636

The online version of this article, along with updated information and services, is
located on the World Wide Web at:
http://atvb.ahg ournals.org/cgi/content/full/24/6/1015

Subscriptions: Information about subscribing to Arteriosclerosis, Thrombosis, and Vascular

Biology isonline at
http://atvb.ahajournal s.org/subscriptions/

Permissions: Permissions & Rights Desk, Lippincott Williams & Wilkins, a division of Wolters
Kluwer Health, 351 West Camden Street, Baltimore, MD 21202-2436. Phone: 410-528-4050. Fax:

410-528-8550. E-mail:
journal permissions@I|ww.com

Reprints: Information about reprints can be found online at
http://www.Ilww.com/reprints

Downloaded from atvb.ahajournals.org by on November 29, 2009


http://atvb.ahajournals.org/cgi/content/full/24/6/1015
http://atvb.ahajournals.org/subscriptions/
mailto:journalpermissions@lww.com
http://www.lww.com/reprints
http://atvb.ahajournals.org

Role of Tissue Factor in Hemostasis, Thromboss, and
Vascular Development

Nigel Mackman

Abstract—Tissue factor (TF) is best known as the primary cellular initiator of blood coagulation. After vessel injury, the
TFFVIla complex activates the coagulation protease cascade, which leads to fibrin deposition and activation of
platelets. TF deficiency causes embryonic lethality in the mouse and there have been no reports of TF deficiency in
humans. These results indicate that TF is essential for life, most likely because of its central role in hemostasis. In
addition, aberrant TF expression within the vasculature initiates life-threatening thrombosis in various diseases, such as
sepsis, atherosclerosis, and cancer. Finally, recent studies have revealed a nonhemostatic role of TF in the generation
of coagulation proteases and subsequent activation of protease activated receptors (PARS) on vascular cells. This
TF-dependent signaling contributes to a variety of biological processes, including inflammation, angiogenesis,
metastasis, and cell migration. This review focuses on the roles of TF in hemostasis, thrombosis, and vascular
development. (Arterioscler Thromb Vasc Biol. 2004;24:1015-1022.)
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general scheme of the clotting cascade is shown in

Figure 1. After vascular injury, clotting is initiated by
the binding of plasma FVII/FVllato tissue factor (TF) (also
known as coagulation factor |11 or tissue thromboplastin). The
TF:FVIla complex of the extrinsic pathway initiates blood
coagulation by activating both FX and FIX. The FVIlIaFIXa
complex of theintrinsic pathway provides an aternative route
to generate FXa, which participates in the prothrombinase
complex (FVa:FXa). This complex activates prothrombin to
thrombin, which plays a central role in the coagulation
protease cascade. It activates FXI, which is an aternative way
to generate FIXa.12 Thrombin a so activates FXI11, aswell as
various cofactors, cleaves fibrinogen, and stimulates platelets
via cleavage of protease activated receptors (PARS). Platelets
accelerate the activation of the coagulation cascade by bind-
ing FXI via the receptor glycoprotein Ib-1X-V and by
providing a thrombogenic surface for the assembly of the
prothrombinase complex (FVaFXa).35

See cover

Recent in vitro studies have shown that the coagulation
proteases FVlla, FXa, and thrombin activate various PARSs
(Figure 2). The PAR family consists of 4 members, PAR-1to
PAR-4.57 The TF:FVIla complex activates PAR-2 and FXa
activates both PAR-1 and PAR-2.8-11 Thrombin activates
PAR-1, PAR-3, and PAR-4.7 PAR-1, -2, and -4 are expressed
by a variety of vascular cells, including endothelial cells.”
Interestingly, thrombin activation of human platelets is me-
diated by PAR-1 and PAR-4, whereas thrombin activation of

mouse platelets is mediated by a PAR-3/4 complex.1213
Taken together, these studies suggest that TF, in addition to
its role in coagulation, may contribute to other biological
processes by enhancing signaling in vascular cells via the
generation of coagulation proteases and the activation of
PARs (Figure 2). Recently, we showed that crosstalk between
coagulation and inflammation in endotoxemiais mediated by
PAR-1 and PAR-2.14

Role of TF in Thrombosis

Aberrant TF expression triggers intravascular thrombosis
associated with various diseases, such as atherosclerosis,
cancer, and sepsis (reviewed in*4-17), Importantly, inhibition
of TFFVlla activity reduced coagulation and decreased
mortality in animal models of sepsis.’8-2° |n atherosclerosis,
TF is expressed by macrophage-derived foam cells within
atherosclerotic plagues.2t Moreover, TF levels were higher in
atheroma from patients with unstable angina compared with
stable angina.22 These results strongly suggest that high levels
of TF exposed upon plague rupture trigger thrombosis and
myocardial infarction (Figure 3). Thus, the classical view of
TF is that it is expressed locally within an atherosclerotic
lesion. Inhibition of TF would be expected to reduce throm-
bosis associated with a variety of diseases.

Recent studies suggest that an additional source of TF,
known as blood-borne TF or plasma TF, may also contribute
to thrombosis. In healthy subjects, TF antigen is present in
plasma at amean level of 149 to 172 pg/mL.2324 [mportantly,
several studies have shown that levels of blood-borne TF are
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Figure 1. The coagulation protease cascade. Formation of the
TF:FVlla complex initiates clotting by activating FX and FIX.
Alternatively, FXI can activate FIXa. The prothrombinase com-
plex (FVa:FXa) activates prothrombin (PT). Thrombin activates
various proteases and cofactors. Thrombin cleavage of fibrino-
gen to soluble monomers (SFM), which are cross-linked by
FXllla, and activation of protease-activated receptors (PARs) on
platelets leads to the formation of a clot.

increased in various disease states, such as atherosclerosis,
sepsis, diabetes, and sickle cell disease2>31 Some studies
show a correlation between the levels of blood-borne TF and
acute myocardia infarction.2>3233 Nemerson et a demon-
strated that blood-borne TF in human blood supported clot
formation in vitro.34 In addition, inhibition of TF in a rabbit
model of venous thrombosis reduced thrombus propagation.3s
We have shown that hematopoietic cell-derived, TF-positive
microparticles also contributed to laser injury-induced throm-
bosis in the microvasculature of the cremaster muscle (Chou
J, et a, submitted for publication). In contrast, hematopoietic
cell-derived TF did not contribute to thrombosis induced by
carotid artery injury in the mouse (Day S, et a, submitted for
publication). Differences in these studies may be caused by
differences in the models, type of injury, and the vascular bed.

One controversia issue is the form of blood-borne TF. Many
studies have shown that TF circulates in blood in the form of
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Figure 2. TF, coagulation proteases, coagulation, and PAR sig-
naling. TF-dependent generation of coagulation proteases acti-
vates multiple pathways involved in coagulation and signaling.
Different coagulation proteases activate various PARs on plate-
lets and endothelial cells. In the mouse, thrombin activation of
platelets is mediated via a PAR-3/4 complex.
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Figure 3. Role of TF in thrombus formation after rupture of an
atherosclerotic plaque. TF expressed by foam cells (orange) and
in the necrotic core (yellow) of the plaque would be exposed to
clotting factors in the blood and initiate clotting after plaque
rupture. In addition, blood-borne TF may contribute to thrombus
propagation. TF is constitutively expressed by adventitial cells
(blue). EC, endothelial cells; SMC, smooth muscle cells.

cell-derived microparticles.31-36-38 Other groups suggest that TF
is present in platelets32-41 Incorporation of leukocyte-derived,
TF-positive microparticles into a thrombus appears to be medi-
ated by the binding of PSGL -1 on the microparticle to P-sdectin
on the surface of the activated platelet.#2-44 Findly, it was
recently proposed that an aternatively spliced form of soluble
TF, known as atTF, is the mgor form of blood-borne TF.4
Another significant issue with blood-borne TF is how to mea-
surefunctiond levels. It isclear that levels of blood-borne TF are
very low compared with levelsin the vessel wall, particularly in
hedlthy subjects3746 In addition, microparticles in the blood
have TF-dependent and TF-independent procoagulant activi-
ty.3746 A recent study described a novel assay that overcomes
this problem by measuring TF activity of selectively captured,
TF-positive microparticles#® Further studies are required to
evd uate the relative contribution of vessel wall and blood-borne
TF to thrombosis in atherosclerosis and other diseases (Figure
3).

Interestingly, a recent study showed that elevation of
procoagulant microparticles, a subset of which contained TF,
restored hemostasis in hemophiliac mice.4” Moreover, FVlla
has proven to be a very effective hemostatic agent in
hemophiliac patients and in trauma patients.#¢ The mecha-
nism of action of FVIla has been proposed to be independent
of TF.4° However, the presence of blood-borne TF suggests
that this conclusion should be re-evaluated, and it seems
possible that the hemostatic protection provided by FVlla
may be, in part, caused by its binding to blood-borne TF.

TF Deficiency Is Associated With
Embryonic Death
In 1996, 3 groups independently knocked-out the murine TF
gene.50-52 Al groups reported a high rate (=90%) of lethality
of TF'~ embryos at approximately embryonic day (E10.5).
Two groups proposed that the death of TF~~ embryos was
caused by a hemostatic defect that resulted in fatal embryonic
bleeding.5152 In contrast, we noted a disorganization of the
yolk sac vasculature and proposed that TF may play an
additional nonhemostatic role in blood vessel development.s©
The controversy regarding the phenotype of TF~'~ embryos
was further complicated by the observation that all FVII~"~
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embryos survived embryonic development.>® It was sug-
gested that TF may contribute to vascular development
independently of FVII by enhancing signaling, adhesion, or
chemotaxis.>3 However, subsequent studies have shown that
FVII™~ embryos generated in low-FVII mothers exhibit
defects in the yolk sac vasculature and die at E10.5 in a
similar manner to TF'~ embryos (E. Rosen, personal com-
munication). These data suggest that the transfer of very low
levels of maternal FVII into FVII™~ embryos rescues the
defect in the yolk sac vasculature at E10.5 and permits the
survival of FVII™~ embryos.

We used a transgenic approach to analyze the role of FV1I
binding to TF in the yolk sac vasculature. We found that
transgenes expressing low levels of either wild-type human
TF or human TF lacking the cytoplasmic domain rescued the
embryonic lethality of TF/~ embryos5455 Similarly, em-
bryos expressing wild-type levels of murine TF lacking the
cytoplasmic domain developed normally.5¢ In contrast, a
transgene expressing low levels of human TF with a mutated
extracellular domain that reduced FVII/FVIla binding failed
to rescue TF '~ embryos.55 These resultsindicated that the TF
extracellular domain, but not the cytoplasmic domain, was
required for hemostatic protection and/or structural mainte-
nance of the yolk sac vasculature.

What Is the Phenotype of Embryos Deficient in
Other Clotting Factors and Platelets?

Partial embryonic lethality (30%) was observed in FX ™/~
embryos at E11.5 to E12.5 with no histological defectsin the
yolk sac vasculature.5” However, maternal transfer of FX may
partialy rescue FX ™'~ embryos in a similar manner to the
rescue of FVII embryos by maternal FVII. Approximately
50% of embryos deficient in FV died at mid gestation, and
many of these embryos exhibited defects in the yolk sac
vasculature.58 Two independent groups reported that ~50%
of prothrombin™~ embryos die by E11.5, with 1 group
observing defects in the yolk sac vasculature.59.6° In contrast
to the partial mid-gestational lethality observed in these mice,
fibrinogen null (Fib™'~) embryos did not exhibit any embry-
onic lethality.®! In addition, mice deficient in the transcription
factor, NF-E2, produced few platelets but embryos devel oped
normally.2

Does TF Play a Hemostatic and/or Nonhemostatic
Role in the Maintenance of the Yolk

Sac Vasculature?

Recently, it was shown that mice deficient in both fibrinogen
and PAR-4, which abolishes thrombin-dependent platelet
activation, exhibit no embryonic lethality.e® Similarly, mice
deficient in both fibrinogen and platelets (Fib~' /NF-E27")
survived embryonic development.s* Both these studies sug-
gest that hemostasis may not be required for embryonic
development. However, one must be cautious with this
conclusion. Embryos and embryonic tissues may be exposed
to minimal hemostatic challenge, which would require only
very low levels of fibrinogen and platelets to maintain
hemostasis. It is possible that a low level of hemostatic
protection in Fib~"/PAR-4""~ and Fib~"/NF-E2"'~ embryos
is provided by low levels of thrombin-independent platelet
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activation or a low level of norma platelets. In contrast to
embryonic development, birth exposes embryos to a severe
hemostatic challenge, which would explain why Fib™'"/PAR-
47"~ and Fib™"/NF-E27"~ pups die soon after birth. If we
propose that embryos and extra-embryonic tissue require
some degree of hemostasis, then death of TF'~ embryos
would be caused, in part, by a hemostatic defect.

The first suggestion that there may be a link between TF,
coagulation proteases, and PARSs during development of the
yolk sac vasculature were the reports that ~50% of PAR-1""~
embryos die at E10.5.6566 The phenotype of PAR-1"~ em-
bryos resembled that of TF'~ embryos, aswell asFV '~ and
prothrombin'~ embryos. This suggested that TF-dependent
generation of thrombin and activation of PAR-1 may contrib-
ute to development of the yolk sac vasculature. A subsequent
study demonstrated that endothelial cell-specific PAR-1 ex-
pression rescued PAR-1""~ embryos from death,7 indicating
that PAR-1 expression by endothelial cells was required for
normal development of the yolk sac vasculature. Deficiencies
in either PAR-3 or PAR-4 did not affect embryonic develop-
ment but abolished normal thrombin responses in mouse
platelets.268 Similarly, PAR-2”~ embryos on a mixed ge-
netic background develop normally.se.70

Why does TF deficiency result in 90% embryonic lethality at
E10.5, whereas deficiencies in FV, prothrombin, or PAR-1 al
lead to a 50% embryonic lethdity? One idea is that TF-
dependent generation of coagulation proteases may be required
for both hemostasis and PAR signaling. Importantly, it is highly
unlikely that TF~ embryos can be rescued by maternal transfer
because TF is a transmembrane protein. The mgor signaling
pathway that would be disrupted in TF '~ embryos is thrombin-
PAR-1 signding in endothelia cells. However, TF deficiency
would aso disrupt TF:FVIlaFXa-PAR-1 signaling and
thrombin-PAR-4 signding (Figure 2). In contrast, loss of indi-
vidua downstream proteins, such as prothrombin and PAR-1,
would have a less dramatic effect on signaling in endothelia
cells of theyolk sac (Figure 2). Importantly, when FV deficiency
is combined with PAR-1 deficiency, there is a high rate of
embryonic lethdity (96%),5” which is smilar to that observed
with TF deficiency (90%). FV'"/PAR-1""~ embryos may have
a combined hemostatic and PAR-1 signaling defect in a similar
manner to TF'~ embryos.

Alternatively, the high rate of lethality of FV~"/PAR-17~
embryos may suggest that thrombin activation of other endothe-
lial cell receptorsis required for the development of the yolk sac
vasculature. The most likely candidate is PAR-4. Indeed, a
recent study using endothelial cells from either PAR-17/",
PAR-47", or double knock-out mice (PAR-1"/PAR-47"")
indicated that PAR-1 was the magor thrombin receptor in
endothelia cells but that PAR-4 also contributed to thrombin-
dependent signaling.™ If we apply this scenario to the develop-
ment of the yolk sac vasculature, we could argue that loss of the
major thrombin receptor, PAR-1, would result in adefect in yolk
sac development, whereas loss of the minor thrombin receptor,
PAR-4, may not affect the yolk sac. It is possible that the
surviva of 50% of PAR-1"~ embryos is caused, in part, by
thrombin-PAR-4 signding. The partial redundancy in thrombin-
PAR-1 and thrombin-PAR-4 signaling in endothelia cellsin the
development of the yolk sac can be easily analyzed by deter-
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