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Summary

Over the past 15 years, transgenic mice have been generated that carry defective
and/or mutant alleles of the natural anticoagulant genes, thereby displaying a
spontaneous thrombotic phenotype. With the generation of these mouse lines,
better opportunities became available for investigating both existing and novel risk
factors for venous thrombosis. In addition, these models could serve as a tool for
evaluating novel antithrombotic strategies. In this review, we will summarize these
mouse models and evaluate whether they have fulfilled the expectations.
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Introduction

Mice are at present the most frequently used experimental animals. Their
popularity is mainly due to their short breeding time, and easy low-cost
maintenance. More importantly, as we have gained extensive knowledge of the
mouse genome, mice have also proven to be extremely useful for carrying out
genetic modification like transgenesis and gene targeting. However, because
regular inbred mice do not develop venous thrombosis spontaneously, their use in
animal research on venous thrombosis has been quite limited. A thrombotic
phenotype could only be obtained by crude experimental approaches like ferric
chloride induced injury, mechanical injury, photochemical injury or ligation induced
stasis (reviewed in 1’2). Although such models provide some insight into the
thrombotic tendency under different genetic and environmental circumstances,
there are important limitations. The major drawback is that these models lead to
thrombus formation in normal blood vessels by inducing endothelial damage (in a
largely platelet dependent process), whereas venous thrombi in humans are
formed under conditions of stasis and/or hypercoagulability. In addition, subtle
effects on the thrombotic tendency, which are a hall-mark of human studies, cannot
be detected in these inducible mouse models. Finally, these models do not allow
evaluation of the effects of prolonged exposure to certain inherited and acquired
risk factors.

A potential breakthrough to circumvent these limitations came with the
development of transgenesis and gene targeting in mice. These techniques allow
the introduction of genes, the mutation of genes, or the knock-out of complete
genes in the mouse genome. This technological advance opened an avenue to
study risk factors for venous thrombosis in a more clinically relevant manner. In the
past 15 years, most genes known to be involved in primary hemostasis, secondary
hemostasis and fibrinolysis have indeed been targeted in mice, resulting in
complete deficiencies, mutated gene products or altered protein levels, and these
models have been extensively reviewed elsewhere.*"

This review will focus on genetic mouse models for venous thrombosis and
therefore we evaluate the results of deletions and modifications of natural
anticoagulant factors, as they are key elements in altering the venous thrombotic
risk. Gene modifications in murine tissue factor pathway inhibitor, antithrombin and
the proteins involved in the protein C pathway, including protein C,
thrombomodulin, the endothelial protein C receptor and factor V (factor V Leiden)
yielded mouse lines with spontaneous thrombotic phenotypes. These phenotypes
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range from mildly enhanced tissue fibrin deposition, to lethal thrombosis-induced
consumptive coagulopathy.

With the generation of these mouse lines, better opportunities became available for
investigating both existing and novel risk factors for venous thrombosis. In addition,
these models could serve as a tool for evaluating novel antithrombotic strategies.
Here we will summarize the mouse models that lack or carry mutant anticoagulant
factors and display a spontaneous thrombotic phenotype. Furthermore, we
evaluate whether these mouse models based on genetic modification have fulfilled
the expectations, i.e. whether these models contributed to our understanding of risk
factors that modulate the venous thrombotic risk, and if they have provided novel
strategies for evaluating antithrombotic therapies.

Tissue factor pathway inhibitor

Tissue factor pathway inhibitor (TFPI) directly inhibits activated factor X (FXa), and
subsequently inhibits the tissue factor/factor Vlla (TF/FVlla) complex which is
responsible for the initiation of coagulation. Mice deficient in TFPI were generated
by disruption of the Kunitz domain 1 (TFPI“'"), which is required for TF/FVlla
inhibition." ™ Homozygosity for this mutation results in embryonic lethality and
examination of TFPI'" embryos revealed a severe thrombotic phenotype including
signs of yolk sac hemorrhage, immunoreactive fibrin(ogen) in the liver and
intravascular thrombi, symptoms that are indicative for a consumptive
coagulopathy. Mice heterozygous for the TFPI mutation have plasma TFPI activity
levels about 50% of wild-type mice, are fertile and do not display a thrombotic
phenotype.'*™

Chan et al. showed that the survival rate of TFPI mice depends on the level of
FVIL." When FVII levels are decreased genetically - by crossing with FVII knock-
out mice - homozygous TFPI deficient mice survive the embryonic period.
However, after birth the combined knock-out still succumbs due to a perinatal
consumptive coagulopathy. In line with this study, it appeared that a low level of
tissue factor (TF) (obtained by crossing the TFPI mutant mice with mice expressing
a low levels of human TF) also rescues the intrauterine lethality of TFPI deficient
embryos.“r”16 Surprisingly, in contrast to the perinatal death observed in TFPI
deficient mice having a decreased FVII level, TFPI"/low TF mice are viable and
show no signs of thrombosis. Also, TFPI™/low TF mice do not show signs of
hemorrhage in the lung nor cardiac fibrosis, which is seen in pure low TF mice.

K1-/-
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These studies demonstrated that the severe thrombotic phenotype seen in tissue
factor pathway inhibitor deficient mice can partly be rescued by restoring the
hemostatic balance, i.e. by lowering tissue factor or FVII levels.

Antithrombin

Antithrombin (AT) is a serine protease inhibitor that inactivates several coagulation
proteases that are generated during blood coagulation, particularly thrombin and
FXa. AT deficient mice (AT"’) die in utero and the embryos show extensive
subcutaneous and intracranial hemorrhages. Fibrin deposition was present in the
liver and myocardium but no fibrin was present at the site of hemorrhage, which
might be due to consumptive coagulopathy and/or liver dysfunction, indicating a
severe thrombotic phenotype.17

Although AT mice have significantly reduced plasma antithrombin antigen and
activity levels, their external appearance is normal and they do not show signs of
spontaneous thrombosis."” However, an additional thrombogenic stimulus results
in a mild thrombotic phenotype with increased tissue fibrin deposition as compared
to challenged wild-type mice.®

Because heparin is an important enhancer of antithrombin activity, mice have been
generated that carry a mutation in the heparin binding site of AT, which
corresponds to the R47 mutation frequently seen in AT deficient patients.19 Mice
homozygous for this mutation (ATm’m) are born, but exhibit extensive fibrin
deposition and develop spontaneous life-threatening thrombosis, predominantly in
the heart and liver.

To evaluate whether diminished tissue factor activity could rescue the
hypercoagulability of AT mice, AT deficiency was introduced on a low TF
background.20 However, the resulting AT"/low TF mice die in utero and exhibit
disseminated thrombosis in the liver and heart.

The rather mild thrombotic phenotype of AT*" mice and the more severe phenotype
of AT™ mice, make these mice a potentially suitable model for studying risk
factors of thrombosis and antithrombotic strategies. Until now, only AT™ mice
have been used for this purpose. Dewerchin et al. have shown that the human
monoclonal anti-FVIII antibody LCL-mAb-LE2E9 efficiently prevents thrombosis
(presented as priapism) in male AT™™ mice, indicating that FVIIl is a potential
target for anticoagulation therapy.?'
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Protein C pathway

The protein C pathway consists of two circulating proteins, protein C (PC) and
protein S, and two endothelial transmembrane proteins, thrombomodulin (TM) and
the endothelial protein C receptor (EPCR). Furthermore, the factor V Leiden (FVL)
mutation also affects the protein C pathway as FVL leads to an increased APC
resistance. All of these genes, except protein S, have been inactivated and
modified in mice, and will be discussed below.

Protein C

Activated protein C, in association with its cofactor protein S, can cleave FVllla and
FVa, thereby inhibiting coagulation. Homozygous PC deficient embryos show early
signs of thrombosis, beginning at the embryonic age of 12.5 days (E12.5).2
Although some PC” pups are born, they do not survive beyond 24 hours after
delivery. Microscopically, scattered microvascular thrombosis in the brain and focal
liver necrosis was seen, as well as hemorrhages in the brain. This combination of
thrombosis and bleeding in the brain is indicative of a consumptive coagulopathy.
Whereas complete PC deficiency leads to embryonic lethality, PC*" mice appear
healthy and reproduce normally.22 As is seen in heterozygous AT deficient mice,
heterozygous PC deficient mice also exhibit more pronounced intravascular fibrin
deposition, but only after a thrombogenic stimulus.?

Mice with severe PC deficiency (PC levels less than 4%; these mice were
generated by introducing a PC gene construct back into the PC deficient mice)
survive beyond birth and develop spontaneous thrombosis characterized by large
thrombi and fibrin depositions in the lungs, liver and heart.* The survival of these
mice, and the onset and severity of the thrombotic phenotype, strongly depends on
the actual plasma PC levels.

To determine whether the coagulopathy in PC” embryos can be compensated by
additional deletion of the FVII gene, double deficient mice were generated.”® PC™
embryos with heterozygous FVII deficiency are born but die of consumptive
coagulopathy. Double homozygous deficient embryos show from day E12.5 intra-
and extravascular coagulopathy, resulting in hemorrhages and immediate death
after birth.

However, PC deficient mice can be rescued from embryonic lethality by a
combination with FXI deficiency.26 The resulting double homozygous mice can live
up to 3 months but eventually die of thrombotic diseases as is demonstrated by
massive systemic fibrin depositions.
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Taken together, these data show that interruption of the protein C pathway by
deleting protein C itself generates several prothrombotic phenotypes. These
phenotypes range from a slightly increased thrombotic risk as is seen in PC*" mice,
to severe spontaneous thrombotic events present in mice with very low PC levels.
Several gene-gene interactions have been studied, resulting in the rescue of
completely PC deficient mice when it is combined with FXI deficiency, although
these mice develop spontaneous thrombosis later in life. This has led to the
opportunity to study protein C deficiency in adult mice, and suggests a role for the
intrinsic pathway to manipulate the thrombotic outcome.

Endothelial protein C receptor

EPCR can bind protein C, thereby facilitating the rate of PC activation by the
thrombin-thrombomodulin complex. Total EPCR deficiency leads to intrauterine
death.?’ It has been suggested that thrombosis at the maternal-embryonic interface
might contribute to embryonic death, as the developing placenta is positively
stained for fibrin.

EPCR"" mice develop normally, appear healthy and do not show apparent
thrombotic complications upon a thrombogenic stimulus.?”?® In contrast to the
EPCR™ embryos, mice with very low EPCR levels are viable, and do not show
increased fibrin deposition after a challenge as compared to wild-type mice.”

In an attempt to determine the cause of the embryonic lethality, Li et al. used
conditional knock-out strategies to selectively express EPCR in the embryo or in
the placenta.*® Embryonic EPCR expression in the absence of placental
expression could not circumvent the embryonic lethality. In contrast, ablation of
EPCR in the embryo but not in the placenta resulted in viable EPCR deficient mice
with an age-dependent spontaneous thrombotic phenotype. In addition, the
combination of EPCR deficiency with low TF activity (less than 1%) is also able to
rescue EPCR deficient mice by preventing local thrombin generation at the
maternal-embryonic interface.®

Summarizing, EPCR expression in the placenta (in particular trophoblast cells) is
essential for the maintenance of pregnancy, as only embryonic EPCR can be
selectively knocked-out without resulting in embryonic lethality. A low level of
EPCR expression is able to maintain a normal phenotype and only a total
deficiency of EPCR results in a severe thrombotic phenotype.
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Table 1: transgenic mouse models of venous thrombosis.

Gene Genotypef| Thrombotic phenotype” Reference
Tissue factor TFPI"'™" Embryonic lethality, 12,13
pathway inhibitor consumptive coagulopathy
TFPI*™" Normal phenotype 12,13
TFPI"/FVII™" or Embryonic lethality, 15
TEPIKFVITT consumptive coagulopathy
TFPI"""/low TF Normal phenotype 16
Antithrombin AT” Embryonic lethality, 17
consumptive coagulopathy
AT Normal phenotype, 18
unless challenge
AT™™ Fatal thrombosis at later age 19
AT /low TF Embryonic lethality, 20
consumptive coagulopathy
Protein C PC” Embryonic lethality, 22
consumptive coagulopathy
PC* Normal phenotype, 23
unless challenge
Low PC (<4%) Fatal thrombosis at later age 24
PC"/FVII" or Perinatal death, 25
PCTIFVIIT consumptive coagulopathy
PCT/FXI™ Fatal thrombosis at laterage 26
Endothelial protein EPCR™ Embryonic lethality, placental 27
C receptor thrombosis
EPCR"" Normal phenotype 27
Low EPCR Normal phenotype 29
EPCR™/low TF Normal phenotype, 30
unless challenge
Thrombomodulin ™" Embryonic lethality, 31,32
developmental retardation
™™ Normal phenotype 31,32
*TMProPe Fibrin deposition 32-34
TMLox Partial embryonic lethality, 38
Fatal thrombosis at later age
Factor V Leiden *FyY Fibrin deposition 42
FVYYFVINT or Restore ability clot formation 43
FVYYFIX*”
FVYYGLA™ Fibrin deposition, 44
non-fatal occlusive thrombi
FVYYTEPI™ Perinatal lethality 45
FV¥pz* Perinatal lethality 46-48

11 Additional abbreviations: TFPI¥': tissue factor pathway inhibitor with a disrupted Kunitz 1 domain; low TF: reduced tissue factor
levels; AT™™: antithrombin with R48C mutation; TMP°®: thrombomodulin with E387P mutation; TMLox: endothelium-specific
thrombomodulin loss; FV¥: factor V with R504Q mutation (factor V Leiden); GLA: a-galactidose A; PZ: protein Z.

# Normal phenotype implicates no thrombosis present, evaluated or challenged. * Phenotypes depend on genetic strain.
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Thrombomodulin

Endothelial membrane bound thrombomodulin (TM) forms a complex with thrombin
and inhibits the amplification loop of the coagulation cascade by activating protein
C. Mice with a complete TM deficiency die before embryonic day 9.5 and it is
suggested that this is due to an inhibition of growth and development, secondary to
a defect in the parietal yolk sac.*"* TM*" mice show a 50% reduction in TM levels
compared to wild-type mice, but they appear normal and are free of thrombotic
events.*
The knock-in of a TM mutation at position 387 (glutamic acid to proline), which is
thought to cause a loss of protein C co-factor activity, bypasses embryonic
lethality.** The TMP®*™ mutation leads to a severely reduced capacity to generate
activated PC and to inhibit thrombin. This in turn results in a mild thrombotic
phenotype with fibrin depositions in the spleen, heart and Iung.32'35 Overt
thrombosis occurs only in the presence of an additional pathological challenge.***
Interestingly, these results depend on the genetic background of the mouse.
TMPP mice with a mixed 129Sv/C57BL/6J background show intravascular fibrin
depositions whereas these depositions are not present in TMP"® mice with a
C57BL/6J background.**

Using tetraploid aggregation, Isermann et al. showed that restoring TM expression
in extraembryonic tissue can rescue TM" mice from early embryonic lethality.
However, absence of TM from the endothelium still causes late embryonic lethality
due to consumptive coagulopathy.37 Furthermore, using a conditional (Cre/LoxP)
approach the same research group showed that the endothelium-specific loss of
TM results in partial embryonic lethality.*** Mice that survive to birth, and beyond,
are born healthy and lack a visible thrombotic phenotype until the age of two to
three weeks. After this period, all mutant mice develop severe thrombosis,
terminating in a lethal consumptive coagulopathy.

In conclusion, these studies have been extremely valuable in unraveling the
functions of thrombomodulin. As the thrombotic phenotype of TMPP® mice is
variable and dependent on interaction with secondary genetic modifiers, this model
is attractive as a tool for future research on risk factors that modulate the venous
thrombotic risk and to study novel strategies for antithrombotic therapies.

Factor V Leiden

Normally, factor V (FV) is degraded by activated protein C (APC), but due to an
arginine to glutamine substation at position 506 in the human FV gene (also known
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as the factor V Leiden (FVL) mutation4°), FV is more resistant to the actions of
APC. This mutation of the FV gene is the most common genetic risk factor for
venous thrombosis in humans.

In 1998 Yang et al. showed that the murine R504Q mutation in the FV gene, which
corresponds to the human FVL mutation, results in partial APC resistance.*' Cui et
al. generated mice carrying this homologous mutation in the FV gene by a gene-
targeting knock-in approach.*? Adult hetero- and homozygous mice (FV’® and
FVY?) are fertile and exhibit normal survival, but FV¥® mice reveal evidence for
chronic low-grade thrombin generation, resulting in fibrin deposition in multiple
tissues. As with the TM"®"™® mice, the genetic background of the mouse is
important for the thrombotic phenotype, with the mixed 129Sv/C57BL/6J
background being more prone to developing fibrin depositions than C57BL/6J
mice.

FV¥? mice have been crossed with hemophilia A (FVIII"") and hemophilia B (FIX™)
mice.* The hemophilia mice show spontaneous hemorrhages and are not able to
form thrombi after vascular injuries. However, an additional FVL mutation (FV"’Q or
FVY9) can restore the ability to form a thrombus after injury.

Fabry disease, a deficiency in a-galactidose A (GLA), is associated with premature
vascular events that, in human, may be thrombotic in nature.** When GLA™ mice
are mated with FV¥? mice, the offspring shows greatly increased fibrin deposition
and occlusive thrombus formation as compared with mice with only one defect.
This indicates a synergistic interaction between GLA deficiency and factor V
Leiden.

Eitzman et al. demonstrated that a modest reduction in TFPI levels, which is by
itself not sufficient to cause a thrombotic phenotype, combined with FV¥? is nearly
completely fatal in the early perinatal period.45 FVYY TFPI*" mice show increased
fibrin deposition, suggesting disseminated thrombosis. The same holds for protein
Z (PZ) deficiency: PZ" mice appear healthy and have no signs of vascular
thrombosis or hepatic fibrin depositions, whereas in combination with Fvee
mutation intrauterine and perinatal thrombosis results, eventually leading to
mortality.*®*®

Recently, Sood et al. described a mouse model in which TM and EPCR variants
are experimentally validated as modulators of pregnancy success in FV¥¢
mothers.*® It appears that the interaction between these thrombotic risk factors has
different consequences on disease manifestation, depending on the vascular bed
in which the interaction occurs.
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In the FVL mouse model, the severity and phenotypic expression of spontaneous
thrombosis is proven to be variable and dependent on interaction with secondary
genetic or environmental modifiers, including the genetic background of the mouse,
FVII, FIX, a-galactidose, TFPI and protein Z. Thus, the FVL model represents
important aspects of thrombophilia and thrombosis in humans, and has proven to
be valuable to validate existing, and develop novel, concepts of disease
mechanisms in human.

Discussion

Mouse models that lack or carry mutant anticoagulant factors yielded several
insights regarding the role of these factors and provided several mouse models that
display a spontaneous thrombotic phenotype. In mice, complete deficiencies of
natural anticoagulants results in many cases in embryonic lethality, mostly related
to hemodynamic dysfunction. This demonstrates that anticoagulant factors are
crucial for embryonic survival, and explains why complete deficiencies are rare in
humans.? In contrast to complete deficiencies, heterozygous deficiencies coincide
with normal survival. For antithrombin and protein C, deletion of one allele results
in an increased thrombotic tendency, however, only when an additional thrombotic
stimulus is applied. These latter two models, as well as the TMP°P® and FV®?
mice, display a mild thrombotic phenotype characterized by tissue fibrin deposition
as a sign of chronic low-grade thrombosis.

To circumvent embryonic lethality, different models have been developed, resulting
in viable mice with a strong thrombotic tendency or a spontaneous thrombotic
phenotype. These models include the homozygous mutation in the heparin binding
site of AT, severe protein C deficiency, combined complete PC/FXI deficiency,
TMP™P and deletion of TM expression on endothelial cells. Interestingly, some of
the thrombotic phenotypes in these models are dependent on the genetic
background of the mice.

The generation of genetic thrombosis models was expected to provide better
opportunities to study risk factors for venous thrombosis, and novel antithrombotic
drugs. The question is whether the models discussed in this review indeed have
fulfilled these expectations. Severe spontaneous thrombosis models can be useful
for testing new antithrombotic strategies. However, to our knowledge, Dewerchin et
al. were the only to employ such a model for evaluating the use of a monoclonal
anti-FVIIl antibody in preventing thrombosis.’
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Of the mouse thrombosis models that followed from deletion and/or mutation of
anticoagulant factors, the FVY? model appears to be particularly successful in
studying risk factors for venous thrombosis. The FVY® model demonstrates that
the intensity of the thrombotic phenotype can be modified by other apparently
neutral prothrombotic factors. Examples are TFPI and protein Z; since they
emerged as candidate modifying genes for thrombotic risk in human FV Leiden
carriers.

It is possible that the use of mice displaying a spontaneous thrombotic phenotype
will become more popular in studying gene-gene and gene-environment
interactions. For example, pro- and anti-inflammatory genes are potential candidate
genes in modulating thrombotic risk, and prothrombotic mice like AT"", PC*,
TMPP™ and FV¥? mice could be of great value in a first validation of these
candidate genes. In addition, epidemiological findings in large case-control studies
have yielded several environmental risk factors, like estrogens, progestins, obesity,
pregnancy and malignancies. Perhaps it is possible to recapitulate the effect of
these risk factors in prothrombotic mice, which would give a unique opportunity to
dissect the underlying mechanisms.

A maijor breakthrough in the application of mice displaying spontaneous thrombotic
phenotypes could also come from whole genome mutagenesis screens that are set
up to identify genes that counteract the thrombotic phenotype. In these studies
mice with a lethal prothrombotic phenotype are randomly mutagenized, in the
expectation that some mutations will rescue the mice. To our knowledge such
screens are currently ongoing but have not been published in full.*® In the future,
these screening programs can provide additional information on protective gene-
gene and gene-environment interactions. This is of particular interest, as the
mouse models also have taught us that thrombosis is a multi-causal disease that
not only depends on prothrombotic risk factors but also on protective factors like
the deficiency in a procoagulant factor.

Although the use of genetically altered mice in thrombosis research was thought to
be a major breakthrough, providing excellent opportunities to study the interaction
between different risk factors and to study novel antithrombotic strategies, we
consider their application at present limited. However, we are convinced of the
potential of these models and think that the limited use of these models is because
they are time-consuming and labour-intensive, rather than that these are
inappropriate for studying venous thrombosis.
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