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Abstract Recurrent fetal loss affects 1–5% of women of
childbearing age. Immunological mechanisms may account
for 40% of recurrent miscarriages, and in particular, the
antiphospholipid syndrome (APS) appears to be implicated
in 7–25% of the cases. Because antiphospholipid (aPL)
antibodies have thrombogenic properties, fetal loss in
patients with APS has been ascribed to thrombosis of
placental vessels. However, we have shown that inflamma-
tion, specifically activation of complement with generation
of the anaphylotoxin C5a, is an essential trigger of fetal
injury. Thrombosis and inflammation are linked in many
clinical conditions. Tissue factor (TF), the major cellular
initiator of the coagulation protease cascade, plays impor-
tant roles in both thrombosis and inflammation, and its
expression is increased in patients with APS. Here we
describe how TF, acting as a proinflammatory molecule,
induces trophoblast injury and fetal death in a mouse model
of APS. Importantly, we will discuss how TF contributes to
C5a-induced oxidative burst in neutrophils leading to
trophoblasts and fetal injury in APS. The finding that TF
is an important effector in aPL-induced inflammation may
allow the development of new therapies to abrogate the
inflammatory loop caused by tissue factor and improve
pregnancy outcomes in patients with aPL antibodies.
Statins downregulate TF-induced inflammation and rescued
the pregnancies in aPL-treated mice, suggesting they may
be a good treatment for women with aPL-induced preg-
nancy complications.

Keywords Pregnancy loss . Antiphospholipid antibodies .

Tissue factor . Neutrophils . Protease-activated receptors

Introduction

The antiphospholipid syndrome (APS) is associated with
repeated miscarriages and fetal loss. The pathogenesis of
pregnancy failures in APS has been related to the
thrombophilic effect of antiphospholipid antibodies (aPL).
However, we have shown that inflammation plays a crucial
role in fetal injury. Using a mouse model of aPL-induced
fetal loss, we identified neutrophils as crucial mediators in
fetal death. In this review, we will discuss the role of TF,
the major cellular activator of the coagulation cascade, in
inflammation and fetal injury in aPL antibody-treated mice.
We will describe how TF, acting as a proinflammatory
molecule rather than a procoagulant molecule, contributes
to neutrophil activation, trophoblast injury and fetal loss in
APS. We will also discuss the advantages of targeting TF
expression with stains as a new therapeutic strategy to
prevent miscarriages.

APL antibodies and pregnancy loss

Since the 1950s, aPL has been associated with recurrent
miscarriages [1]. Since then, the association between the
presence of aPL and the occurrence of repeated spontane-
ous abortions has been extensively reported [2–7]. Anti-
phospholipid antibodies are a leading cause of pregnancy
loss and pregnancy-related morbidity. Epidemiologic stud-
ies have shown that recurrent miscarriage occurs in 3–5%
of couples, that up to 20% of women with recurrent
miscarriage have aPL antibodies, and that in approximately
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15% of otherwise apparently normal women, aPL is the
sole explanation for recurrent fetal loss [8, 9]. Pregnancy
loss is a defining criterion for the APS [10, 11]. APS is
characterized not only by recurrent fetal loss but also by
vascular thrombosis. The association of aPL antibodies
with abnormalities of coagulation in vivo has led to the
hypothesis that the cause of pregnancy failure is a
coagulopathy within the placenta. Thus, the primary
treatment for these patients is anticoagulation with heparin
and/or aspirin [12, 13]. Anticoagulation throughout preg-
nancy is inconvenient, sometimes painful, expensive, and
fraught with potential complications, including hemorrhage
and osteoporosis. Moreover, anticoagulation is often inef-
fective. Using a mouse model of aPL-induced pregnancy
loss, we demonstrated that inflammation rather than
thrombosis plays an important role in the pathogenesis of
fetal injury. We identified TF as a crucial mediator in
aPL-induced recurrent miscarriages. The newly identified
mechanism for fetal injury holds the promise of new, safer
and better treatments.

Tissue factor and embryo development: a double
edged-sword

TF is best known as the primary cellular initiator of blood
coagulation. After vessel injury, the TF-FVIIa complex
activates the coagulation protease cascade, which leads to
fibrin deposition and activation of platelets. Besides
initiating the coagulation process, TF contributes to a
variety of biological processes. Recent studies indicate that
TF plays a role in embryogenesis, metastasis, and tumor-
associated angiogenesis [14–16]. TF is expressed during the
early stages of both human and murine embryogenesis and
targeted disruption of the murine TF (mTF) gene results in
embryonic lethality [17–19]. TF null embryos exhibit
abnormal development of the yolk sac leading to embryo
wasting and death. Vitelline vessels from TF null mice are
deficient in smooth-muscle alpha-actin-expressing mesen-
chymal cells, which participate in organization of the vessel
wall. This implies that tissue factor has a role in blood
vessel development [19]. However, inducible expression of
TF in a variety of pathological conditions, including gram-
negative sepsis, atherosclerosis, and cancer, is associated
with life-threatening complications [20–22]. TF contributes
to inflammation and cell injury by interacting with
protease-activated receptors (PARs) [23]. Complexes of
TF-FVIIa and TF-FVIIa-factor Xa (FXa) as well as FXa
and thrombin induce pro-inflammatory signals by activat-
ing (PARs) and inducing the expression of TNF-α,
interleukins, and adhesion molecules [24–26]. While TF is
required for blood vessel formation during embryogenesis,
aberrant TF expression can lead to trophoblast injury and

fetal wastage. In this review, we will describe how TF-
dependent signaling in neutrophils is responsible for fetal
damage in a mouse model of APS. TF expression on
neutrophils and formation of a TF-FVIIa complex increase
TF oxidative activity and thus contribute to the immuno-
logical attack on the conceptus in the APS.

aPL antibodies and tissue factor

Knowing that aPL antibodies are thrombogenic and TF is
the initiator of the coagulation cascade, many groups
considered the possibility that increased TF expression is
present in patients with APS. Indeed, a number of groups
have reported increased expression of TF on monocytes
from patients with APS [27–29]. In a recent study, Nojima
et al. measured the expression of TF on monocytes from
patients with systemic lupus erythematosus and found a
strong association between high levels of monocyte TF and
the presence of aPL antibodies [30]. A number of in vitro
studies support a direct role for aPL in inducing monocyte
TF expression. Incubation of normal monocytes with IgG
from patients with APS, purified aPL IgG, or monoclonal
aPL-induced TF expression and activity [31–33]. In
particular, anti-β2GPI human monoclonal antibodies de-
rived from APS patients enhance monocyte TF mRNA and
activity in a β2GPI-dependent fashion [34]. Similarly, aPL
antibodies (and specifically anti-β2GPI antibodies) have
been shown to induce TF, along with inflammatory
cytokines and adhesion molecules, on endothelial cells
[35–37]. Recently, increased TF activity in carotid artery
and peritoneal macrophages was described in a mouse
model of aPL-induced thombosis [38]. Ritis et al. reported
that complement activation is involved in aPL-induced TF
expression on neutrophils. In this study, complement
component C5a through interaction with C5a receptor
induced TF synthesis and expression on neutrophils [39].

Tissue factor enhances inflammation in aPL-induced
pregnancy loss

Using a mouse model of APS, we demonstrated that
inflammation plays a crucial role in fetal injury [40, 41].
Passive transfer of aPL antibodies into mice induced fetal
resorption ([40]; Table 1). We found that neutrophil
depletion with monoclonal antibodies rescued the pregnan-
cies in aPL-induced treated mice ([40]; Table 1). Knowing
that TF expression is a characteristic feature associated with
aPL antibodies; we sought to investigate whether TF
contributes to aPL-induced fetal loss in mice. Mice treated
with aPL antibodies showed strong TF staining throughout
the decidua and on embryonic debris. In contrast, mice
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treated with control antibodies displayed weak TF staining,
which was restricted to the ectoplacental cone region and
intact embryo [42]. Surprisingly, neither increase in fibrin
staining nor thrombi was associated with increased TF
staining in deciduas from aPL-treated mice [42]. Moreover,
we have previously shown that anticoagulation with hirudin
and fondaparinux was not sufficient to prevent pregnancy
loss in this model ([41]; Table 1). Neither TF increase nor
fetal death was observed in mice deficient in complement
component C5a receptor (C5aR) treated with aPL ([40, 42];
Table 1), demonstrating the importance of C5a-C5aR
interaction in TF expression and fetal death in this model
of APS.

To assess the importance of TF in aPL-induced fetal
injury, we inhibited TF with a monoclonal anti-mTF
antibody 1H1 [42]. TF blockade prevented fetal death in
aPL-treated mice ([42]; Table 1). Blockade of TF not only
rescued pregnancies, it also diminished aPL-induced com-
plement component C3 deposition and neutrophil infiltra-
tion in deciduas [42].

To confirm that TF is required for aPL-induced fetal
loss, we studied pregnancy outcome in mice expressing low
levels of TF [42]. We found that low TF mice treated with
aPL antibodies were protected from fetal loss compared
with wild-type mice treated with aPL antibodies ([42];
Table 1). That blockade of TF with antibody 1H1 and
genetic reduction of TF prevents inflammation and fetal
injury demonstrates that TF is a crucial effector molecule in
aPL-induced pregnancy loss.

In addition low TF females mated with wild-type males
were protected from aPL-induced pregnancy loss, suggest-
ing that maternal TF is crucial for pathology in this model.
To distinguish the role of trophoblasts TF from that of
myeloid cells, we performed experiments in TFfloxed/floxed/
LysM-Cre mice that do not express TF on myeloid cells

[42]. These mice were protected from aPL-induced preg-
nancy loss, emphasizing the key role of TF in maternal
myeloid cells (42, Table 1). TFfloxed/floxed/LysM-Cre mice
treated with aPL showed normal pregnancies and dimin-
ished decidual inflammation compared with wild-type
mice, suggesting that TF expression on neutrophils modu-
lates the ability of the neutrophil to induce tissue injury.
Indeed, neutrophils from TFfloxed/floxed/LysM-Cre mice
treated with aPL showed a lower generation of oxidants
and less phagocytic capacity than neutrophils from aPL-
treated TFfloxed/floxed control mice. Less free-radical-
mediated lipid peroxidation in deciduas was also observed
in TFfloxed/floxed/LysM-Cre mice treated with aPL when
compared with aPL-treated TFfloxed/floxed control mice that
express TF, suggesting that TF modulates oxidative burst in
neutrophils and placental lipid peroxidation [42].

Collectively, this data demonstrates that TF on maternal
neutrophils is critical in the pathogenesis of aPL-induced
fetal loss and reveals a functional linkage between
complement components, TF and neutrophil activation.
C5a–C5aR interaction on neutrophils results in increased
TF expression leading to neutrophil activation. Activated
neutrophils release reactive oxygen species and proteolytic
enzymes leading to decidual damage and fetal wastage. TF
acts as an important pro-inflammatory mediator in aPL-
induced fetal injury [42].

Activation of neutrophils by the tissue factor—factor
VIIa—PAR-2 axis mediates fetal death in APS

Knowing the crucial role of TF and inflammation in aPL-
induced fetal injury led as to investigate the mechanism by
which TF contributes to inflammation in aPL-induced
pregnancy loss. Agonists of PARs, notably of PAR-2,

Table 1 Different strategies (genetically modified mice, monoclonal antibodies, anticoagulants, and statins) used to identify the role of TF, the
source of TF, and the mechanism responsible for placental injury and fetal death in aPL-treated mice

Strategy Target Outcome in APS mouse

mAb anti-Gr1 Neutrophils Pregnancy protection

mAb 1H1 Tissue factor (TF) Pregnancy protection

Low TF mice TF Pregnancy protection

Fondaparinox Coagulation Fetal loss

Hirudin Coagulation Fetal loss

TF floxed/floxed/LysM-Cre mice Tissue factor on neutrophils Pregnancy protection/Inhibition of neutrophil; activation

mAb 10H10 TF-VIIa signaling Pregnancy protection/Inhibition of neutrophil activation

mAb 5G9 TF procoagulant activity Pregnancy protection/Inhibition of neutrophil activation

TF δCT/δCT mice TF-PAR-2 signaling Inhibition of neutrophil activation

PAR-2 deficient mice PAR-2 Pregnancy protection/Inhibition of neutrophil activation

Pravastatin TF and PAR-2 Pregnancy protection/Inhibition of neutrophil activation

Simvastatin TF and PAR-2 Pregnancy protection/Inhibition of neutrophil activation
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induce inflammation in many diseases associated with
neutrophil infiltration and alterations in epithelial perme-
ability [43–45]. Therefore, TF-mediated signaling through
PARs may promote inflammation leading to trophoblast
injury and pregnancy loss. In order to investigate the role of
PAR-2 in aPL-induced TF-mediated neutrophil activity, we
first studied PAR-2 synthesis and expression in neutrophils
from aPL-treated mice. FACs analysis revealed increased
PAR-2 expression on neutrophils from aPL-treated mice
when compared to control antibody-treated mice [46]. A 5-
fold increase in PAR-2 mRNA expression was also
observed in neutrophils from aPL-treated mice when
compared to untreated mice or mice treated with control
antibodies [46]. Prompted by our finding that PAR-2
expression was increased in neutrophils from aPL-treated
mice and that increased reactive oxygen species (ROS)
production and phagocytosis was observed in neutrophils
from aPL-treated mice, we determined if PAR-2 signaling
was involved in neutrophil activation. For this purpose, we
studied neutrophils from PAR-2 deficient (PAR-2−/−) mice.
The genetic deletion of PAR-2 dramatically reduced
neutrophil activation in aPL-treated mice [46]. ROS
production and phagocytosis were significantly reduced in
neutrophils from PAR-2−/−mice treated with aPL compared
with aPL-treated wild-type mice. Specific monoclonal
antibody 10H10 that selectively blocks TF-VIIa signaling
through PAR-2, but not antibody 5G9 that only prevents TF
procoagulant activity, prevented oxidative burst and in-
creased phagocytosis in mice treated with aPL ([46];

Table 1). These results are in accordance with our previous
observation that anticoagulation does not rescue pregnan-
cies in APS [41]. In addition, neutrophils from TF δCT/
δCT mice that carry a mutation in the cytoplasmic domain
involved in PAR-2 signaling did not show increased
oxidative stress and phagocytosis in response to aPL
([46]; Table 1). This data reinforces the idea that TF-
FVIIa signaling is required for neutrophil activation and
fetal injury in APS.

Accordingly to the diminished neutrophil activity ob-
served in aPL-treated PAR-2 deficient mice, genetic
deletion of PAR-2 also reduced inflammation in deciduas
and rescued pregnancies in aPL-treated mice ([46]; Table 1).
PAR-2-deficient mice were protected from aPL-induced
fetal injury. These data demonstrate the importance of TF-
FVIIa-PAR2 interaction in neutrophil activation and fetal
death in this model of APS.

Statins downregulate TF and PAR-2 and prevent
miscarriages in aPL-treated mice

In addition to lipid lowering, statins have shown anti-
inflammatory effects [47–49]. It has been demonstrated that
statins suppressed TF expression in various cell types [50,
51]. Knowing that TF is a crucial mediator in aPL-induced
pregnancy loss and that statins diminish TF expression, we
investigated if statins can prevent pregnancy loss in aPL-
treated mice. In accordance to our hypothesis, simvastatin

APL antibody

C5aR

C5a

Oxidative injury

Pregnancy loss
Trophoblast

*

Neutrophil
activation

*

*
*

*
*

**

Reactive
Oxygen
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Fig. 1 Proposed mechanism of TF-induced neutrophil activation in
fetal death in APS. APL antibodies bind to trophoblasts where they
activate the complement cascade leading to the generation C5a. The
engagement of C5a with its receptor C5aR on neutrophils results in
TF and PAR-2 expression. TF forms a ternary complex with FVIIa

and FXa that activates PAR-2. PAR-2 activation increases neutrophil
activation (reactive oxygen species (ROS) production) leading to
trophoblast injury and fetal death. Activated neutrophils also release
C3, factor B and properdin amplifiying the complement cascade,
generating more C5a and creating an inflammatory loop
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and pravastatin prevented fetal loss in aPL-treated mice
([46]; Table 1). In addition, FACs experiments showed that
statins prevented TF and PAR-2 expression on neutrophils
from aPL-treated mice [46] and thus prevented neutrophil
activation ([46]; Table 1). APL-dependent increase in free-
radical-mediated lipid peroxidation in decidual tissue was
also ameliorated by treatment with statins [46]. These
results suggest that statins prevent aPL-induced neutrophil
activation, thus protecting trophoblasts from oxidative
damage and rescuing the fetuses.

We recognize that these studies were conducted in mice
and that clinical trials are needed to confirm its application
to humans. However, given that statins are not major
teratogens [51, 52] and considering the beneficial effects of
statins in our animal studies, we postulate that statins may
be a good treatment for women with aPL-induced preg-
nancy complications.

Collectively, our studies provide a compelling case that
TF has a proinflammatory role in pregnancy loss induced
by aPL antibodies. Maternal aPL antibodies bind to the
trophoblasts and activate the complement system in the
placenta (Fig. 1). Engagement of C5aR triggers expression
of TF by neutrophils, resulting in generation of reactive
oxygen species, injury to fetal trophoblast cells and
ultimately loss of the fetus. TF binds and activates
coagulation factors in maternal blood to form the ternary
TF/FVIIa/FXa complex. Engagement of PAR2 via this
initiation complex of blood coagulation results in neutro-
phil activation. Statins prevent C5a-induced upregulation of
TF and PAR2 expression, thereby inhibiting the release of
reactive oxygen species and suppressing amplification
of complement activation by factors released from neutro-
phils. Statins may hold promise as a therapeutic approach to
APS-associated pregnancy complications.
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