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Preface

Thrombophilia is a condition in which the blood tends to hypercoagulate and form
clots. Such tendency is enhanced under special conditions like the prolonged
immobility, surgical stress, and pregnancy.

Although it is conceivable that thrombophilia carriers are mostly prone to thrombotic
events, those events are rare, and not necessarily a person who carries the risk will
ever undergo one of them in the whole lifetime. Thombophilia is not a disease. It is
only a condition that creates greater risks in special situations. There are inherited and
acquired thrombophilias. The biologic research focused on the first has rapidly
expanded in recent years, for the availability of genetic tests and molecular biology.
Those tests allowed to design a new epidemiology of this phenomenon and to
establish new connections between thrombotic events and the carrier status.

Pregnancy has become one of the most studied conditions with surprising results. Two
situations are of crucial interest in pregnancy. Venous thromboembolism and its
correlates is the first. Venous thromboembolism in pregnancy and puerperium is still
one of the leading causes of maternal mortality. It increases with maternal age (and
maternal age is increasing in industrial countries) and with caesarean section (this is
constantly increasing as well). The second situation is the association between
thrombophilia and medical and obstetric disorders in pregnancy (hypertension,
preeclampsia, placental abruptio, intrauterine growth restriction, intrauterine fetal
death, but also miscarriage and recurrent miscarriage), that is the placental
involvement with fetal outcomes, besides the maternal thrombotic involvement. Those
associations triggered an extraordinary scientific interest and the tendency to follow
two clinical shortcuts: the idea of a large, universal, screening, and the pharmacologic
prophylactic intervention. Not having yet large randomized clinical studies, today the
indications are somehow empirical, and many of the most recent guidelines give
controversial and often restrictive statements, mostly money saving-oriented and non-
beneficially proved.

The aim of this book was to go deep in the problem and give to the reader a chance to
form his/her own opinion in studying and treating patients at risk or carrier of a
thrombophilic state.  hope we were able to accomplish this mission.
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Inherited Thrombophilia:
Past, Present, and Future Research

Jorine S. Koenderman and Pieter H. Reitsma
Leiden University Medical Center
The Netherlands

1. Introduction

Thrombophilia is defined as a disorder of hemostasis in which there is a tendency for the
occurrence of thrombosis in veins or arteries due to abnormalities in blood composition,
blood flow, or the vascular wall. The pathogenesis of venous versus arterial thrombosis is
very distinct and these are often considered as separate diseases. The term thrombophilia is
most often used in combination with venous thrombosis. VTE encompasses mainly deep
vein thrombosis and pulmonary embolism.

Venous thromboembolism is a common disease with an annual age-dependent incidence of
1-3 individuals per 1000 per year (Naess et al, 2007). VTE is a serious disease with a thirty
day case-fatality rate of 6.4% after a first VTE event and this rate is twice as high for
pulmonary embolism (9.7%) than for deep vein thrombosis (4.6%) (Naess et al, 2007). VTE
can also lead to complications like post-thrombotic syndrome that is characterized by pain
and ulceration.

Although both sexes are equally affected by a first VTE, men have a more than 2-fold higher
risk for a recurrent VTE as compared to women (Douketis et al, 2011).

VTE is a complex common disease in which multiple risk factors, both acquired and genetic,
are involved in the development of the disease. Many acquired risk factors have been
identified such as surgery, immobilization, trauma, oral contraceptive or hormone
replacement therapy use, pregnancy, malignancy, and advanced age.

This chapter will focus on the genetic risk factors for VTE that have been identified to date
and the research methods that were used to identify these factors in the past as well as new
technological innovations used for the discovery of new genetic risk factors for VTE.

2. Past

2.1 Thrombophilia as monogenetic disease

In 1937, Nygaard and Brown introduced the designation “essential thrombophilia”in a
report describing five cases of vascular disease characterized by recurrent episodes of acute
occlusion in the large and small vessels of extremities, heart, kidney, and brain (Nygaard &
Brown, 1937). In 1956 a survey of the literature that described a familial tendency for
thrombosis was published that also used the term thrombophilia, now to indicate the
hereditary nature of the disease (Jordan & Nandorff, 1956). Such a connection between
inheritance and thrombosis was described as early as in 1911 (Schnitzler, 1926). Further
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studies into the genetic predisposition to thrombosis at the time were hampered by the lack
of suitable tests and limited insight in the pathophysiology of VTE. Thrombophilia was
considered a monogenetic disease starting with the identification of a family with hereditary
antithrombin deficiency in 1965 (Egeberg, 1965).

In 1969, another heritable trait was found to be associated with thrombosis risk: non-O
blood group. Blood group O is less often seen in thrombosis patients than one of the other
blood groups (Jick et al, 1969). Protein C and protein S deficiencies were identified as genetic
risk factors in thrombosis patients following the unraveling of the protein C anticoagulant
system in the late 1970s and 1980s (Griffin et al, 1981; Schwarz et al, 1984). With
improvement in DNA technology, mutations in the genes for antithrombin, protein C, and
protein S that caused the deficiency states could be identified. In the 1990s activated protein
C resistance and the Factor V Leiden mutation were discovered as well as the prothrombin
mutation 20210G>A (Bertina et al, 1994; Poort et al, 1996). The prevalences of these known
‘classic’ genetic risk factors are represented in table 1.

Genetic risk factor General population VTE patients ’Ihr;)mb‘o.pmha
amilies

AT deficiency 0.0002-0.002% 1% 4%

PC deficiency 0.2-0.4% 3-5% 6%

PS deficiency 0.03-0.13% 1-5% 6%

Factor V Leiden 1-15% 10-50% 45%

Prothrombin 20210G>A 1-3% 6% 10%

Non-O blood group 57% 73%

Table 1. Prevalences of major risk factors for VTE.

2.1.1 Antithrombin deficiency

Antithrombin (AT) deficiency was first described in a Scandinavian family in which several
family members presented with thrombotic events and relatively low levels of AT in
plasma. Heterozygous AT deficiency is a rare disorder with a prevalence of 1:500-1:5000 in
the general population (Tait et al, 1994; Wells et al, 1994). AT deficiency is inherited as an
autosomal dominant trait. Most cases are heterozygous and homozygous AT deficiency is
hardly compatible with life and probably embryonic lethal. Heterozygous AT deficiency is
observed in 4% of the thrombophilia families and in 1% of consecutive deep vein thrombosis
patients (Lane et al, 1996).

DNA analyses resulted in the identification of loss of function mutations in the AT gene
(SERPINCI) in people with AT deficiency. AT deficiency can be divided in two subtypes:
type I (quantitative deficiency) and type Il (qualitative deficiency). Type 1 deficiency is
characterized by a reduction of activity and protein levels and accounts for 80% of the
symptomatic patients with AT deficiency. Type I deficiencies are most commonly caused by
short deletions and insertions and to a lesser extend by point mutations. Deletions are
scattered throughout the AT gene, but three regions are often affected (codon 81, codon
106/107, codon 244/245). Recently, also large deletions (more than 30 bp) were identified in
8% of the AT deficient patients by using multiplex ligation-dependent probe amplification
analysis (Luxembourg et al, 2011).
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Type II deficiency is characterized by low activity and normal protein levels. Type 1I
deficiencies result most often from single base pair substitutions that affect the reactive
domain (type Ila) and heparin-binding domain (type IIb). Type Ilc, a category including so-
called pleiotropic defects, is often caused by mutations located in the strand Ic that impair
the function of the reactive domain (Patnaik & Moll, 2008). The Human Gene Mutation
Database describes at present 235 different mutations in the AT gene (Stenson et al, 2009).
Considering all known inherited thrombophilias, AT deficiency appears to lead to the
highest risk for VTE. Risk for developing VTE depends on an individual’s family history,
presence of other mutations, and the subtype of AT deficiency. In particular subtype IIb
confers a lower risk than the other subtypes (Finazzi et al, 1987). Risk estimates for
developing VTE in the presence of AT deficiency are mainly based on family studies and
these show a 10-20 fold increased risk (Lijfering et al, 2009; Mahmoodi et al, 2010; van Boven
& Lane, 1997). The risk for developing a recurrent VIE is 10.5% per year without long-term
anticoagulant treatment. With long-term anticoagulant treatment it still is 2.7% per year
(Vossen et al, 2005).

2.1.2 Protein C deficiency

In 1981 the first patient with protein C (PC) deficiency and recurrent venous
thromboembolism was described (Griffin et al, 1981). The prevalence of PC deficiency in the
general population is 0.2-0.4% and 3-5% for VTE patients, although variation is observed
among different study populations (Franco & Reitsma, 2001).

Homozygous or compound heterozygous PC deficiency is very rare and causes severe
thromboembolic disease and purpura fulminans in newborns (Marlar & Mastovich, 1990).
Heterozygous PC deficiency is more frequently observed and is associated with an
increased risk to develop venous thromboembolism. The inheritance pattern of
heterozygous PC deficiency is not as clear as that of AT deficiency. In general PC deficiency
is inherited as an autosomal dominant disorder, but often with incomplete penetrance. For
homozygous and compound heterozygous PC deficiency recessive inheritance patterns
seems to fit better (Bafunno & Margaglione, 2010; Bereczky et al, 2010).

PC deficiency is primarily caused by loss of function mutation in the protein C gene (PROC).
Mutations are very heterogeneous and the majority are single nucleotide substitutions in the
coding regions of PROC (Bereczky et al, 2010).

PC deficiency is generally subdivided into two types: type I (quantitative deficiency) and type
II (qualitative deficiency). Most PC deficiencies are type I and result mainly from single
nucleotide substitutions in the coding regions of PROC. Type II deficiency is observed in 10-
15% of the cases and often results from missense mutations in regions encoding for the Gla-
domain, the propeptide, or the serine protease domain. In total, 275 distinct mutations in the
PROC gene have been entered into the HGMD database (Stenson et al, 2009). However, still in
10-30% of families with PC deficiency no mutations have been found (Koeleman et al, 1997).
Heterozygous PC deficiency is associated with an increased risk for VTE. Risk estimates for
the development of VTE depend on the population studied and vary between a 3 and 11
fold enhanced risk. The annual recurrent incidence rate is rather high with 5.1% in men and
women combined. In men only, the recurrence risk is 10.8% per year (Vossen et al, 2005).

2.1.3 Protein S deficiency
Three years after the description of the first PC deficient patient, the first protein S (PS)
deficient patient was reported. This patient also encountered recurrent VTE. (Schwarz et al,
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1984). The prevalence of PS deficiency in the general Caucasian population is 0.03-0.13% and
1-5% in VTE patients, but these numbers vary between different populations (Franco &
Reitsma, 2001). Especially in Asians, PS deficiency appears to be more prevalent than in
Caucasians. In Asia, PS deficiency prevalences of 0.48-0.63% (general population), and 12.7%
(VTE patients) have been claimed (Adachi, 2005).

Homozygous or compound heterozygous PS deficiency is rare and causes similar clinical
symptoms as homozygous or compound heterozygous PC deficiency. Almost all PS
deficiency cases are heterozygous. Heterozygous PS deficiency is usually inherited as an
autosomal dominant trait and the mutation spectrum is rather heterogeneous.

Three subtypes of PS deficiency can be distinguished: type I (low activity, total, and free PS),
type II (low activity), and type III (low activity and free PS). Type I PS deficiency is most
frequently observed and often a consequence of missense mutations in the protein S gene
(PROS1). Copy number variations were found in 33% of a group of missense negative patients
with PS deficiency (Pintao et al, 2009). These copy number variations included deletion of the
whole PROSI gene, partial gene deletions and partial duplications. In the Japanese population,
one particular missense mutation, K196E, in the second EGF like domain of protein S is very
abundant and was shown to be a risk factor for DVT (Kimura et al, 2006).

Type II PS deficiency is diagnosed in about 5% of the cases. This type of PS deficiency is
mainly characterized by mutations in sequences of the PROSI gene that encode the Gla-
domain and the EGF4-domain (Baroni et al, 2006). Type I and III deficiency often occur in
the same family as phenotypic variants of the same genetic defect. An age-dependent
increase of PS levels might play a role in these phenotypic expression variations (Simmonds
et al, 1997). However, also families with only type IIl have been described. In the HGMD
database 243 different mutations have been submitted at this moment.

Heterozygous PS deficiency is associated with a 5-11.5 fold increased risk of VTE in family-
based studies, but this could not be confirmed in population-based studies (Rezende et al,
2004). The recurrence rate is, like for PC deficiency, also higher for men (10.5%) than for
women (3.1%). This risk is not apparent in patients using anticoagulants for a long-term
period (Vossen et al, 2005).

2.1.4 Blood group

During a drug surveillance program, patients treated with anticoagulants for venous
thromboembolism showed to have more often blood group non-O than expected. Following
this observation, a cooperative study was performed among women from the USA, UK, and
Sweden that developed venous thrombosis while taking oral contraceptives, during
pregnancy or the puerperium, or at other times. This study confirmed that there was a deficit
of patients with blood group O, and the difference was larger when venous thromboembolism
was associated with either oral contraceptive use or pregnancy (Jick et al, 1969).

Blood group O is associated with lower levels of von Willebrand Factor (VWF) and Factor
VIII. Variation in plasma VWF levels were shown to be explained for 30% by ABO blood
group (Orstavik et al, 1985). Blood group non-O is associated with a 2.6 fold increased risk
for developing venous thrombosis. Blood group A is the main group responsible for the
risk. The risk associated with VWF levels completely disappeared after adjustment for a
particular blood group. However, the risk due to Factor VIII was not changed after
adjustment for blood groups, which indicates that Factor VIII is an independent risk factor
for venous thromboembolism (Tirado et al, 2005).
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2.1.5 Activated protein C resistance and factor V Leiden

Activated protein C resistance (APCR) was identified in 1993 as an inherited abnormality
that was highly prevalent in VTE patients within a family. In some family members, the
activated partial thromboplastin time did not prolong by addition of activated PC to the
plasma (Dahlback et al, 1993). This observation was referred to as activated protein C
resistance and was later detected in 10-50% of VTE patients (Franco & Reitsma, 2001). With
complementation tests, Bertina et al. discovered that APCR could be restored by adding
coagulation factor V. A mutation in the factor V gene that is responsible for the APCR was
identified in 1994 (Bertina et al, 1994). This mutation, often called factor V Leiden, causes a
substitution of guanosine by adenosine at nucleotide position 1691, leading to an amino acid
change from arginine to glutamine at position 506 of the protein. Factor V Leiden is a gain of
function mutation because activated factor V is less sensitive to inactivation by APC, which
facilitates the formation of more thrombin.

Factor V Leiden is quite prevalent in Caucasians (2-13%) (Bafunno & Margaglione, 2010),
but varies among different geographical regions (Figure 1). The distribution of factor V
Leiden is centered in Europe and extends into north India in the east. Factor V Leiden is
introduced in America and Australia through emigration of Europeans. Factor V Leiden is
prevalent in Europe and America, but also in Saudi Arabia and Israel. The mutation is rare
in native populations from Eastern Asia, Africa, and America. In Basques and Inuit’s from
Greenland factor V Leiden is nearly absent. These populations represent autochthonous
European groups that show limited mixing with other Europeans populations. Based on the
worldwide distribution of the prevalences of factor V Leiden a single origin for this
mutation has been hypothesized. Also haplotype analysis supports this hypothesis and
factor V Leiden is therefore thought to be an founder mutation that occurred about 21,000 to
30,000 years ago (Zivelin et al, 1997). The factor V Leiden mutation might have arisen after
the separation of Orientals and Caucasians as clear differences among races have been
observed. (Bauduer & Lacombe, 2005; Herrmann et al, 1997; Rees, 1996)

In Europeans, factor V Leiden is the most common genetic defect involved in the etiology of
VTE. Factor V Leiden is an autosomal dominant trait and heterozygotes have a 5 fold
increased risk to develop VTE, while homozygotes have a 50 fold increased risk (Koster et
al, 1993; Rosendaal et al, 1995).

Studies of the risk of developing recurrent venous thrombosis in the presence of factor V
Leiden showed contradicting results. Most studies do not find an increased risk as
compared to mutation negative subjects (Christiansen et al, 2005; De Stefano et al, 1999;
Eichinger et al, 2002). Some studies found only an increased risk in men but not in women
(Ridker et al, 1995; Vossen et al, 2005).

2.1.6 Prothrombin 20210G>A

The second most prevalent genetic abnormality causing thrombophilia was identified by a
candidate gene approach in 1996 in patients from families with unexplained thrombophilia
(Poort et al, 1996). This mutation is located in the 3’-untranslated region of the prothrombin
gene, at position 20210. The nucleotide change from a guanosine to an adenosine causes no
amino acid change, but probably positively affects polyadenylation and thereby increasing
the mRNA and protein expression leading to increased plasma levels of prothrombin
(Leitner et al, 2008). In heterozygous carriers the plasma levels of prothrombin are increased
with 30% and in homozygous carriers with 70% (Bafunno & Margaglione, 2010).
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Prothrombin 20210G>A is inherited as an autosomal dominant trait and is almost only
observed in Caucasians from Europe. Outside Europe, only one case was observed in India
(Rees et al, 1999). This mutation is found in 1-3% of the general population, in 6% of VTE
patients, and in 10% of probands from thrombophilic families (Franco & Reitsma, 2001).
This mutation was also suggested to originate from a single mutational event that occurred
after the divergence of Africans from non-Africans and of Caucasoid from Mongoloid
subpopulations, like the Factor V Leiden mutation (Zivelin et al, 1998).

Risk for venous thromboembolism is 2-5 fold increased in the presence of the prothrombin
20210G>A mutation. In combination with the Factor V Leiden mutation, risk showed a
multiplicative effect and results in a 20 fold increased risk for VTE (Emmerich et al, 2001).
Recurrence risk for VTE is not increased (Margaglione et al, 1999).

South A
Indians 0

Australia & )
New Zealand 4%

Fig. 1. World distribution of prevalences of factor V Leiden.

2.1.7 Fibrinogen y variants

Fibrinogen consists of 3 polypeptides, Aa, BP, and y, which are encoded by three separate
genes. The gene for the fibrinogen y polypeptide encodes two isoforms. The major mRNA
form contains all 10 exons whereas the minor form (y’) is the result of alternative splicing
and includes intron 9 (de Moerloose et al, 2010). Approximately 10% of fibrinogen contains
the minor isoform and this fibrinogen bears a high-affinity nonsubstrate-binding site for
thrombin, which can cause an inhibition of thrombin activity (Mosesson, 2003).

Elevated levels of fibrinogen are associated with a 4 fold increased risk to develop a VTE
(Kamphuisen et al, 1999), possibly by enhancing blood viscosity and platelet aggregation.
An association study investigating linkage of haplotypes of the three fibrinogen genes
showed that haplotype H2 of the FGG gene was associated with an increased risk for deep
vein thrombosis (Uitte de Willige et al, 2005). This haplotype was also associated with
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reduced fibrinogen Yy’ levels and fibrinogen Yy / total fibrinogen ratio, but not with
fibrinogen levels. The risk conferred by this haplotype was proposed to result from SNP
10034C>T (rs2066865). About 6% of individuals carry the variant 10034C>T and this
increases the risk for VTE two-fold in Caucasians (de Moerloose et al, 2010; Grunbacher et
al, 2007; Uitte de Willige et al, 2009). In African Americans variant 10034C>T only increases
the VTE risk marginally (Uitte de Willige et al, 2009). Variant 10034C>T is located in a GT-
rich sequence region at the 3’-untranslated region of the FGG gene, which contains a
putative cleavage stimulation factor binding site and is involved in the regulation of the
polyadenylation signals (Uitte de Willige et al, 2007). Another variant, 9340T>C, was
discovered to reduce VTE risk in Caucasians but not in African Americans. Variant 9340T>C
reduces the risk approximately two-fold (Uitte de Willige et al, 2009).

3. Present

3.1 Thrombophilia as oligogenetic disease

With the discovery of deficiencies of protein S, protein C, and antithrombin, VTE was first
suggested to be a monogenetic disease. However, in particular protein C deficiency
showed variability in penetrance of the thrombotic phenotype within and between
families, suggesting that additional genetic risk factors were present in these thrombosis
prone families. This notion was confirmed with the finding of APC resistance. Individuals
from families with protein S, protein C, or antithrombin deficiency but also APC
resistance had a higher risk for VTE when they inherited combined defects rather than
only one defect (Koeleman et al, 1994; van Boven et al, 1996). Thus, the penetrance of
thrombosis increases in these protein C deficient families after introduction of the factor V
Leiden allele in the pedigree (Brenner et al, 1996). Carriers of combinations of defects also
presented with thrombosis earlier in life and more frequently. The same was observed in
protein S deficient families, where combined defects of the protein S gene and either the
Factor V Leiden mutation or the prothrombin 20210G>A were found in 40% (Koeleman et
al, 1995; Zoller et al, 1995) and 30% (Castaman et al, 2000) of families, respectively. As a
result, thrombophilia was then suggested to be an oligogenetic disease in which inherited
predisposition results from 2 or more mutations in genes involved in blood clotting
(Miletich et al, 1993).

The heritability of VTE was investigated in family and twin studies resulting in an estimated
heritability of 50-60% (Heit et al, 2004; Larsen et al, 2003; Souto et al, 2000a). Heritability was
also determined for individual coagulation factors involved in clot formation, like
prothrombin (49-57%), factor V (44-62%), and von Willebrand Factor (34-75%) (de Lange et
al, 2001; Souto et al, 2000b). In addition, 20-30% of consecutive VTE patients report one or
more first-degree family members with VTE (Heijboer et al, 1990; van Sluis et al, 2006).
These findings reaffirm that genetic risk factors do play an important role in the
development of VTE.

An important question in the field remains whether there are a multitude of genetic risk
factors that remain to be identified. In 13% of thrombophilia families already two or more
genetic risk factors have been identified. In 60% and 27% of families 1 or no genetic factor
was found, respectively (Bertina, 2001). This firmly suggests that we are still “missing’
genetic risk factors that predispose to venous thromboembolism.
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3.2 Investigation of unexplained heritability

After establishing high levels of heritability in many complex diseases, including VTE,
investigators concluded that many genetic risk factors remained to be discovered. New
hypotheses were formulated to explain in which part of the genome sequence these missing
genetic risk factors were to be found. One of these hypotheses was the ‘common disease
common variant (CDCV) hypothesis’. The CDCV hypothesis states that several common
allelic variants - with appreciable frequency in the population and low penetrance - would
account for the genetically determined variance in disease susceptibility of complex diseases
like VTE. The central idea behind the CDCV hypothesis is that variants causing common
diseases are reasonably frequent in the population, ranging from 1-10% (Collins et al, 1998;
Lander, 1996). Other premises of this hypothesis are that the original mutation arose more
than 100,000 years ago and that the model included absence of selection for or against these
variants to make it possible for the variants to persist at a high frequency in the population.
Evolutionary data suggests a proliferation of the human population from a rather small
group of founders to 6 billion plus and this would be supplementary evidence for the CDCV
theory. The mutation spectrum was likely to be narrow in the founders and a specific
mutant could remain quite common during an expansion of the population (Iyengar &
Elston, 2007).

Before the introduction of the CDCV hypothesis, new genetic determinants were
investigated by linkage studies. Whole genome linkage studies have been performed in
family studies with mini- and microsatellite markers, but later also with single nucleotide
polymorphisms (SNPs). Linkage analysis assumes that many families share defects in the
same locus, while there often is considerable locus heterogeneity in complex diseases, which
will dilute linkage signals. Therefore, association studies of unrelated individuals using
genotyping of a large set of single nucleotide polymorphisms (SNPs) are more appropriate
to use for complex diseases. This approach is directly based on the CDCV hypothesis. With
the finishing of the Human Genome Project (Collins et al, 2003) and the International
HapMap Project (The International HapMap Consortium, 2005) and technological
improvements, like microarrays, more genome wide association studies (GWAS) became
feasible.

In the human genome around 20 million SNPs have been identified and validated (NCBI
dbSNP Build 132). DNA sequences are inherited in blocks with high linkage disequilibrium.
The pattern of SNPs in a block is called a haplotype. These blocks may contain a large
number of SNPs, but determining only a few SNPs, so-called tagSNPs, are required to
identify the haplotypes in a block. Especially the HapMap data has been employed as a
source of information about haplotypes in different populations and tagSNPs. These
tagSNPs were used in GWAS studies to examine genomes for association with a certain
phenotype.

A GWAS study should be designed very carefully to prevent bias and other problems in the
subsequent analyses. The study populations most used in GWASs are case-control studies.
Cases and controls should have the same ethnicity and geographical background to avoid
false positive results due to population-stratification. For case inclusion, strict criteria should
be taken into account to prevent inclusion of phenocopies within the study population.

Type I errors, ie. false-positive results, can be avoided by choosing an appropriate
significance level. In GWAS studies, multiple tests are performed and the significance levels
should be corrected for these multiple comparisons. One way is to apply the Bonferroni
correction, which adjusts the significance level dependent on the number of independent
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comparisons that were performed (Johnson et al, 2010; Risch & Merikangas, 1996). The
Bonferroni correction might be too strict when tested SNPs are in linkage disequilibrium
and therefore should not be considered as independent comparisons. Type 1II errors, false
negative results, can be avoided by using large sample sizes.

Positive results should be replicated in at least 2 other populations. The effect size and
significance of a positive result is often overestimated in the first study. As a consequence, to
replicate a claim, the sample size of the replication studies should be therefore larger than
the original GWAS study.

The CDCV hypothesis was not accepted by the whole field. Opponents argued that in many
complex diseases already a spectrum of disease associated rare variants had become known
in direct contradiction of the CDCV hypothesis which states that only a few variants would
account for the risk in complex diseases (Pritchard, 2001).

The alternative hypothesis put forward by opponents of the CDCV hypothesis was the
‘common disease rare variant hypothesis (CDRV)" that argues that multiple rare variants,
with relatively high penetrance, are the major contributors to genetic susceptibility to
complex diseases. The rare variants would be more important because they were more
likely to be functional or have phenotypic effects (Gorlov et al, 2008; Pritchard, 2001; Schork
et al, 2009). Also the observation of familial clustering of complex diseases strengthened the
CDRV hypothesis (Schork et al, 2009). This hypothesis gained increasing support when the
genetic variation found with GWAS studies explained collectively only a small fraction of
the heritability of any disease in the population.

GWAS studies are not powered for the detection of rare variants. The only strategy available
to identify such rare variants is to sequence DNA directly, either in candidate genes or
whole genome. To perform large studies with conventional Sanger sequencing is very
costly, time consuming, and impossible in practise. With the introduction of next generation
sequencing technologies, high-throughput sequencing of many genes became feasible and at
a reasonably price.

Next generation sequencing can be used for de novo sequencing and re-sequencing
purposes. For humans, re-sequencing is used because the reference sequence is already
known from the Human Genome project (Collins et al, 2003) and will be further improved
by the 1000 Genomes Project (The 1000 Genomes Project Consortium, 2010), which just
finished the pilot study at the end of 2010.

Next generation sequencing was first used for targeted re-sequencing of candidate genes in
just a few subjects. Nowadays, also whole exome sequencing can be performed for a
reasonable price, although the samples sizes in most studies are still limited. The best, non-
hypothesis driven, method would be whole genome sequencing, but this is still quite
expensive especially when using large sample sizes.

Targeted re-sequencing of candidate genes was initially executed by first amplifying the
target sequences by PCR and then sequence these PCR products with a next generation
sequencer. The PCR steps are very time consuming and to accelerate the whole sample
preparation process, a new method was developed: target enrichment. This method uses
predesigned probes to enrich the DNA for the selected target genes and wash away
remaining non-selected DNA sequences.

Next generation sequencers are improving constantly and are generating more and more
reads with increasing read length. As a consequence, the total data output from one
sequencing run is increasing and all these data need to be analyzed. The data analysis of the
sequencing reactions remains a challenge. Especially the distinction of sequencing errors
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from real mutations is difficult and is best served by using a high coverage level, i.e. the
same sequence is analysed multiple times. However, PCR errors that originated in the
sample preparation phase cannot always be distinguished from real mutations and this
problem is not solved by using higher coverage levels. Therefore, findings from next
generation sequencing still have to be confirmed with Sanger sequencing.

In the next three sections, some genome wide linkage analysis studies, GWAS studies, and
high-throughput sequencing studies in the field of thrombophilia will be discussed. High-
throughput sequencing results for VTE are not available and therefore we will discuss some
results from other complex diseases.

3.3 Results from genome wide linkage studies

Several genome wide linkage studies have been performed for venous thromboembolism.
The first one was executed in the Genetic Analysis of Idiopathic Thrombophilia (GAIT)
study (Souto et al, 2000a). The GAIT study consists of 21 extended Spanish pedigrees.
Twelve of these families were selected through probands with idiopathic thrombophilia.
The other 9 families were selected irrespective of any phenotype. Several genome scans
were performed in the GAIT study. For the first scan 363 microsatellite markers were
genotyped (Soria et al, 2002) while 485 microsatellite markers were used in the second scan
(Lopez et al, 2008). Later, a scan employing 307,984 SNPs was performed (Buil et al, 2010;
Malarstig et al, 2009). The investigators focussed on associations between genetic markers
and intermediate phenotypes of VTE, like lipoprotein(a) levels (Lopez et al, 2008), factor XII
levels (Soria et al, 2002), total plasma homocysteine (Malarstig et al, 2009), and C4BP plasma
levels (Buil et al, 2010). In these studies quantitative trait loci were discovered, but these loci
often included the structural gene for the investigated intermediate phenotype. The studies
investigating total plasma homocysteine and C4BP plasma levels were combinations of
linkage and association studies. In one of these, associations were found for SNPs near the
ZNF366 gene and the PTPRD gene, which might suggests novel pathways for homocysteine
metabolism.

The second main genome wide linkage analysis was performed in the Kindred Vermont II
study, which includes a single large pedigree with a high rate of VTE, partly due to type I
protein C deficiency resulting from a single mutation in the protein C gene. Only a subset of
the carriers of this mutation experienced a VTE and therefore a genome scan was performed
including 375 microsatellite markers to investigate the presence of a second thrombophilic
mutation in this pedigree (Hasstedt et al, 2004). Three potential gene loci were found and
109 genes within these loci were re-sequenced. Only one SNP in the CADMI1 gene was
associated with VTE, but this association was limited to the subjects with PC deficiency
(Hasstedt et al, 2009).

The GENES study included 22 families with unexplained thrombophilia (Wichers et al,
2009). Families were included through a proband with VTE and absence of known
thrombophilic defects. This study found that the endogenous thrombin potential (ETP) was
associated with VTE and therefore ETP was used as an intermediate phenotype for VTE.
However, the heritability of ETP was mainly caused by only one large family (128
individuals). In this family, a genome wide linkage scan was performed for quantitative trait
loci influencing ETP and other coagulation and fibrinolysis variables (Tanck et al, 2011). The
highest LOD score (4.8) for PC levels was found on chromosome 20ql1l. Candidate gene
analysis revealed that a locus of the PROCR gene is a genetic determinant for PC levels, as
well as for soluble EPCR levels (Pintao et al, 2011).
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3.4 Results from genome wide association studies

The first large scale association analysis for VTE had a multistage design (Bezemer et al,
2008). In the first stage 19,682 SNPs, selected based on their potential affect on gene function
or expression, were genotyped in pooled DNA samples from the Leiden Thrombophilia
Study (LETS), including 443 cases and 453 controls. This resulted in 1,206 SNPs that were
significantly associated with VTE. These 1,206 SNPs were then replicated in pooled DNA
samples from a subset of the Multiple Environmental and Genetic Assessment of Risk
Factors for Venous Thrombosis (MEGA) study (1,398 cases and 1,757 controls). 104 SNPs
were significantly associated with VTE in this population and these SNPs were
subsequently genotyped in both populations again, but now in the individual samples. 18
SNPs remained associated and were replicated in another subset of the MEGA study.
Eventually, four SNPs located in the CYP4V2/KLKB1/F11 gene cluster and GP6 and
SERPINCI genes were consistently associated with VTE, as well as one SNP in the FV gene
(Bezemer et al, 2010). Odds ratio’s ranged from 1.10-1.49.

The second large-scale association analysis was a genome wide study, including 317,139
SNPs (Tregouet et al, 2009). These SNPs were genotyped in 453 cases and 1,327 controls and
the significant results were replicated in two independent case-control studies. This study
only found consistently associated SNPs with VTE in two known VTE susceptibility genes:
FV and ABO blood group genes. The same authors also attempted to replicate the significant
results found by Bezemer et al. in the two replication populations and confirmed the
associations in the genes CYP4V2 and GP6.

A genome wide association study investigating the intermediate phenotype plasma protein
C levels was performed in a large population of individuals from European ancestry in the
Atherosclerosis Risk in Communities (ARIC) study (Tang et al, 2010). In this study
approximately 2.5 million SNPs were genotyped in 8048 subjects. Plasma protein C levels
were associated with SNPs in the genes GCKR, PROC, PROCR, and EDEM?2. All 4 loci were
confirmed in a replication study including 1376 subjects. A fifth locus in gene BAZ1B was
identified after pooling of the original study and replication study results.

3.5 High-through put sequencing results for complex diseases

High-throughput sequencing technology was first used to sequence a limited number of
candidate genes. The first study that published next generation sequencing driven data
investigated 10 candidate genes in type I diabetes (Nejentsev et al, 2009). These candidate
genes were chosen based on positive association signals found in these genes with a GWAS.
Exons and regulatory sequences of the 10 genes were sequenced in pools of DNA of 48
subject and 480 cases and 480 controls in total. Four rare variants were found in the gene
IFIH1. Association analysis in over 30,000 participants showed that these variants were
associated with a reduced risk with odds ratio’s of 0.51-0.74.

Targeted re-sequencing was also performed for two intervals including the two candidate
genes, FAAH and MGLL, for extreme obesity (Harismendy et al, 2010). These intervals were
sequenced in 142 obese people and 147 controls. Rare variants were found in or near
promoter sequences and other regulatory elements like transcriptional enhancers of these
genes. The intervals including rare variants were associated with extreme obesity. Most of
these variants had minor allele frequencies of <0.01.

For autism, whole exome sequencing was performed in 20 patients and their parents
(O'Roak et al, 2011). Twenty-one de novo mutations were identified and 11 of these were
protein altering. Most of the protein altering mutations were found in highly conserved
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amino acid residues. Potentially causative mutations were identified in 4 of the more
severely affected subjects of the probands in the genes FOXP1, GRIN2B, SCN1A, and
LAMCS.

4, Future directions

Future research of genetics for venous thrombosis and other complex diseases will be
largely based on the technologies that are now becoming available. When the costs to
perform high-throughput sequencing experiments decline further, larger populations can be
sequenced, as well as larger regions of the genome. Nowadays, it is already possible to
capture the whole exome of the human genome for sequencing, but this is still too expensive
to be performed in larger study populations. The ultimate goal is to sequence the whole
human genome. This would be the most unbiased method to investigate genetic risk factors,
because there is no assumption made about the location of variants in the genome or any
pathway that is involved in VTE. Sequencers can generate an increasing amount of data, but
the limiting factor now is the data analysis and the interpretation of the results for the
disease under investigation. Improvements are still required in this field to support research
of rare variants in complex diseases.

Rare variants are probably not the only biological elements that account for the unexplained
heritability for VTE. Future research should also focus on other mechanisms that influence
gene regulation and gene expression. Non-coding RNA molecules can be involved in
chromatin modification, transcriptional regulation, and translational efficiency. Genetic
variability and expression of these non-coding RNA might also have an effect on the
development of diseases. Epigenetic mechanisms, like DNA methylation, also participate in
the regulation of gene expression in a heritable manner. These epigenetic changes are
already associated with the aetiology of some diseases, like cancer, diabetes, and
neurological disorders. Furthermore, it might be worthwhile to use pathway directed
methods in the investigation of complex diseases. Variability in biological systems as a
whole might be more important due to gene-gene interactions than the genetic variability in
separate candidate genes in isolation and this might also be the reason why replication of
results of association studies of candidate genes often fails.

If we get more insight from these data into the genetic architecture of venous
thromboembolism and the pathways that are important in the development of this disease,
personalized prediction and management might become reality.

5. Conclusion

Early studies of genetic risk factors for venous thromboembolism have revealed several
genetic variations like the factor V Leiden and the prothrombin mutation, which increase
the risk of developing venous thromboembolism. Based on studies in thrombophilia
families that were showing variability in penetrance of the phenotype, thrombophilia was
proposed to be an oligogenetic disease. However, the established genetic risk factors do not
explain the total heritability for venous thromboembolism, suggesting that genetic risk
factors remain to be discovered. Association studies have attempted to make such
discoveries by searching for common susceptibility variants, but the contribution of these
studies have been limited. Other studies have to be performed to find new genetic
determinants for venous thromboembolism. The most recent hypothesis is that unique, rare
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variants can explain much of the genetic susceptibility for VTE. With the introduction of
high-throughput sequencing technology, rare variants can now be directly identified by
candidate gene or whole exome sequencing approaches. The data analysis remains the
biggest challenge of these types of studies. The most appropriate and unbiased method to
determine new genes and pathways involved in disease would be a whole genome
sequencing approach, but financially it is not yet possible to do this in large study
populations. Although the focus of research in complex diseases is now mostly on rare
variants, we have to realize that the unexplained heritability for venous thromboembolism
might also reside in other elements that do not change the DNA sequence, but influence
gene expression and regulation through other biological mechanisms.
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1. Introduction

Thrombophilia (TF) is defined as an inherited or acquired tendency to develop thrombosis.
TF creates a state of hypercoagulability, i.e. haemostasis activation without actual clot
formation which can be detected in vitro by specific laboratory techniques. Thrombosis as a
clinical phenomenon, however, only occurs when the balance between pro-coagulant and
anti-coagulant elements of haemostasis is disrupted to such an extent that it leads to clot
formation in the circulating blood.

TF is most commonly associated with an increased risk of thrombosis in the venous system,
i.e. venous thromboembolism (VTE). VIE is a common disease with an annual incidence of
about 1 case per 1000 person-years and is a cause of substantial morbidity and mortality
worldwide (White, 2003). Furthermore, it is a chronic disease that often recurs. A third of
patients with first VTE, experience a recurrence within the next 5 to 8 years. Recurrence is
best prevented since it is fatal in 5 % of patients and late sequelae, such as post-thrombotic
syndrome, are also very common (Schulman et al, 2006). The standard treatment for acute
VTE (unfractionated or low-molecular-weight heparin, followed by vitamin K antagonists
for at least several months) reduces the risk of recurrence by 80 to 90 % (Kearon et al, 2008).
Although ideally all patients should receive long-term treatment with vitamin K antagonists
to reduce the risk of recurrence, one has to bear in mind the 2 -3 % annual incidence of major
bleeding on anticoagulant treatment (Ansell et al, 2008). The duration of anticoagulant
treatment should therefore be tailored individually to optimize the preventive action of
treatment with the minimum risk of bleeding. The likelihood of recurrence varies among
individuals and is strongly influenced by the presence of clinical risk factors. Patients whose
first VTE was triggered by a circumstantial risk factor (provoked VTE) have a lower risk of
recurrence than patients whose event was unprovoked (idiopathic VTE), or who carry
persistent risk factors (Kearon et al, 2008). It is, however, arguable whether the level of risk
estimated from clinical risk factors alone justifies long-term anticoagulation.

For a long time it was thought that screening for TF, a persistent risk factor for VIE, would
facilitate clinical decision-making in determining the duration of anticoagulant treatment.



24 Thrombophilia

Over the past decades knowledge of TF has increased substantially, as did the number of
individuals screened for TF. It was shown that when all known TF defects are considered,
TF is found in about half of patients with the first VTE (Christiansen et al, 2005). However,
routine TF screening is usually limited to those TF defects that carry a strong to moderate
risk of VTE: antithrombin, protein C and protein S deficiencies, factor V Leiden,
prothrombin G20210A mutation (inherited defects) and antiphospholipid antibodies
(acquired defects). Testing for other TF defects, such as hyperhomocysteinaemia, high
fibrinogen, increased factors VIII, IX, XI, dysfibrinogenaemia, reduced tissue factor pathway
inhibitor and factor XIII polymorphisms is usually only performed in clinical studies
(Stegnar, 2010).

TF status does not directly translate into an increased risk of either first or recurrent VTE
(Christiansen et al, 2005). First of all, there is considerable variation in the magnitude of risk
associated with different TF defects. Furthermore, the magnitude of risk a specific TF defect
carries is not the same for first or for recurrent VTE. The most common TF defects, such as
factor V Leiden and prothrombin G2021A mutation, carry a modest risk of both first and
recurrent VTE (Ho et al, 2006). The rarely occurring deficiencies of antithrombin, protein C
and protein S, historically believed to be very strong risk factors for first VTE, convey only a
slightly higher risk for recurrence than factor V Leiden and prothrombin G2021A mutation
(Christiansen et al, 2005; De Stefano et al, 2006).

The results of TF screening actually alter the clinical management only in selected groups of
VTE patients (Stegnar, 2010). Moreover, since VIE is a multi-causal disease, there are
usually other factors apart from TF that contribute to the development of VTE (Rosendaal
1999). It seems therefore that to assess VTE risk in individuals with TF an additional tool is
needed. The aim of this article is to review the available evidence as to whether screening
for hypercoagulability could represent such a tool.

2. Activation of haemostasis

The initial events in haemostasis involve activation of the endothelium and blood cells in
response to vessel wall injury, which results in release of a variety of soluble factors
involved in the control of haemostasis and cell adhesion. In this review, cell adhesion will be
limited merely to cell adhesion molecules P-selectin, E-selectin, vascular cell adhesion
molecule 1 (VCAM-1) and intercellular cell adhesion molecule 1 (ICAM-1) that mediate in
the binding of endothelium and blood cells.

Blood coagulation is initiated by the release of tissue factor from activated endothelial and
blood cells. Activated endothelial cells and platelets express P-selectin, which binds
monocytes and macrophages. Bound monocytes and macrophages expose tissue factor to
the circulation. Tissue factor forms a complex with circulating activated factor VIL This
complex activates factor X to activated factor X (Xa) and factor Xa converts minor quantities
of prothrombin into thrombin. In this process, prothrombin fragments 1+2 (F1+2) are
released. These events are regulated by tissue factor pathway inhibitor, which neutralizes
factor Xa and by antithrombin, which inactivates thrombin by forming thrombin-
antithrombin (TAT) complexes. When the threshold level of thrombin is generated,
thrombin activates platelets, as well as factors XIII, V, VIII and XI to augment its own
generation. This is achieved by further conversion of factor X to factor Xa, using activated
factors VIII and IX as cofactors. Factor Xa together with activated factor V (prothrombinase
complex) converts the majority of prothrombin into thrombin. These events are regulated by
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activated protein C and its cofactor protein S, which neutralize activated factors V and VIII
and so limit thrombin generation (Monroe & Hoffman, 2006).

Thrombin cleaves fibrinogen and fibrinopeptides A and B are released from alpha and beta
polypeptide chains of fibrinogen. The resulting fibrin monomers polymerise to form soluble
non-cross-linked fibrin, which is then cross-linked by activated factor XIII. The formation of
fibrin triggers activation of the fibrinolytic system. Tissue-type plasminogen activator (t-
PA), which is released by endothelial cells, activates plasminogen to plasmin. Plasmin
degrades fibrin to fibrin degradation products of various molecular sizes. D-dimer, the
smallest of the fibrin degradation products, retains the y cross-links of the original fibrin.
These events are regulated by several inhibitors of fibrinolysis: plasminogen activator
inhibitors type 1 and 2 (PAI-1 and PAI-2), antiplasmin and thrombin activatable fibrinolysis
inhibitor (Rijken & Lijnen, 2009).

3. Laboratory methods to detect activation of haemostasis

Activation of haemostasis (hypercoagulability) is ideally detected prior to the appearance of
thrombotic phenomena. Laboratory recognition of hypercoagulability is, however, a very
demanding task due to the complexity of the haemostatic system. It can be detected by
global tests (global haemostasis screening assays) that provide an overview of the entire
haemostatic system, including enzymes, cofactors and inhibitors. Another approach to
detecting hypercoagulability is to measure specific substances (peptides, enzymes, enzyme-
inhibitor complexes) that are liberated with activation of the coagulation and fibrinolysis
systems in vivo (specific markers of haemostasis activation). The most recent method to
assess hypercoagulability is to detect molecules that are released from activated endothelial
and blood cells in response to injury of the vessel wall (markers of endothelial and platelet
activation).

3.1 Global haemostasis screening assays

Activated partial thromboplastin time (aPTT) has been in use for more than half a century
(Langdell et al, 1953). It is simple and the most widely used global haemostasis screening
assay, sensitive to all coagulation factors except factor VII. The end-point of this assay is the
formation of a fibrin clot, detected manually or automatically by measuring the optical
density of plasma after addition of phospholipids and a surface activator such as celite.
Clotting occurs when 3 - 5 % of the total amount of thrombin is produced (Brummel et al,
2002) and therefore subsequent haemostatic responses or possible abnormalities of the
haemostatic process cannot be observed (Mann et al, 2003). Nonetheless, a strong association
was found between shortened aPTT and increased risk of first (Tripodi et al, 2004) and
recurrent VIE (Hron et al, 2006; Legnani et al, 2006). The increase in VTE risk was
independent of TF status. Shortening of aPTT might be due to increased concentrations of
factors VIII, IX and XI Legnani et al, 2006).

Thromboelastography (TEG) monitors haemostasis as a dynamic process, evaluating both
clotting, fibrinolysis and platelet function. TEG variables are derived from a trace produced
from measurement of the viscoelastic changes associated with clot formation and
degradation (Sorensen et al, 2003).

Whilst the whole blood sample in a TEG cuvette remains liquid, the motion of the cuvette
does not affect a pin which is suspended freely from a torsion wire. However, when the clot
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starts to form, the fibrin strands “couple” the motion of the cup to the motion of the pin,
which is amplified and recorded. Several variables of the recording can be evaluated such as
the reaction time, angle formed by the slope of the TEG trace, maximum amplitude and clot
lysis index (Mallet & Cox, 1992).

TEG as a tool to measure hypercoagulability in the setting of VTE was only assessed in small
studies. TEG showed a marked hypercoagulable profile in patients with acute VTE (Spiezia
et al, 2008). Also in patients with a history of venous or arterial thrombosis, shorter clotting
times and accelerated maximum velocity of clot propagation were measured (Hvitfeldt
Poulsen et al, 2006). However, another study in patients with a history of cerebral vein
thrombosis did not confirm these results (Koopman et al, 2009). TF, present in
approximately half of the patients in these studies, did not influence TEG parameters.
Similarly, in individuals with a personal or family history of VTE, hypercoagulable TEG was
measured in 40 % of patients, but it did not correlate with TF status (O’Donnell et al, 2004).
TEG therefore cannot be used as a screening test for TF, but it might be a useful adjunctive
test, particularly in patients without known TF defects. Further studies are needed to
determine whether TEG can be used to predict the recurrence of thrombotic events.
However, TEG is poorly standardized, has a high coefficient of variation and is influenced
by many pre-analytical variables, which makes it less suitable for routine clinical use to
assess hypercoagulability (Chen & Teruya, 2009). Besides, it is a whole blood assay and
therefore frozen-thawed samples cannot be used.

Thrombin generation assay (TGA) reflects the potential of plasma to generate thrombin
following in vitro activation of coagulation with tissue factor or other trigger (Hemker et al,
2002). The thrombin concentration is continuously monitored by adding a suitable thrombin
substrate and formation of split products is detected by optical densitometry or fluorometry.
The resulting thrombin generation curve and its three most important parameters of lag
time, peak value and area under the curve or endogenous thrombin potential, reflect and
integrate all pro- and anticoagulant reactions that regulate the formation and inhibition of
thrombin (van Veen et al, 2008). However, TGA does not measure the final step of
coagulation, i.e. fibrin formation. TGA is performed in plasma, is commercially available
and relatively easy to use. It is, however, not standardized; it is influenced by many pre-
analytical variables and there is a high inter-laboratory variability due to different reagents
and their concentrations, making it difficult to establish reference ranges (Castoldi & Rosing
2011).

Thrombin generation is elevated in antithrombin deficiency (Wielders et al, 1997; Alhenc-
Gelas et al, 2010), protein S deficiency (Castoldi et al, 2010), protein C deficiency (Hezard et
al, 2007), in carriers of factor V Leiden (Hezard et al, 2006; Lincz et al, 2006) and
prothrombin G202010 mutation (Kyrle et al, 1998; Lavigne-Lissalde et al, 2010). It is also
associated with the presence of antiphospholipid antibodies (Liestol et al, 2007; Devreese et
al, 2009) and increased levels of factors VIII (ten Cate-Hoek et al, 2008), IX and XI
(Siegemund et al, 2004).

Elevated thrombin generation was also investigated as a risk factor for the first VTE event
and its recurrence. It was shown that elevated thrombin generation was associated with a
1.7 - fold increased risk of first idiopathic VTE (van Hylckama Vlieg et al, 2007). The
association between elevated thrombin generation and the risk of first VIE was confirmed
in several other studies (Dargaud et al, 2006; Lutsey et al, 2009; Wichers et al, 2009).
Furthermore, elevated thrombin generation identifies patients at risk of VTE recurrence. In



Association of Haemostasis Activation
Markers with Thrombophilia and Venous Thromboembolism 27

one cohort it was shown that patients with low levels of thrombin generation after
discontinuation of anticoagulant treatment had an almost 60 % lower risk of recurrence
compared to patients with elevated thrombin generation (Hron et al, 2006). Subsequent
studies have confirmed that patients at high risk of VTE recurrence can be identified by
TGA (Hron et al, 2006; Tripodi et al, 2008; Besser et al, 2008; Eichinger et al, 2008).

Overall haemostasis potential (OHP) is based on repeated spectrophotometric registration
of fibrin formation in two parallel samples of citrated plasma, to which small amounts of
thrombin and t-PA (the first plasma sample) or only thrombin (the second plasma sample)
are added. The areas under the fibrin formation curves obtained represent OHP (the first
plasma sample with thrombin and t-PA) and overall coagulation potential (OCP, the second
plasma sample with only thrombin added). Overall fibrinolytic potential (OFP) is calculated
as the difference between OHP and OCP (He et al, 2001). The OHP assay is not
commercially available and it is not yet standardized. It is, however, inexpensive, easy and
fast to perform (Antovic, 2008).

OHP has been shown to detect hypercoagulability in smaller studies. Increased OHP was
found in 75 % of women with a history of pregnancy-provoked VTE. In women with
concomitant TF (acquired activated protein C resistance or factor V Leiden) imbalance in
haemostatic potential was more severe, since OHP was increased in all women (Antovic et
al, 2003). In another study, OHP also identified the hypercoagulable state in patients with
lupus anticoagulants and a history of thrombotic events, regardless of concomitant
anticoagulant therapy (Curnow et al, 2007). Using a modification of the original OHP assay
(the coagulation inhibitor potential CIP assay), severe TF (deficiencies of antithrombin,
protein C and protein S, homozygosity for factor V Leiden and combinations) could be
detected with a sensitivity of 100 % and specificity of 70 - 80% (Andresen et al, 2002, 2004).
OHP was also studied during anticoagulant treatment for VTE. In a study of 70 patients
with acute venous thrombosis given standard anticoagulant treatment (low-molecular-
weight heparin followed by warfarin), OHP was significantly increased before treatment
and greatly decreased during combined treatment with heparin and warfarin (overlapping
period), while during warfarin only treatment OHP was about half that before treatment.
After cessation of therapy, OHP values increased but remained lower than in the pre-
treatment period. OHP levels did not differ between patients with or without TF (ViZintin-
Cuderman et al, to be published).

3.2 Specific markers of haemostasis activation

F1+2 and TAT are markers of in vivo activity of factor X and thrombin. They are liberated
during activation and generation of thrombin and are stable enough to be detected by
laboratory methods, mainly enzyme-linked immunosorbent assays. However, they are
extremely sensitive to in vitro artefacts. The quality of the sample and the reliability of the
result depend on the technique of blood sampling and the experience of the person
performing the procedure (Stegnar et al, 2007). Besides blood sampling, the different
reagents used as well as the preparation and storage of the samples can influence the results
(Greenberg et al 1994; Miller et al, 1995). Consequently, they are rarely used today.
However, around twenty years ago they were tested in various small studies that gave
contradictory results.

Increased F1+2 was found in individuals with antithrombin, protein C and S deficiencies
(Demers et al, 1992; Mannucci et al, 1992), as well as in those with activated protein C (APC)
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resistance (Simioni et al, 1996; Bauer et al, 2000), prothrombin G20210A mutation (Bauer et
al, 2000) antiphospholipid syndrome (Ames et al, 1996), hyperhomocysteinemia (Kyrle et al,
1997a) and increased levels of factor VIII (O’'Donnell et al, 2001). Not all studies, however,
confirmed the association of increased F1+2 levels with TF (Kyrle et al, 1998; Eichinger et al,
1999; Lowe et al, 1999).

TAT was increased in association with increased factor VIII levels (O'Donnell et al, 2001)
and also with APC resistance in one study (Simioni et al, 1996), but not in two others
(Eichinger et al, 1999; Lowe et al, 1999). Similarly, increased TAT was not associated with
antithrombin (Demers et al, 1992), protein C and S deficiencies (Macherel et al, 1992) or with
antiphospholipid syndrome (Ames et al, 1996).

In patients with acute VTE, F1+2 and TAT are elevated and normalize 2 to 4 days after
introduction of heparin treatment (The DVTENOX study group, 1993; Stricker et al, 1999;
Peternel et al, 2000). The levels of these markers remain low also during treatment with
warfarin (Elias et al, 1993; Jerkemann et al, 2000; Vizintin-Cuderman et al, to be published).
TF does not seem to influence F1+2 and TAT levels either during anticoagulant treatment or
after its withdrawal (Cuderman et al, 2007; Vizintin-Cuderman et al, to be published).

There are few studies on the utility of these markers in assessing VTE recurrence risk. In two
studies F1+2 was not associated with recurrence in patients with a history of VTE (Kyrle et
al, 1997b, Vizintin-Cuderman et al, to be published). Two recent studies, however, showed
that in patients with VTE increased F1+2 measured 1 month after withdrawal of
anticoagulant treatment was associated with increased risk of recurrent thrombosis,
irrespective of TF status (Poli, 2008, 2010).

D-dimer is a degradation product of cross-linked fibrin. It is marker of both activated
coagulation and fibrinolysis. D-dimer is best known today as the biochemical gold standard
for initial assessment of suspected VTE. It has a sensitivity of up to 95 % and a negative
predictive value of nearly 100 % (Di Nisio et al, 2007) and is an integral part of diagnostic
algorithms to exclude VTE (Righini et al, 2008).

In patients with acute VTE, D-dimer is elevated and decreases after 1 to 3 days of treatment,
but remains above normal levels for at least the first week of treatment (The DVTENOX
study group, 1993; Stricker et al, 1999; Peternel et al, 2002). This is probably due to
prolonged fibrinolysis, which is independent of heparin therapy and thrombin generation,
but it may also be partly due to the relatively long half-life of D-dimer (Mannucci, 1994). By
the first month of treatment, D-dimer levels mostly return to normal and remain so
throughout warfarin treatment (Elias et al, 1993; Meissner et al, 2000; Vizintin-Cuderman et
al, to be published). One study showed that during anticoagulant treatment in patients with
TF, D-dimer levels remain higher than in patients without TF, albeit not significantly
(Vizintin-Cuderman et al, to be published). After discontinuation of anticoagulant
treatment, D-dimer levels in patients with TF remain higher than in those without TF
(Palareti et al, 2003, Vizintin-Cuderman et al, to be published).

D-dimer was also investigated as a risk factor of the first VTE event and its recurrence. In a
population-based cohort study, D-dimer was associated with a 3-fold increased risk of the
first VTE event (Cushman et al, 2003) and with a 2.2 - 3-fold increased risk of recurrent VIE
(Andreescu et al, 2002; Palareti et al, 2003: Cosmi et al, 2005).

Moreover, D-dimer is a marker for predicting VTE recurrence after cessation of
anticoagulant treatment (Verhovsek et al, 2008). Normal levels of D-dimer one month after
cessation of anticoagulant treatment have been shown to have a high negative predictive
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value for VTE recurrence (Palareti et al, 2002; Eichinger et al, 2003). These results were tested
in an interventional study in patients with unprovoked VTE. It was shown that elevated D-
dimer one month after cessation of anticoagulant treatment significantly increases the risk of
recurrent VTE, which can be reduced by resumption of anticoagulant therapy (Palareti et al,
2006). Interestingly, it was demonstrated that in patients with TF who have elevated D-
dimer levels one month after cessation of anticoagulant treatment, the risk of recurrence is
particularly high in comparison to patients with TF who have normal D-dimer. The
difference was particularly important in carriers of common TF defects, such as factor V
Leiden and prothrombin G20210A mutation (Palareti et al, 2003).

Surprisingly, there are few studies on the association of D-dimer with specific TF defects.
Elevated D-dimer was found in carriers of factor V Leiden (Eichinger et al, 1999, Cuderman
et al, 2007) and in the presence of antiphospholipid antibodies (Ames et al, 1996).

3.3 Markers of endothelial and platelet activation

P-selectin is a cell adhesion molecule that is expressed by platelets and endothelial cells
upon their activation and is partly released in plasma in its soluble form. It can be measured
in plasma by an enzyme-linked immunosorbent assay.

P-selectin levels are increased in acute VIE (Smith et al, 1999; Bozi¢ et al, 2002; Rectenwald
et al, 2005; Ramacciotti et al, 2011). When P-selectin was tested as a possible marker for
diagnosis of VTE, it was shown that a combination of the clinical prediction score and low
P-selectin can be used to exclude VTE with a sensitivity and specificity similar to that of D-
dimer. In addition, the combination of the clinical prediction score and high P-selectin has,
unlike D-dimer, a very high positive predictive value in confirming acute VTE (Rectenwald
et al, 2005; Ramacciotti et al, 2011).

After commencement of anticoagulant treatment for VTE, P-selectin levels decrease. A small
study showed a decrease in P-selectin levels after 7 days of treatment with unfractionated
heparin (Papalambros et al, 2004). In a study of 70 patients receiving low-molecular-weight
heparin followed by warfarin, P-selectin levels decreased already after 3 days of treatment.
Interestingly, one month after treatment discontinuation, P-selectin levels were not
significantly higher than during treatment (Vizintin-Cuderman et al, to be published).
Similarly, in another study there was no difference in P-selectin levels between patients
receiving warfarin and those without anticoagulant therapy (Ay et al, 2007).

In patients with a history of VTE, elevated P-selectin is associated with increased risk of
recurrence. Two case-control studies found that in patients at least 3 months after the onset
of acute VTE, P-selectin levels were elevated compared to healthy controls (Blann et al, 2000;
Ay et al, 2007). This result was confirmed in two prospective cohort studies that investigated
P-selectin as a predictive marker for recurrence in patients with VTE (Kyrle et al, 2007;
Vizintin-Cuderman et al, to be published). Similarly in another prospective cohort study,
elevated P-selectin was a predictor of the occurrence of VIE in cancer patients (Ay et al,
2008).

There is not much evidence, however, on P-selectin levels in relation to specific TF defects.
In a small study it was shown that P-selectin is elevated in patients with lupus
anticoagulants and a history of VIE (Bugert et al, 2007). The presence of TF did not
influence P-selectin levels during and after anticoagulant treatment in another study
(Vizintin-Cuderman et al, to be published). Finally, TF status did not have any influence on
P-selectin as a risk factor of VTE recurrence (Kyrle et al, 2007).
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The association of other markers of endothelial and platelet activation (E-selectin, VCAM-
1, ICAM-1, t-PA and PAI-1) with TF and VTE is poorly investigated. In a small study, E-
selectin, VCAM-1 and ICAM-1 were not shown to be elevated in acute VIE (Bucek et al,
2003). However, elevated VCAM-1 levels were found in patients with acute VIE in two
earlier studies (Smith et al, 1999, Bozi¢ et al, 2002). Elevated PAI-1 and t-PA levels were
associated with increased risk of first or recurrent VIE in some studies (Schulman &
Wiman, 1996; Meltzer et al, 2010), but not in others (Crowther et al, 2001; Folsom et al, 2003).
The influence of TF on t-PA and PAI-1 levels was addressed in two small studies in patients
with a history of VIE. No difference was found between patients with factor V Leiden
(Stegnar et al, 1997) or hyperhomocysteinemia (Bozi¢ et al, 2000) and patients without these
TF defects.

4. Conclusions

Assessment of haemostasis activation (hypercoagulability) is a very demanding task due to
the complexity of the haemostatic system. However, it can be achieved either by global
haemostasis screening assays that provide an overview of the entire haemostatic system,
including enzymes, cofactors and inhibitors, or alternatively, by measuring specific
haemostasis activation markers - peptides, enzymes or enzyme-inhibitor complexes that are
liberated with the activation of coagulation, fibrinolysis, endothelial cells and platelets in
vivo. Two global haemostasis screening assays (aPTT and TEG) have been used for many
years, albeit their usefulness in detecting hypercoagulability and the risk of first and
recurrent VTE seems to be limited due to insufficient clinical data, lack of standardization
and the influence of pre-analytical factors. TGA and OHP are more promising. Both assays
seem to be sensitive to TF defects and to be associated with the risk of VTE. Apart from D-
dimer, other specific haemostasis activation markers, namely F1+2 and TAT, are extremely
sensitive to in vitro artefacts and are rarely used today. However, around twenty years ago
they were tested in various small studies that gave contradictory results. D-dimer is more
robust and clinically useful for excluding VTE and also for detecting the risk of VTE after
discontinuation of anticoagulant treatment. The risk of recurrence seems to be particularly
high in patients with common TF defects, such as factor V Leiden and prothrombin
G20210A mutation and high D-dimer. Finally, it has been shown that P-selectin, a marker of
endothelial and platelet activation, can be used to exclude VTE with sensitivity and
specificity similar to that of D-dimer. However, there is not much evidence on the
association of P-selectin with specific TF defects.
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1. Introduction

Cardiovascular diseases and venous thromboembolism are multifactorial diseases. Risk
factors result from genetics, environment and behavior. The concept of the multicausal
disease has received much attention in recent years. One of the reasons is that some of the
genetic risk factors concerning single point mutations are quite common in the general
population. There are known molecular factors which increase the relative risk for disease,
and others with protective effects. The genetic background is given by the combination of all
these molecular markers.

Several genetic variants are currently identified as risk factors for venous and arterial
thrombosis (myocardial infarction and deep venous thrombosis)(Table 1). Activated protein
C (APC) resistance due to the factor V Leiden mutation (FVL) and the 20210 G>A mutation
in the factor II (FII, Prothrombin) gene are well established causes of thrombophilia.
Concerning the risk of myocardial infarction the results are different (Ozmen F et al., 2009).
The 677C>T mutation in the methylentetrahydrofolate reductase gene (MTHFR 677C>T),
which causes a mild hyperhomocysteinemia, is considered to be a risk factor for coronary
heart disease (Kluijtmans et al., 1997; Morita et al., 1997), venous thromboembolism and
stroke (Frosst et al., 1995; Arruda et al., 1997; Margaglione et al., 1998, Khandanpour et al.,
2009, Tug E et al., 2011), but the results are controversial.

New polymorphic markers of the FV gene were described in the last years (Lunghi et al.,
1996; Bernardi et al.,1997; Castoldi et al., 1997; Castoldi, 2000). A specific factor V gene
haplotype (HR2) was defined by five restriction polymorphisms in exon 13 and a sequence
variation located in exon 16. The exon 13 markers include the Rsa I polymorphic site, the
rare allele of which (R2) has been previously found to be associated with partial FV
deficiency in the Italian population (Lunghi et al., 1996). The nucleotide change 4070 G>A
underlying the R2 allele gives rise to an amino acid change His to Arg at position 1299.
Bernardi et al. (1997) demonstrated that the FV gene marked by the HR2 haplotype, which
was invariably found to underlie the R2 marker, is both able to contribute to a mild APC
resistance phenotype and to interact synergistically with the FVL mutation Arg506GIn to
produce a severe APC resistance phenotype. Carriers of the R2 allele are more frequent
among patients of carotid endarterectomy (Marchetti et al., 1999) and the carriership of the
R2 allele is associated with an increased risk for coronary artery disease (Hoekema et al.,
1999; Hoekema et al., 2001) and venous thromboembolism (Bernardi et al., 1997; Faioni et al.,
1999; Alhenc-Gelas et al., 1999).
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For some new variants of clotting factors FVII, FXII and FXIII associations with venous and
arterial thrombosis were reported. Within the FVII gene eight polymorphisms are known
(Herrmann et al., 1998; Herrmann et al., 2000) and three of them influence the level of FVII
activity: the insertion polymorphism of the promotor (Marchetti et al., 1993), a tandem
repeat unit polymorphism within intron 7 (Marchetti et al., 1991; de Knijff et al., 1994;
Mariani et al., 1994; Pinotti et al., 2000) and the Arg353GIn polymorphism of exon 8 (Green
et al., 1991). lacoviello et al. (1998) demonstrated in patients with myocardial infarction and
family history of cardiovascular diseases, that the GIn353 allele of the Arg353GIn
polymorphism and the 7(a) allele of the tandem repeat unit polymorphism of the
hypervariable region 4 within intron 7 might have a protective effect on the risk of
myocardial infarction. These alleles independently showed an effect in reducing the risk and
both were associated with lower levels of FVII (Green et al., 1991; Mariani et al., 1994;
lacoviello et al., 1998; Domenico et al., 2000).

For severe factor XII deficiency, an increased predisposition to venous thromboembolic
diseases and myocardial infarction has been reported. Some cohort studies have shown a
high prevalence of slightly reduced FXII levels in patients of deep venous thrombosis or
coronary heart diseases (Mannhalter et al., 1987; Halbmayer et al., 1994; Franco et al., 1999;
Zito et al., 2000), but more association studies in this field are necessary. The C>T mutation
at nucleotide 46 in the 5’untranslated region of FXII (FXII 46C>T) is associated with a
diminished plasma FXII level (Kanaji et al., 1998; Kohler et al., 1999; Zito et al., 2000) and the
role of this polymorphism as a thrombophilic risk factor is under discussion.

The G>T transition in exon 2 of the FXIII A subunit gene was reported to provide a
protective effect against myocardial infarction (Kohler et al., 1998; Franco et al., 2000) and
venous thrombosis (Catto et al., 1999; Franco et al., 1999; Rosendaal et al., 1999; Alhenc-
Gelas et al., 2000; Franco et al.,, 2001), but also an increased predisposition to primary
intracerebral hemorrhage (Catto et al., 1998; Reiner et al., 2001).

Many epidemiological studies have been performed to associate the presence (insertion, I)
or absence (deletion, D) of a 287bp Alu repeat element in intron 16 of the ACE (Angiotensin
Converting Enzyme) gene with the level of the circulating enzyme or cardiovascular
pathophysiology. Some reports have found that the D allele confers increased susceptibility
to cardiovascular diseases and myocardial infarction, others found no such association or
even a beneficial effect (Rieder et al., 1999; Agerholm-Larsen et al., 2000). The same is true
for cerebrovascular diseases, stroke or stenosis of carotids and venous thrombosis (Philipp
et al., 1998; Della Valle et al., 2001). Markus et al. (1995) reported that the DD genotype is a
risk factor for lacunar stroke but not for carotid atheroma. However, the precise role of the
I/D polymorphism is not clear, so more association studies are necessary.

A series of studies have been carried out to elucidate the mechanisms of the athero-
thrombotic pathology in the middle-age and older adults. However, few studies have
examined the joint effect of interaction of environmental factors and molecular markers in
the risk of thrombosis particularly among the young. However, these claims have been
challenged. Based upon in this observation it was considered important to study the role of
the risk factors and molecular markers for thrombosis in Hispanics living in Costa Rica,
Central America. In the population of Costa Rica (CR) and its different ethnic groups the
prevalence of molecular risk and protective factors are few reports until now. In order to
estimate the role of these factors in this population it is necessary to know their prevalence
and it will be interesting to compare with one Caucasian population as NE Germany, see
Figure 1.
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Subjects

Blood samples analyzed in this study were obtained from 732 CR-Indians belonging to six different tribes. Samples were collected
from 133 Chorotega of the Matambu Indian locality; 157 Guaymi of the south area (San Vito, Coto Brus, Abrojo localities) and of
the Pacific area (Osa); 150 Cabecar of the Atlantic Talamanca area (Chirripo, Amubri localities) and of the Pacific (Ujarras Indian
locality); 110 Bribri of the Talamanca area (Bribi and Suretka localities); 153 Huetar of Quitirrisi and Zapaton Indian localities, as
well as 29 Guatuso of the Guatuso Indian locality (figure 1).

In order to compare the results with European Caucasians blood samples were analyzed from 170 blood donors from northeastern
Germany (NE-Germany).
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Fig. 1. The approximate geographic locations of the six tribes of CR Amerindians

2. A brief history of Costa Rican population

The current population of Costa Rica presents an ancestral gene combination of
Amerindians (30%), Africans (10-15%) and Caucasians (50-60%) (Barrantes, 1998). In the pre-
Columbian period, the human population in this area was composed of Amerindian tribes
descending from the Na-dene and North-American Eskimos (Torroni et al., 1994). Four of
the tribes studied (Guatuso, Guaymi, Cabecar, Bribri) belong to Chibcha-speaking tribes of
lower Central America (Thompson et al., 1992; Barrantes, 1998). The Chibcha, which have
been separated biologically and linguistically from other groups of this region, show
differences in some aspects when compared to other North and South American groups of
Indians (Barrantes et al., 1990; Thompson et al., 1992) and also have rare genetic variants
and private polymorphisms.

The Chorotega, another tribe included in the present study (Figure 1), belong to the
Mesoamerican culture with strong influences from the Aztec and Maya culture (Ibarra,
2001). At present, this tribe is located in the western Pacific area of the country.

The Huetar tribe inhabited the North-Central area of Costa Rica during the time of the
Spanish Conquest. At the present time, they are located in the southwest of the country
(Figure 1). During colonization, the admixture between Spanish colonizers, mostly from the
south of Spain, and indigenous women began (Thiel, 1977; Ibarra, 2001).

In the 16th and 17th centuries Africans were firstly brought to Costa Rica by the transatlantic
slave trade from western and Central Africa. The first settlement of Africans in Costa Rica
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was in the Pacific area (Meléndez and Duncan, 1989). From the beginning, this ethnic group
participated in the admixture process with the Amerindians. The second important African
migration to Costa Rica was into the Caribbean Area during the 18th and 20th centuries. This
group of Africans migrated from the Antilles, principally from Jamaica, and settled in
"Cahuita" in the Limon province at the Atlantic coast (Palmer, 2000).

Genotype prevalence and allele frequencies of the eleven molecular markers in Costa
Rica Indians from six different tribes and Cr-Africans as well as blood donors from Costa
Rica and NE Germany

The results of the prevalence of these molecular markers in this ethnic context are
summarized in Table 1, 2, 3 and 4.

2.1 Fl1 20210G>A

The 20210A allele of the factor II polymorphism was extremely rare in CR-Indians (Table 2).
Only one allele was detected in the Bribri and one in the Huetar Indians. In CR-Africans, the
20210A allele frequency was also extremely low (1 out of 578 alleles). In a cooperative study
including more than 5500 healthy subjects from nine European and American countries, the
overall prevalence of heterozygous FII carriers was estimated to be 2% (Rosendaal et al.,
1998). In the same study a very low prevalence of the prothrombin mutation was reported
for Africans and subjects of Asian descent (Rosendaal et al., 1998). Therefore, we conclude
that the FII mutation found in CR-Indians and CR-Africans is of Caucasian origin, as
suggested for FVL.

2.2 FV gene : FVL, FVHR2, FV IVS16

The factor V Leiden mutation is a known risk factor for venous thrombosis in Caucasians
and has been discussed as a risk factor for arterial thrombosis. This mutation was rare in
CR-Indians, with only five heterozygous FVL carriers detected among the Huetar. In the
CR-Indian tribes without FVL, the frequency of the R2 allele of the HR2 haplotype was
extremely high. It has been shown that this allele is associated with partial FV deficiency
and acts synergistically with FVL (Bernardi et al., 1997; Lunghi et al., 1998). In various
populations the R2 allele frequency ranged from 0.04 to 0.08; [Netherlands 0.040 (De Visser
et al., 2000); England 0.055 (Luddington et al., 2000); Italy, India, Somalia 0.080 (Bernardi et
al., 1997; Faioni et al., 1999; ); Germany 0.070 (Hermann et al., 2001 and this study)]. The
extremely high frequency of the R2 allele and the RIR2 and R2R2 genotypes in Bribri
Indians is the highest reported so far. In the same CR Indian tribes with a high prevalence of
the R2 allele, the D2 allele of FV IVS16 polymorphism was very rare.

The FVL mutation was likewise rare in the other CR groups analyzed (subpopulations of
CR-Africans and in the CR blood donors). The R2 frequency of the HR2 haplotype was
lower in the CR-Africans than in CR-Indians and CR-blood donors. However, in CR-
Africans the rare R3 allele (His1254Arg) was also detected. This allele was first described in
subjects from Somalia and in Greek Cypriotes and mimics the R2 polymorphism
(His1299Arg) in subjects of African origin (Lunghi et al., 1998). The FVL mutation was not
found in combination with the R2 or R3 allele in CR-Africans or CR-blood donors .

In the German group of 170 blood donors, 11 heterozygous FVL genotypes were detected.
Eight of them had the R1R1 genotype and only three FVL heterozygotes had the R1R2
genotype. All the eleven FVL heterozygous subjects were also heterozygous for the D2
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Table 2 Prevalence of polymorphisms in the FII and FV genes in the different ethnic groups

studied
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Table 3. Prevalence of polymorphisms in the FVII gene in the different ethnic groups

studied
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*Allele frequency

Table 4. Prevalence of polymorphism in the FXII, FXIII, ACE and MTHEFR genes in the

different ethnic groups studied



Geographic and Ethnic Differences in the Prevalence of Thrombophilia 47

allele. On the other hand, only 45.80% of the D1D2 heterozygous subjects also had the
heterozygous FVL genotype (Herrmann et al., unpublished).

The similar high frequency of the FV D2 allele in CR-Africans and in German Caucasians
supports the hypothesis that this is a very old ancestral mutant allele (Bernardi et al., 1997;
Castoldi et al., 1997), dating back to a time prior to the human migration out of Africa. The
absence of FVL in native populations of Africa, eastern Asia, Australasia and in CR Indians
is well known (Rees et al., 1995; Herrmann et al., 1997; Herrmann et al., 1999 and this study).
The different distribution of the FVL and of the FVHR2 haplotypes supports the hypothesis
that the HR2 haplotype is also older than FVL and represents an ancient set of mutations
(Bernardi et al., 1997, Faioni, 2000). Both the R2 and the D2 mutations seem to have
originated in a single mutation event in different ancestral wildtype alleles of the FV gene.
The high frequency of the R2 allele in CR-Indians without FVL as well as the extremely low
frequency of the D2 allele in the same Indian tribes (< 0.50%) seems to indicate that the R2
His1254Arg polymorphism is older than the FV IVS 16 polymorphism.

The ,out of Africa” model of the origin of Homo sapiens sapiens provides a plausible
explanation for the observed differences in the distribution of the three polymorphisms of
FV gene among the different ethnic groups studied. This model suggests that non-African
human populations were descended from an anatomically modern H. sapiens ancestor that
evolved in Africa approximately 100,000 to 200,000 years ago and then spread and
diversified throughout the rest of the world (Tishkoff et al., 1996; Zivellin et al., 1997). The
ancestral population of Africans is characterized by the FV haplotypes of HR2 with the
mutant alleles R2 and R3 and the FV-IVS16 polymorphism. We found these haplotypes in
CR-Africans, who reached the Costa Rican area in the post-Columbian time, coming from
the sub-Saharan African population (Ibarra, 2001). The similarity in the frequency of D2 and
R2 in Africans and in Caucasoid subpopulations outside of Africa, including Europeans,
Jews, Israeli Arabs and from India (Zivellin et al., 1997; Herrmann et al., 2001) is consistent
with the migration of modern humans out of northeast Africa into the Middle East and
Europe and out of southeast Africa to Asia, the Pacific Islands and the New World. Studies
of both mitochondrial and nuclear DNA have suggested that the ancestral population
leaving Africa towards the Southeast around 60,000 years ago was small (Tishkoff et al.,
1996). The migration to Asia and the New World was accompanied by a further reduction of
the rare D2 allele, probably by random genetic drift. This assumption provides a possible
explanation for the absence or extremely low frequency of the D2 allele in the CR-Indians.
Further studies of other populations descended from the Southeast migrators are needed in
order to confirm this speculation.

Schroder et al. (2001) demostrated in German patients with deep venous thrombosis that
FVL in Caucasians was always combined with the D2 allele. The investigation of 25
homozygous FVL thrombotic patients from Germany also showed homozygosity for D2D2,
indicating that both mutations (FVL and D2) are localized as double mutations in the same
allele (Herrmann et al., unpublished data). These results support a single origin hypothesis
(Castoldi et al., 1997; Zivellin et al., 1997), indicating that the FVL mutation in European
Caucasians has its ancestral origin in a D2 marked allele of the FV gene of a modern
Caucasoid subpopulation, now widespread among the Indo-European group.

The FVL mutation is estimated to have arisen ca. 21,000 to 34,000 years ago, i.e. after the
evolutionary divergence of Africans from non-Africans and of the Caucasoid from the
Mongoloid subpopulation (Zivellin et al., 1997). The three FVL mutation carriers found in
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CR-Africans are compound-heterozygous for FVL and D2 (D1D2, FVL/FVwt), and probably
have a European/Caucasian origin caused through racial admixture in the past.

2.3 FVIl gene: FVII IVS7, FVII R353Q and FVII IVS1a polymorphism

Epidemiological studies have shown that high blood levels of FVII are associated with an
increased risk of ischaemic heart disease (Meade et al., 1986; Heinrich et al., 1994; Benardi et
al., 1997). Environmental and biochemical factors influence the plasma level of FVII. Age,
gender, BMI, insulin resistance and the use of oral contraceptives have been associated with
FVII levels (Balleisen et al.,1985). Dietary fats and blood lipids are important determinants of
FVII levels (Miller et al., 1991; Mennen et al., 1996). Several studies have demonstrated that
three polymorphisms of the FVII gene can directly influence the FVII levels and also
modulate its response to environmental stimuli (Lane et al., 1992; Humpbhries et al., 1994;
Hong et al., 1999)

The GIn353 variant of the FVII gene has consistently been associated with lower levels of
FVII in white Europeans (Humphries et al., 1994), Gujarati Indians (Lane et al., 1992),
Afrocaribbean Britains (Lane et al., 1992; Temple et al.,, 1997) and Japanese (Kario et al.,
1995). Individuals with the GInGIn genotype have a decreased risk for MI, and they have a
lower level of FVII activity and FVII antigen in comparison to the ArgGln and homozygous
Arg genotypes (lacovello et al., 1998).

The GIn allele frequencies of the Arg353GIn polymorphism in NE Germany, CR-blood
donors and CR-Africans were similar to those described in other studies ( Bernardi et al.,
1997; Di Castelnuovo et al, 1998). The GIn allele frequencies of the Arg353GIn
polymorphism in NE Germany and various ethnic groups in Costa Rica ranged from 0.010
to 0.153 (Table 3). Significant differences in the allele frequencies in the Costa Rican groups
were found. Among 627 CR-Indians, the homozygous GInGIn form was not found. The
frequency of the mutant allele was lower in the CR-Indian groups (0.060) than in the North
European populations (0.100) (Lane et al., 1992; de Maat et al., 1997). Smoking is a known
risk for MI, but lacoviello et al. (1999) and Niccoli et al. (2001) showed a decreased in the risk
of MI in smokers subjects carrying the GIn353 allele.

Concerning the FVII IVS7 polymorphism, it is known that the 5 monomers genotypes are
associated with the highest risk for MI, followed in descending order by the 66, 67 and 77
genotypes (lacoviello et al.,, 1998; Niccoli et al.,, 2001). The frequency of the 7 allele was
similar in German and CR-African population and slightly lower in CR-blood donors and
CR-Indians. The prevalence of the 77 genotype was higher in the Chorotega (24.00%) and
Bribri (17.82%) Indian groups, followed by CR-Africans (16.15%), in comparison with CR-
blood donors (7.86%). In Chorotegas Indians, the potentially higher risk caused by the
absence of the protective homozygous GIn353 genotype seems to be compensated by the
high prevalence of the 77 genotype. The 5 monomers with a high risk for MI were only
found in CR-groups. Moreover, the 4, 8 and 9 monomers were detected for first time in CR-
ethnic groups.

The influence on FVII activity of the recently described polymorphism within the promotor
region of the FVII, the G>A transition at nucleotide 73 in the intron 1a, is not yet known
(Herrmann et al., 2000). In this study, we report the lowest frequency of the rare mutant
allele in the CR- Indian group (0.058) and the highest in the CR-Africans (0.222). In the NE-
Germans and the CR-blood donors, the frequency of the rare mutant allele was not
significantly different.
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2.4 FXIl 46C>T

There are several reports of severe FXII deficiency in subjects with thrombotic events or MI,
cohort as well as case control studies have reported an increased predisposition to vascular
thrombosis, ( Mannhalter et al., 1987; Halbmayer et al., 1994; Pandita et al., 1997). Other
authors did not find a decrease of FXII to be a determinant of thrombosis (Lammle et al.,
1991; ; Koster et al., 1994) or CVD (Kelleher et al.,1992; Kohler et al., 1999).

The FXII 46 C>T mutation was found to be associated with diminished plasma FXII levels in
homozygous and heterozygous carriers in comparison with normal individuals, principally
in the homozygous form. These low plasma FXII levels were caused by the decreased
translation efficiency of the mutant messenger RNA (Kanaji et al., 1998). The FXII 46C>T
mutation exhibits an ethnic variability that might contribute to the racial differences
observed in FXII plasma levels. In Orientals, the FXII level is lower than in Caucasians
(Kanaji et al.,, 1998). The allele frequency of 46C/T was estimated to be 0.270/0.730 in
Orientals and 0.800/0.200 in Caucasians. Franco et al. (1999) reported an allele 46T
frequency of 0.250 in Whites and 0.320 in Blacks (n 19) and Mulattos (n15).

In the present study, the 46T allele frequency in NE Germany (0.186) was in the range of
other Caucasians reports [(Kanaji et al., 1998, (0.200); Kohler et al., 1999, (0.280)]. In Costa
Rica the frequency of the FXII 46T allele in CR- blood donors (0.300) was significantly higher
than in the German population. The highest frequency was observed in the CR-African
group (0.486) and more than 30 % of the CR-Africans from Limon were homozygotes for the
T allele (Table 4). This is the highest rate reported in any population to date.

Among 1182 alleles, 734 T alleles were detected in the CR-Indians (allele frequency 0.620),
but the frequency differed between the various tribes. the prevalence of the homozygous
wild type and heterozygous genotypes was higher than expected. In the 591 CR-Indians, the
prevalence of the TT genotype was significantly higher (15.23%) than in Germans (6.19%).
The role of this mutation as a risk factor in these populations is unclear and further studies
are necessary. Franco et al. (1999) discussed that this mutation alone is probably not a major
risk factor for venous thrombotic disease. Zeerleder et al. (1999) have shown that hereditary
partial and probably severe FXII deficiency does not constitute a thrombophilic condition.
The possibility of interactive effects of the FXII mutation with other genetic effects
associated with vascular thrombosis and coronary artery disease need to be investigated.

2.5 FXIIl Val34Leu

The FXIII Val34Leu was shown to confer protection for arterial and venous thrombosis and
to predispose to intracerebreal hemorrhage (Kohler et al., 1998; Catto et al., 1998; Catto et al.,
1999; Franco et al., 1999; Rosendaal et al., 1999). These findings support the hypothesis that
the factor XIII Leu34 is involved in the production of weaker fibrin structures which might
protect against clot formation (Kohler at al., 1998; Catto et al., 1999). The mechanism
underlying this protective effect is still unclear. The FXIII Leu34 variant gives rise to
increased FXIII specific transglutaminase activity. Anwar et al. (1999) and Rosendaal et al.
(1999) reported activities for FXIII ValVal of 96%, FXIII ValLeu:131% and EXIII LeuLeu:
152% .

The factor XIII Val34Leu polymorphism was originally described in a Finnish population
with a Leu34 allele frequency of 0.230 in 600 normal controls (Mikkola et al.,1994). A
frequency from 0.245 to 0.288 was reported for other Caucasian populations from three
continents ( Balogh et al., 1999; Muszbek, 2000). In healthy South Asians, the Leu34 allele
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frequency was less frequent (0.130) than in Whites (0.289) (McCormack et al.,1998; Kain et
al., 1999). The allele frequency was also low in Brazilian Blacks (0.140) and African Blacks
from Cameroon (0.118) and Angola (0.188) (Attie Castro et al., 2000). In the Japanese
population the lowest frequency has been described (0.013) (Attie Castro et al., 2000).

In the CR-Indians with a Chibcha origin (Cabecar, Bribri, Guaymi and Guatuso), the Leu34
allele frequency (0.280) was similar to South Amerindians from Brazil and Peru (0.293)
(Attie Castro et al., 2000). In contrast, the frequency of the mutant allele was lower (0.040) in
the Chorotegas with Mesoamerican origin.

The mutant allele frequency in CR-Africans (0.244) was similar to Africans (0.243) from
Zaire (Attie Castro et al., 2000).

2.6 MTHFR 677C>T

The 677C>T mutation in the MTHFR gene was very frequent in CR groups, particularly in
the CR-Indians (Table 4). The mutant allele frequency of 0.822 and the prevalence of 70%
homozygous subjects found in Guaymi Indians is the highest reported in the literature to
date. For comparison, in Yupka Indians from western Venezuela an allele frequency of 0.45
(homozygosity 15%) was determined (Salazar-Sanchez et al., 1999; Vizcaino et al., 2001). In
five Brazilian Amazonian tribes of Indians, Franco et al. (1998) found an allele frequency of
0.240 (homozygosity 7.8%). Arruda et al. (1998) described in Amazonian Tupy Indians a
frequency of 0.114 (homozygosity 1.2%). It seems that intertribal heterogeneity exists, which
might be caused by isolation of small subpopulations and a high degree of consanguinity, as
well as by genetic drift (Zago et al., 1996). This might also be an explanation for the
deviations from the Hardy-Weinberg equilibrium we found in Guaymi Indians and CR-
Africans from Limon. The extremely high prevalence of the homozygous mutant allele (TT)
in CR-Indians is remarkable, particularly considering that homozygosity has been discussed
as a risk factor for cardiovascular diseases (CVD) caused by mild homocysteinemia.

The relationship between homocysteine, folate, vitamin B12 levels and the MTHFR 677C>T
was studied in Indians from Western Venezuela by Vizcaino et al. (2001). An elevated
homocysteine level was detected in the homozygous TT group which could be partially
explained by the folate deficiency found in this group. The implication for an increased risk
of thrombotic events in the Yupka Indians from Venezuela does not appear to be relevant
since the life expectancy in this population is relatively short and a high incidence of
coronary complicactions has not been described (Diez-Ewald et al., 1999; Salazar-Sanchez et
al., 2006). Clinical studies are necessary to determine the influence of this genotype on the
prevalence of CVD in different ethnic groups and the relation with different life styles, e.g.
folate level or vitamin B12 intake.

In CR-Africans from Limon, the TT genotype and T allele frequency were similar to that of
Caucasians. The higher frequencies of the T allele in the Guanacaste CR-Africans can
probably be explained by admixture with Indians in this area since the 16th/17 th century
(Ibarra, 2001).

2.7 ACE

The frequency of the D allele of the ACE polymorphism and the prevalence of the DD
genotype were lower in CR-Indians than in CR-blood donors, CR-Africans or Germans
(Table 4). Foy et al. (1996) reported a similar low frequency of the D allele in Pima Indians.
CR-Africans had the same frequencies of the ACE DD genotype or D allele as Caucasians.
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This was also reported for individuals from Nigeria, Jamaica and the United States (Rotimi
et al.,, 1996). However, it is still not clear and results are conflicting, whether there is an
association between the I/D polymorphism of the ACE gene (Rotimi et al., 1996; Sagnella et
al., 1999) and serum ACE activity in people of African descent (Bloem et al., 1996). All these
results clearly suggest that ethnic origin should be carefully considered in association
studies between ACE genotype and disease etiology.

Comparing the Indian tribes of this study, it appears that the Huetar Indians are a distinct
group of CR-Indians. In Huetar Indians, the frequency of the FVL and ACE D-alleles was
significantly higher and the R2-allele frequency of FV HR2 haplotype was lower than in the
other tribes. These results are probably due to a higher degree of admixture with Europeans
in the past, compared to other CR-Indian tribes (Barrantes et al., 1998; Ibarra, 2001).
Concerning the frequencies of FV IVS16 and MTHFR polymorphisms, Chorotega Indians
were different from Guatuso, Guaymi, Cabecar and Bribri, indicating their different origins.
The similarity of the prevalence of the ACE polymorphism in the Chorotega and Bribri
Indians is remarkable, but more markers should be studied before conclusions can be
drawn. Note that in Chorotega Indians and CR-Africans from Guanacaste, ACE genotypes
were not distributed as expected by the Hardy-Weinberg; the same although not significant
tendency also occurred in Bribri Indians. One reason might be a higher degree of admixture
with Caucasians, especially in the Chorotega, compared to the others tribes investigated in
this study

In conclusion, the present study has shown that genetic polymporphisms may vary
appreciably within and between racial groups. Clear differences in the prevalence of studied
polymorphisms were found between the different subpopulations in Costa Rica. These
results indicate the importance of considering more than one molecular risk factor for
determination of the risk or predisposition for a given disease. It is necessary to analyze a
panel of molecular factors to determine the genetic background of a subject or population in
order to estimate the genetical predisposition to disease. It was demonstrated that the
prevalence of some established risk factors was lower in CR Indians than in Caucasians (D
allele of ACE) or absent (FVLeiden, FII 20210G>A polymorphisms). Concerning the FVII
polymorphism the protective 77 genotype was frequent only in the Chorotegas Indians, but
the protective homozygous GIn353 genotype was absent in all CR-Indian groups.
Knowledge of the prevalence of the studied polymorphisms in the Costa Rican populations
provides the basis for follow studies of thrombosis in latinamerican populations.
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1. Introduction

The definition of thrombophilia includes the impact of hereditary base in the tendency to
develop thrombosis and its clinical manifestations. Prothrombotic phenotype results from
the interaction of inherited disorders of coagulation and various "clinical" risk factors such
as obesity, immobility, major and minor surgery, hormone therapy, malignancy, etc.
According to the accepted multicausal model, inherited thrombophilia is a manifestation of
mutual influence of gene-gene and gene-environmental factors. Inherited thrombophilia
traits include a wide range of disorders. Deficits of some coagulation inhibitors are relatively
rare, and their clinical significance is previously known. On the other hand, in genes which
control the coagulation cascade, there are many variants that are widespread in the
population. The practical significance of these variants, known as genetic polymorphisms, is
different, and the subject of numerous epidemiological-genetic, clinical and health economic
studies (Novakovi¢ et al, 2010; Krcunovi¢ et al., 2010; Pavlovi¢ et al., 2011).

In summary, the most common congenital disorders associated with thrombophilia are: a
deficiency of antithrombin, protein C and protein S, variants of factor V Leiden and
prothrombin 20210, and mild hyperhomocysteinemia (Table 1). Individually or in
combination, these traits are present in about 40% of patients with venous
thromboembolism (VTE), and in approximately the same percentage of women with
disorders of pregnancy and puerperium, such as fetal loss, fetal growth restriction and
preeclampsia (De Stefano et al, 2002).

1.1 Deficiency of natural coagulant inhibitors

Deficiency of antithrombin, protein C and protein S are rare disorders, the total present in
about 1% of the general population. It is considered that holders of these properties have a
5-8 times greater risk of VTE, and VTE among patients with their representation is about 10-
15%. They are usually associated with the action of environmental factors, and the first VTE
event occurs before 45 years of age (De Stefano et al, 2002).

1.2 Factor V Leiden

It is determined that a variant of coagulation factor V, designated as factor V Leiden, is
basically a genetic polymorphism. This is a SNP polymorphism in the 506th codon, which
triplet CGA for arginine replaces the CAA triplet for glutamine. The prevalence of factor V
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Leiden varies: is about 1-5% in North America, higher in North and Central Europe, while in
the African and Asian population, this polymorphism is almost absent. It is estimated that
this polymorphism originated 21- 24000 years ago. Under normal conditions, APC protein
binds to factor V and cuts it into two inactive fragments. It is determined that the Leiden
variant is resistant to APC protein, which prolongs the action of factor V. The result is a
continuation of prothrombin activation and continuously maintain coagulation cascade
(Robertson et al, 2005, Ho et al, 2006).

Hvpercoagulable State General Patients with Single Thrombophilic
yp Ch Population (%) VTE (%) Families (%)
Factor V Leiden 3-7 20 50
Prothrombin G20210A 1-3 6 18
Antithrombin deficiency 0.02 1 4-8
Protein C deficiency 0.2-0.4 3 6-8
Protein S deficiency N/A 1-2 3-13
Hyperhomocysteinemia 5-10 10-25 N/A
Antiphospholipid
antibodies 0-7 >15 N/A

N/ A, not readily available or unknown; VTE, venous thromboembolic event.

Table 1. Prevalence of major hypercoagulable states in different patient populations (after
De Stefano et al, 2002).

Heterozygous for FVL have a 2-7 times greater risk of VTE event, while the homozygous
risk increased even 40-80 times. The first event of VTE often occurs after 45 years of age. The
risk is further multiplied in women during pregnancy, as well as due to the intake of oral
contraceptives or hormone replacement therapy in menopause (Table 2). Thus, women
heterozygous for factor V Leiden who take hormone preparations have 15.6 times higher
risk of venous thrombosis, while pregnant women homozygous for this polymorphism
show 34 times increased risk of thrombosis. The risk of spontaneous abortion is also
increased (Robertson et al, 2005, Ho et al, 2006).

YR :

Number of /o with factor in Relative risk
women who

Factor Studies | Patients | Had VTE H\alflnr; ° (95% CI)

Oral contraceptive use 7 2530 61 29 2.0(1.8t02.2)

Factor V Leiden, no OC 6 1617 19 6 35(25t04.9)

Oral contraceptive and

Factor V Leiden 6 1612 27 2 12 (7.9t0 19)

Hormone replacement 2 359 62 38 1.7 (L4 to 2.1)

therapy

Factor V Leiden, no HRT 2 221 21 7 31(141t06.7)

HRT and Factor V Leiden 2 218 27 3 9.2 (3.5 to 24)

Table 2. Results for association of venous thromboembolism with oral contraceptive or
hormone replacement use, Factor V Leiden, or both (after Wu et al, 2006).
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1.3 Prothrombin G20210A

The gene for prothrombin (coagulation factor II) also has a significant polymorphism
20210G> A. This polymorphism is located in the 3' untranslated region of gene, and is
supposed to have a regulatory role. Its frequency in European populations is 1-5%, while it
is very rare in people of African or Asiatic origin. 20210 allele leads to increased activity of
prothrombin, and the hypercoagulation state (Robertson et al, 2005, Ho et al, 2006)

Meta analyzes show that the risk for the first thrombotic event increased 2-10 times in
heterozygotes for factor V Leiden and 2-6 times in heterozygotes for allele 20210A.
Combined heterozygous, possessing both polymorphisms, have as much as 20 times higher
risk. These data are particularly important in situations that in themselves predispose
thrombosis and thrombus-embolism, such as major orthopedic surgery or malignancy
(Robertson et al, 2005, Ho et al, 2006).

1.4 Mild hyperhomocysteinemia

In relation to thrombophilia, the importance of some other polymorphisms should be
emphasized, such as polymorphism in the gene for methylene-tetrahidrofolat-reductase,
MTHEFR 677C> T. This polymorphism leads to substitution of alanine to valine at position
222 in the polypeptide, which causes thermolable form of the enzyme with decreased
activity. T allele frequency is highest in Asian populations, lower in white European and
American, and the lowest in African populations. In Europe, the incidence of TT
homozygosity is 5-15%. People with 677TT and 677CT genotype have only 30% and 50%
MTHFR enzymatic activity, respectively. MTHFR catalyzes the development of methyl-
tetrahidrofolate, which is the main donor of methyl group in the remethylation of
homocysteine to methionine. That is why the MTHFR 677 polymorphism associated with
hyperhomocysteinemia, which is considered to be an independent risk factor for
thrombophilia, and other disorders, such as atherosclerosis, neural tube defects, etc
(Robertson et al, 2005, Wu et al, 2006; Simi¢-Ogrizovi¢ et al. 2006; Todorovié¢ et al. 2006;
Damnjanovi¢ et al. 2010 ).

e Patients with VTE, independently of the age of onset (</> 45 years), the circumstances
of thrombosis (provoked /unprovoked), and the severity of the clinical manifestations.
e As a rule, patients with cancer may be excluded. Yet patients with hematologic
neoplastic diseases and venous thromboembolism are potential candidates.
e Women with complications of a pregnancy other than VTE:
- one or more episodes of late fetal loss
- two or more episodes of early fetal loss
e Asymptomatic individuals who are first-degree relatives of a diagnosed carrier of a
thrombophilic trait. This should be accompanied by accurate information and
counseling.
e DPotential candidates:
- Women with pre-eclampsia, fetal growth retardation or abruptio placentae
- Asymptomatic women with a family history of VTE, before use of oral
contraceptives, hormone replacement therapy, or pregnancy.

Box 1. Candidates for screening for inherited thrombophilia (adapted from de Stefano et al,
2002 and Wu et al, 2006)
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¢ Antithrombin heparin cofactor activity (amidolytic method)
e Protein C (clotting or amidolytic method)

e Protein S (total and free antigen fractions)

e APC-resistance plasma assay

e Factor V Leiden

¢ Prothrombin G20210A

¢ Homocysteine

Box 2. Screening for inherited thrombophilia (first line panel) (adapted from de Stefano et al,
2002 and Wu et al, 2006)

Oral anticoagulant prophylaxis for as long as in patients with a normal genotype:

e First unprovoked deep venous thrombosis with or without pulmonary embolism in patients
with isolated heterozygosity for factor V Leiden or for the prothrombin G20210A or with
moderate hyperhomocysteinemia.

¢ First provoked deep venous thrombosis with or without pulmonary embolism (all
genotypes).

Oral anticoagulant prophylaxis for an indefinite duration:

e Two or more recurrent unprovoked episodes of deep venous thrombosis with or
without pulmonary embolism (all genotypes).

e  First unprovoked deep venous thrombosis with or without pulmonary embolism
affecting individuals with severe thrombophilia (AT, PC, or PS deficiency,
homozygosity for factor V Leiden, combined defects)

e  First life-threatening thrombotic episode (massive pulmonary embolism, cerebral
venous thrombosis, splanchnic venous thrombosis), in particular if unprovoked (all
genotypes).

Uncertain indications for oral anticoagulant prophylaxis of indefinite duration to be given on an

individual basis (all genotypes):

¢ Two or more recurrent unprovoked episodes of superficial thrombophlebitis

e Two or more recurrent provoked episodes of deep venous thrombosis with or without
pulmonary embolism

e  Two or more recurrent episodes of deep venous thrombosis with or without
pulmonary embolism, of which only one unprovoked

e  Diagnosis of severe thrombophilia in individuals with not recent occurrence of
unprovoked deep venous thrombosis with or without pulmonary embolism.

Primary antithrombotic prophylaxis in asymptomatic relatives of proband patients with

inherited thrombophilia:

e  Contraindication to oral contraception or hormone replacement therapy (in par
ticular for women with severe thrombophilia, i.e. AT, PC, or PS deficiency,
homozygosity for factor V Leiden, combined defects)

e  Prophylaxis:
in the case of: surgery, bed immobilization, plastering of the arms or of the legs, long
air journeys (more than 4 hours)
in the puerperium (all genotypes)
throughout the whole pregnancy (severe thrombophilia; the indication for primary
antithrombotic prophylaxis with low molecular weight heparin throughout the
pregnancy in women with isolated heterozygosity for factor V Leiden or for the
prothrombin G20210A is not yet certain).

Box 3. Secondary prophylaxis with oral anticoagulants after VTE in patients with inherited
thrombophilia (adapted from de Stefano et al, 2002 and Wu et al, 2006)
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Results of extensive cost-benefit studies do not support universal polymorphism screening
prior to the introduction of hormone therapy, during pregnancy or after major orthopedic
surgery. Instead, selective testing of patients with a history previous thrombo-embolism is
recommended. To prevent spontaneous abortions in women with thrombophilia, low-dose
aspirin and heparin is recommended. There is no universal agreement on the need for
preventive therapy in elective orthopedic surgery (Robertson et al, 2005, Ho et al, 2006, Wu
et al, 2006).

2. New approaches and research strategies in inherited thrombophilia

Until recently, research aimed to elucidate the genetic component of the susceptibility to
VTE was based on the traditional approach and employed primarily candidate gene studies;
by this approach, the most significant and well-known polymorhisms of coagulation factors
V and II (factor V Leiden and prothrombin 20210) were identified. Candidate genes are
generally selected with respect to their known role in the traits and processes in interest. In
relation to VTE, majority of studies have dealt with genes of coagulation/fibrinolysis
cascade.

Thus, based on the known biology of clotting, Smith et al. (2007) investigated
polymorphisms of 24 candidate genes coding for proteins affecting coagulation (factors II, V,
VII, VIIL, IX, X, XI, XII, XIllal, and XIlIb; fibrinogen a, 3, and y; and tissue factor),
anticoagulation (antithrombin, proteins C and S, endothelial protein C receptor,
thrombomodulin, and tissue factor pathway inhibitor [TFPI]), fibrinolysis (plasminogen and
tissue-type plasminogen activator), and antifibrinolysis (PAI-1 and thrombin activatable
fibrinolysis inhibitor [TAFI]).

Although candidate gene studies have yielded some significant results, selection of
appropriate candidates may be difficult, and new approaches had to be employed. One of
these modern, widely used and successful strategies for identification of new genetic
variants associated with susceptibility to multifactorial diseases is GWAS (genome wide
association studies). GWAS is based on testing the association of a complex phenotype with
large numbers of SNPs in large samples of patients. Recent use of this and other modern
strategies resulted in detection of a number of new genetic variants potentially associated
with VTE, but further research is needed to elucidate their significance as general risk
factors.

ABO locus variants were previously found to be associated with susceptibility to VTE:
non-O blood group carriers were at higher risk, probably through higher levels of VWF
and factor VIII, known risk factors for VIE (O'Donnell et al, 2002). This was confirmed by
a recent study - Tregouet et al. (2009) conducted a GWAS on 317 000 SNPs in 453 VTE
cases and 1327 controls, and found that 2 SNPs in ABO locus (rs505922 and rs657152)
were significantly associated with VTE; carriers of O and A2 blood group were at lower
risk.

Within the FGB/FGA/FGG gene cluster (coding for fibrinogen beta, alpha and gamma),
several SNPs were associated with VTE: rs867186 located between FGB and FGA (Tregouet
et al, 2009), rs6050 (Thr312Ala) in FGA (Gohil et al, 2009) and rs2066865 located in the 3'UTR
of the FGG gene (Uitte de Willige et al, 2005).

Variation in gene encoding protein C (PROC) responsible for protein C deficiency was
initially supposed to be strongly related to thrombosis, but this was not confirmed later
(Dahlback, 2008). However, two polymorphisms within the promoter region (C/T at
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position -2405 and A /G at position -2418) were recently associated with increased risk of VT
(Pomp et al. 2009). Carriers of CC/GG genotype, who showed the lowest protein C levels,
were at higher risk of VT compared to carriers of the TT/AA genotype. Polymorphism at
CADM]1, encoding cell adhesion molecule 1, also expressed in endothelial cells, was recently
identified as a probable risk factor for VIE in protein C-deficient kindreds (Hasstedt et al,
2009), but it is not clear whether it is a general risk factor also. In gene coding for protein C
receptor (PROCR or EPCR) haplotype A3 (Gly219 allele of the Ser219Gly substitution) was
associated with increased VTE risk (Qu et al, 2006; Tregouet et al, 2009), especially in high-
risk groups of individuals, carriers of other mutations (Morange & Tregouet, 2010).

The association of gene F12 (encoding coagulation factor FXII) variants with VTE has been
subject to a long debate. Common F12 variant has attracted much research interest, but
the results were not unequivocal. F12 C-46T variant (rs1801020) was reported to be
associated with increased VTE risk (homozygous carriers of T allele compared to
noncarriers; Tirado et al, 2004). This association was also observed in a number of other
studies, e.g. in patients with cerebral VT (Reuner et al, 2008). However, some studies
failed to confirm these findings, e.g. Grunbacher et al. (2005) found that F12 46-TT
genotype was not associated with thrombosis risk, nor with age at first thrombosis. A
metaanalysis by Johnson et al. (2011) led to conclusion that evidence for association of this
F12 variant with VIE was weak. By genomewide linkage analysis, Calafell et al. (2010)
demonstrated that the F12 gene represents a quantitative trait locus (QTL) that influences
factor XII levels, and showed that only the promoter -46C>T variant (rs1801020)
accounted for the variance attributed to this QTL. The authors concluded that this
variation is evolutionary neutral and that T allele appeared approximately 100,000 years
ago, reaching high frequencies by genetic drift.

Buil et al. (2010) reported that a new locus, C4BPB/C4BPA (coding for C4-binding protein), is
involved in susceptibility to VT through a still unknown, but protein S-independent
mechanism. Bezemer et al. (2008) found SNPs significantly associated with VT in
CYP4V2/KLKB1/F11 gene cluster, as well as in the GP6 and SERPINCI genes. Three SNPs
were strongly associated with VT: rs13146272 in CYP4V2, rs2227589 in SERPINC1 and
rs1613662 in GP6; 4 additional SNPs (in CYP4V2, KLKB1, and F11) were also associated with
VT. The effect of CYP4V2 and GP6 loci polymorphisms (SNPs rs1613662 and rs13146272)
was further confirmed by Tregouet et al. (2009), and the effect of F11 polymorphisms (SNPs
rs2289252 and rs2036914) by Li et al. (2009). Recently, in a multi-stage multi-design study,
Antoni et al. (2010) found evidence that BAI3 locus (encoding brain specific angiogenesis
inhibitor 3) is associated with early-onset VTE; rs9363864-AA genotype was associated with
a lower risk for VTE and low levels of FVIII and VWEF. Three variants were recently found to
be associated with activated partial thromboplastin time: F12 (rs2731672), KNG1 (rs710446),
and HRG (rs9898) (Houlihan et al. 2010); KNG1 11e581Thr was confirmed as a risk factor for
VT (Morange et al., 2011).

Morange et al. (2010) in a follow-up study found another new locus involved in
susceptibility to VT that was not a part of commonly studied coagulation/fibrinolysis
pathway: HIVEP1 (coding for human immunodeficiency virus type 1 enhancer-binding
protein). Allele rs169713C was associated with an increased risk for VT.

Future research in relation to genetic basis of VTE is aimed to explore other possibilities as
well (Morange & Tregouet 2010), such as the effects of CNVs (copy number variations) or
changes in epigenetic mechanisms (e.g. DNA methylation patterns).
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3. Molecular testing of inherited thrombophilia

Nowadays, direct molecular detection of thrombophilia risk factors including F2 G20210A,
factor V Leiden and MTHFR C677T mutations is offered by many clinical diagnostic
laboratories. It is possible to discriminate between individuals heterozygous and
homozygous for factor V Leiden on the basis of the degree of APCR in functional clotting-
based assays. Testing for APC resistance (using an accurate assay) can be helpful in
assessing for the presence of FVL, whether used initially as a “screen” or if used in
conjunction with molecular testing. Therefore the APCR test serves as a phenotypic marker
for FVL. A normal modified APCR test excludes the presence of FVL, but if abnormal, the
FVL genotype should be confirmed by genetic analysis. Although the presence of PT
G20210A is associated with increased levels of prothrombin in plasma, there is no
phenotypic screening test for PT G20210A, and detection is always by genotyping. In
contrast, there are no analogous functional assays for the detection of the PT G20210A
mutation because there is no simple distinction between measurable PT levels in those with
and without the mutation. Similarly, although the MTHFR thermolabile variant may be
associated with increased levels of homocysteine, there is no other direct functional measure
of any effect upon in vitro clotting assays. Detection of thrombophilias by functional testing
is associated with a degree of uncertainty because interpretation of results can be influenced
by the accuracy of normal ranges and the influence of other factors (both genetic and
environmental). Hence repeat testing is often required.

Many different DNA-based methods have been described. In every laboratory method is
chosen based on required sensitivity, necessary equipment, number of samples and
economical capacity. In contrast to functional analyses results obtained by DNA based
methods are essentially absolute, provided the requisite controls are in place, such that
repeat testing is not required. Most of the methods described rely on DNA amplification by
polymerase chain reaction (PCR). Genomic DNA is required for genetic analysis, but
quantity and quality of DNA preparation may vary, depending on the requirements of the
assay. Most laboratories routinely purify DNA for the analysis, but where only one or two
single nucleotide polymorphisms (SNP) are to be evaluated, avoidance of time consuming
DNA preparation can be of benefit. PCR-based methods rely on different tools to detect the
genotype of the amplified alleles, such as RED, amplification-refractory mutation system
(ARMS), enzyme-linked immunosorbent assay (ELISA)-based primer extension assay and
fluorescence resonance energy transfer (FRET) assay. Multiplexing allows single procedure
to detect more than one mutation. However, when electrophoresis is used, there may be
many fragments present and care must be taken to ensure that interpretation of genotypes is
clear-cut and not prone to error. Rare mutations at, or very close to the SNP site of interest
may suggest different genotypes, depending on methodology. For example, rare silent
mutations within the F5 gene (A1692C, G1689A and A1696G) and rare sequence variations
at or near the prothrombin (F2) G20210A mutation (C20209T, A20207C, A20218G and
C20221T). These will influence genetic analysis in a manner dependent upon the test system
used. However, when these sequence variations are rare in the population their influence on
the assay may be considered negligible.

3.1 Restriction enzyme digestion
Original methods for detection of mutations are based on restriction fragment length
polymorphism (RFLP). DNA fragment of interest is amplified by polymerase chain reaction
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(PCR) and than subjected to digestion by specific restriction enzymes whose restriction site
is either created or abolished by the presence of mutation. Fragments of different sizes,
generated after digestion, are separated by agarose or polyacrylamide gel electrophoresis
and visualized under ultraviolet light after staining with ethidium bromide. The number of
bands allows the discrimination of possible genotypes. For the FVL mutation restriction
enzyme Mnll is used. The fragment generated by PCR contains one restriction enzyme site
which serves as a positive internal control. It ensures that the restriction enzyme has been
added, and that the restriction digestion has occurred. The second restriction site for Mnll is
created by FVL mutation (Bertina, 1994). In the method described for detection of the PT
G20210A in the presence of the mutant allele an artificial HindlIII restriction site had to be
created by the mutagenic amplification primer (Poort et al, 1996). Improvement of the
original method provides additional restriction site which serves as a control as in the case
of FVL detection (Pecheniuk, 2000). The MTHFR C677T mutation is also easily detected by
PCR and RFLP analysis since the mutation creates restriction enzyme site for Hinfl enzyme
(Frosst, 1995). The use of multiplex PCR prior to RFLP and the use of whole blood instead of
isolated DNA largely improved the original RFLP analyses (Gomez, 1998).

Fig. 1. Polyacrylamide gel electrophoresis of PCR-RFLP products for the FII polymorphism.
Lane 1-molecular size marker; lane 2,3,6-normal patient; lane 4,5- heterozygous patient;
lane7-heterozygous control; lane 8-normal control; lane 9-blank control

Fig. 2. Polyacrilamide gel elelctrophoresis of PCR-RFLP products for the FVL polymorphism
Lane 1-molecular size marker; lane 2-normal control; lane 3-hetrozygous control;
lane 5-homozygous mutant control, lane 6,7-heterozygous patients, lane 8-blank control
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Fig. 3. Polyacrilamide gel electrophoresis of PCR-RFLP products for the MTHFR
polymorphism Lane 1- molecular size marker; lane2,3,7,9-heterozygous patients;
lane4,6,8,10-normal homozygous patients; lane 5-mutant homozygous patient

3.2 Amplification refractory mutation system (ARMS)

In order to simplify the procedure, increase the efficiency and reduce the costs by
eliminating the use of restriction enzymes new methods have been developed. One of them
is ARMS based on allele specific amplification of DNA sample. Standard procedure is
performed in two separate reactions and with three different primers. In each reaction one
of the primers is common (used in both reactions) and the other one is allele specific with
3’end complementary either to wild type allele or mutant allele. Results are obtained by
analysis of PCR products on agarose or polyacrylamide gels. The presence or absence of
PCR products represents the presence or absence of target alleles. Usually control primers
are amplified in the same reaction with allele specific primers to ensure that the PCR
reaction is working properly. Multiplex ARMS assay is also widely in use and it allows the
analysis of two or more mutations. The Stagen kits for FVL and PT G20210A (Stago,
Asnieres, France) amplify -2 microglobulin and an unconnected region of F5 (or F2) genes
as controls, to ensure efficiency of the PCR reactions. Although this method is simple,
efficient and cost effective the specificity of amplification relies highly on careful primer
design, careful titration of primer concentrations, and stringent temperature cycling
parameters (McGlennen, 2002).

3.3 Single strand conformational polymorphism

The other simple and fast method which avoids the need for restriction enzyme digestion is
a single-strand conformation polymorphism (SSCP). It relies on the fact that denatured
DNA molecules show different migration patterns on electrophoresis gels even when they
differ in only one base. After PCR amplification DNA fragment of interest is denatured to
single strands and analyzed by gel electrophoresis. Different alleles will form different 3D
conformation and different migration patterns will be observed on gels. The advantage of
this method is that it may identify rare mutations, such as the silent A1692C transition in the
F5 gene, which is falsely identified as FVL when Mnll restriction enzyme is used (Keeney et
al., 1999). These authors also described an SSCP multiplex assay to identify FVL and PT
G20210A mutations in whole blood samples. Care must be taken on the interpretation of
SSCP, as mutations may cause relatively small changes in electrophoretic mobility Cooper &
Rezende (2007).

3.4 Enzyme-linked immunosorbent assays
ELISA-based methods generally hybridize a biotinylated PCR product to oligonucleotide
bound to microtitre plate wells. Streptavidin-horseradish peroxidase conjugate then binds
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to the bound amplicon and finally, buffered hydrogen peroxide with chromophore detects
the bound amplicon. Comparison of colour density generated by reactions with wild-type
and mutant oligonucleotide probes determines the genotype. A variation of this test is a
multiplex assay, where two separate PCR reactions utilize a common biotinylated primer
and reverse primers specific for wild-type or the mutant allele, and PCR products hybridize
onto an oligonucleotide probe in microtitre plate wells. The former assay design may be
more robust, as a single amplification reaction amplifies DNA irrespective of genotype. An
ELISA assay for FVL using a reverse allele-specific oligonucleotide hybridization was
described by Kowalski et al. (2000). ELISA-based methods require the use of a thermocycler,
but other specialist genotyping apparatus is not required. In comparison to gel technology,
chemicals used are less hazardous. The StripA Assay (Viennalab, Vienna, Austria) is an
ELISA, which utilizes the reverse hybridization principle, binding reactants to a membrane
strip rather than to microtitre plate wells. The target sequence of DNA is amplified in a
single reaction which produces a biotin-labelled amplicon. The amplicon is selectively
hybridized to wild-type and mutant oligonucleotide detector bands on an individual
membrane strip, and detected by means of streptavidin-alkaline phosphatase with colour-
forming substrate. Washing and hybridization steps can be automated. Control and test
bands are examined by eye or scanned to determine genotype. StripA kits are available for
the detection of FVL and PT G20210A mutations and as a multiplex assay.

3.5 Real-time PCR

Real time high resolution melting curve analysis (HRM) employs a new class of fluorescent
dyes that intercalate with double-stranded DNA. The intercalating dye is incorporated in
PCR reaction and the products are then heated to separate the two strands. Fluorescence
levels decrease as the DNA strands dissociate and this melting profile depends on the PCR
product size and sequence. HRM appears to be very sensitive and can be used for high
throughput mutation screening. Melting temperatures of wild type and mutant allele differ
and genotype can be easily interpreted. Whilst Tm values can be extremely useful and
reliable in detecting wild-type and common mutations, they cannot be relied upon to
characterize unusual mutations. Instrument is relatively expensive and prone to
contamination. A multiplex assay for FVL and PT was developed by Van den Bergh et al.
(2000). The authors considered their assay to be robust, reliable with high discrimination
power. Interpretation of results is based on the presence or absence of peaks with a Tm that
is specific for the wild-type or mutant allele. It helps to identify additional sequence
variations. This approach is simple allowing the result to be obtained in approximately two
hours. Although the instrument is relatively expensive and the method is prone to
contamination it is robust and reliable for identification of mutation of interest.

3.6 Mutation detection using hydrolysis probes

Some systems use only a single fluorescently labeled oligonucleotide probe (TagMan
hydrolysis probes) that provide very sensitive and specific detection of DNA. For
genotyping this technology uses a PCR primer pair and two allele specific hydrolysis
probes, one designed to detect the mutated allele and the other wild-type allele. Both allele-
specific hydrolysis probes have a quencher dye and different reporter dyes attached. During
the extension phase of PCR amplification the probe is hydrolyzed by Taq polymerase,
reporter and quencher dyes are separated which causes the increase in fluorescence. After
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PCR amplification, an endpoint plate reading is performed using real time PCR system.
Allelic discrimination is achieved by measuring of the fluorescence values based on the
signals from each well (Spector, 2005).

3.7 Direct sequencing of DNA

The gold standard method of mutation detection (screening) is bidirectional sequencing.
The advantage of this method is that unusual mutations which can cause analytical
anomalies can be easily detected. Variation of the standard dideoxy sequencing is
Pyrosequencing (Biotage AB, Uppsala, Sweden) which simplifies further the analysis and
makes it possible to analyze a large number of PCR products quickly and with minimal
effort.

3.8 DNA microarray technology

DNA microarray technology provides rapid simultaneous testing for large number of single
point mutations. It is a method of choice for laboratories with large number of test requests
(Schrijver, 2003). Custom designed oligonucleotide sequences complementary to the normal
DNA sequence and known SNP are attached to a chip. The DNA sample screened for
mutation is amplified by PCR, fluorescently labeled and hybridized with the
oligonucleotides in the microarray. Computer analysis of the color pattern of the microarray
generated after hybridization allows rapid automated mutation testing (Turnpeny & Ellard,
2007). Several commercial platforms which include factor V Leiden, PT G20210A and
MTHFR C677T mutation are available. However, they are still expensive for most of the
laboratories. Low-density arrays with 10 to 20 markers could be a good alternative. In a
single test all thrombophilic markers identified through the human genome project could be
analysed (McGlennen, 2002).

3.9 Invader assay

This assay, unlike most of the other DNA-based genotyping methods does not employ PCR.
Analysis is performed with genomic DNA. The Invader technology is based on the
generation of a fluorescent signal in the reaction solution following the cleavage of synthetic
oligonucleotide probe assembled with a so called invader probe and the DNA template that
contains either the normal or mutation nucleotide (McGlennen, 2002). The analysis is
performed in microtiter well and the signal is detected by fluorescent plate reader.

The main advantages of the Invader assay are that it does not employ the PCR reaction,
therefore, failures resulting from contamination are less likely to occur (Cooper & Rezende,
2007). There is only a requirement for heating block and a fluorometer, but no dedicated
apparatus is required for this assay. Genotypes can be obtained reliably directly from
genomic DNA. It suffers from two limitations. First it requires relatively large amounts of
target DNA. Second, only one SNP can be genotyped per reaction (Olivier, 2005). Modifying
of the technology to accommodate multiple SNPs and large numbers of samples
simultaneously will significantly improve this assay .
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1. Introduction

In order to secure the continued supply of oxygen to the tissues, the integrity of the vascular
system is of prime importance for survival. Several systems therefore exist that safeguard
the circulatory system and that include emergency- and repair systems. As a protective
system, primary haemostasis and blood coagulation function in concert in order to prevent
extensive loss of blood from the organism in the event of vascular damage (Dahlback, 2000).
Not only humoral and cellular factors limit the loss of blood, a first-line-of-defense is formed
by the physiological process of vasoconstriction which is initiated upon a breach of vascular
integrity.

Being capable of converting the fluid-like medium blood into a gel-like blood clot within a
very short span of time implies that the haemostatic system incorporates the intrinsic
dangerous capacity of damaging the very system it is intended to protect. This is the reason
why the haemostatic system is subject to strict regulation by several anticoagulant
mechanisms, which together prevent the excessive or inappropriate deposition of blood
clots within the vascular system.

Rather than being a dormant system that only responds to changes in the vasculature, it is
generally accepted that the haemostatic response, as it occurs in healthy individuals, is
instead the result of the upregulation of ongoing coagulation reactions. Under normal
conditions, these coagulation reactions, as well as anticoagulation reactions proceed
continuously at a low level and pro- and anticoagulant reactions balance each other in a
dynamic equilibrium. The temporal upregulation of only procoagulant reactions will shift
the balance to favor a procoagulant response, (Dahlbéck & Stenflo, 1994).

The maintenance of both pro- and anticoagulant reactions at a low but vigilant level, ensures
that the haemostatic system is able to generate a swift response when needed, which can be
achieved through up-regulation of either the pro- or anticoagulant processes. The initiation
of procoagulant processes implicitly instigates the initiation of anticoagulation responses, as
will be detailed below, by the activation of the proteolytic protein C anticoagulant pathway.
The coupling of pro-and anticoagulant responses is of vital importance since whenever
procoagulant reactions are not controlled by anticoagulant mechanisms, or when
anticoagulant processes are defective, the formation of thrombin will become excessive and
the risk for thrombosis will increase.

Despite considerable progress in their diagnosis and treatment, ischemic heart disease and
cerebrovascular disease, remain to be the major cause of mortality worldwide, with over
80% of cardiovascular disease deaths now taking place in low-and middle-income countries
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and occurring almost equally in men and women (Global Health Observatory (GHO),
World Health Organisation [WHO], 2008).

Thromboembolic disease contributes to this overall mortality, as it is implicated in many
manifestations of cardiovascular disease. The clinical manifestation of a thrombus is that of
the pathological presence of an occlusion in a blood vessel or in the heart, which causes an
obstruction of the physiological flow of blood through the circulatory system. Such
occlusions can occur in either the venous or arterial part of the vessel tree and the condition
is consequently classified as either venous or arterial thrombosis. Despite the fact that in
both venous and arterial thrombosis the normal haemostatic balance is disturbed, the two
types of thrombosis are considered distinct disease states that each have their own particular
molecular pathology and underlying risk factors (Rosendaal, 1999, 2005).

The proper functioning of the anticoagulant protein C pathway is undisputedly required to
prevent the occurrence of thrombosis, and in particular venous thromboses, as is most
strikingly illustrated for protein C deficiency. Newborns who are homozygous protein C
deficient can develop the life-threatening condition of acute onset “purpura fulminans”
(Dreyfus et al, 1991, 1995) which can be treated by replacement therapy employing purified
protein C concentrates.

Resistance to activated protein C (APC), or APC resistance, the subject of this chapter, has
been implicated mostly in pathogenesis of venous thrombosis, despite the fact that the
causative FVieigen mutation, which is present in a majority of cases, has been related to
myocardial infarction and/or overall coronary disease (Rallidis et al.2003; Segev et al., 2005;
Ye et al., 2006). Various clinical studies have been performed to identify the contribution of
the anticoagulant protein C pathway to arterial thromboses and stroke and these have not
been conclusive in providing clear evidence for the contribution of the protein C pathway to
arterial thrombosis (e.g. Folsom, 1999; Hankey, 2001; Boekholdt, 2007). That there is a link
between the hemostatic system and arterial thrombosis or atherosclerosis appears clear as it
has been established that many complex diseases, such as atherosclerosis, show an extensive
crosstalk between inflammation and coagulation, as was recently reviewed by Borisoff and
coworkers (Borisoff et al, 2011).

Venous thrombosis (or venous thromboembolism, VTE) is a multifactorial disease
(Seligsohné&Zivelin, 1997; Rosendaal, 1999) that affects one in 10,000 individuals under the
age of 40 years annually and one in 1,000 individuals over 75 years of age, causing
significant morbidity and mortality (Salzman & Hirsh, 1994; Anderson et al, 1991,
Nordstrom et al. 1992). The multifactorial character of VIE implies that for the disease to
occur often several circumstantial and genetic factors occur simultaneously. Together these
factors are capable of tipping the natural haemostatic balance between pro- and
anticoagulant forces. Important to note is that environmental and acquired factors are able
to modulate the existing genetic risk factors for thrombosis in an individual and these
acquired factors, which may be very diverse by nature, are consequently directly involved
in the pathogenesis of thrombosis. Thrombosis will develop then when the combined risk
factors interact such that the threshold for thrombosis is surpassed. Upon passing of the
threshold, the anticoagulant mechanisms are no longer able to counteract the procoagulant
forces. Consequently a thrombotic event can occur (Rosendaal, 1999).

Of the inherited risk factors for venous thrombotic disease, most are found in the protein C
anticoagulant system which will be detailed below. Examples of these are resistance to
activated protein C (APC) caused by the FViejgen mutation (FV R506Q) and the deficiencies
of the cofactor, protein S, and deficiency of protein C itself (Segers et al., 2007). Of the
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acquired risk factors, use of oral contraceptives, pregnancy/puerperium, the presence of
antiphospholipid antibodies, immobilization, surgery, malignancies and trauma are
amongst the most studied. Furthermore, age and sex are recognized as independent
contributing factors in the pathogenesis of venous thrombosis (Bertina, 2001).

In this chapter resistance to APC, the central protein of the protein C anticoagulant pathway,
will be discussed, both for genetically determined forms of APC resistance and acquired
types of APC resistance. Particular attention will be given to the molecular events that occur
during the APC-catalyzed down-regulation of thrombin formation in normal individuals,
since knowledge of these processes is pivotal in our understanding of the causative role of
APC resistance in the occurrence of thromboembolic disease.

2. Protein C anticoagulant pathway

During homeostasis several anticoagulant systems balance the procoagulant forces that act
in human blood, thereby preventing excessive platelet and fibrin depositions. A major
inhibitory buffer is formed by the circulating inhibitors, which include antithrombin, alpha-
2-macroglobulin, antitrypsin or tissue factor pathway inhibitor (TFPI) which provide the
necessary negative feedback to procoagulant forces. These circulating inhibitors target the
activated forms of the serine proteases from the coagulation cascade like thrombin and FXa
and act by complex formation with their target proteases, resulting in a loss of proteolytic
activity and clearance of the active protease from circulation.

Key regulators in the amplification of thrombin formation are however the non-enzymatic
cofactor proteins factor V (FV) and factor VIII (FVII) and by virtue of the absolute
requirement of their activity for normal thrombogenesis, they are obvious targets for the
attenuation of thrombin formation. Given that these molecules lack proteolytic activity, they
cannot be inactivated via complex formation but instead they are targeted by proteolytic
inactivation, resulting in disintegration of the protein structure and concomittant loss of
cofactor activity. The main proteolytic enzyme responsible for the inactivation of activated
FV (FVa) and FVIII (FVIIIa) is the activated form of protein C.

Low levels of activated protein C circulate, but for a sufficient anticoagulant response to
occur, an upregulation of protein C is required through a specific set of molecular events,
which together are described as the protein C anticoagulant pathway. The main player in
this pathway is protein C. Protein C is a vitamin K dependent zymogen belonging to the
class of chymotrypsin-like serine proteases (Stenflo, 1976). Being a zymogen, protein C
circulates at a plasma concentration of ~65 nM in humans as an inactive pro-enzyme which
requires processing in order to obtain its enzymatic activity. A pivotal role in the initiation
of the protein C pathway is the formation of a complex between thrombin and
thrombomodulin (Fuentes-Prior et al, 2000), see Fig. 1 below. Note that it is thrombin, the
very enzyme that ultimately needs to be downregulated, that initiates its own attenuation.
Thrombomodulin is a transmembrane protein that is present on the undamaged
endothelium, in particular the endothelium of the smaller blood vessels. The membrane-
bound thrombomodulin is able to capture thrombin by binding to the exosite I of thrombin
upon which the thrombin-thrombomodulin complex is formed. The exosite I of thrombin is
primarily involved in procoagulant interactions of the enzyme, namely in the recognition
and activation of fibrinogen, FV and FVIII (Lane & Caso, 1989). After binding of
thrombomodulin to the thrombin exosite I the procoagulant properties of any thrombin
molecules that have migrated from a site of ongoing coagulation and are transported into
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the microvasculature, are lost, thereby thrombomodulin is anticoagulant in itself. However,
not only are the procoagulant properties of thrombin inhibited, given the fact that the active
site of thrombin is still available, a conformational change that is accompanied by the
binding to thrombomodulin causes the local active site structure of thrombin to change. This
structural change alters the substrate specificity of thrombin (Fuentes-Prior et al, 2000;
Dahlbéck & Villoutreix, 2005) such that thrombin is transformed from a procoagulant into
an anticoagulant protein. In the anticoagulant state, thrombin is able to efficiently activate
protein C by removal of a 12 amino acid activation fragment from the serine protease
domain of protein C. For optimal activation of protein C by thrombin furthermore the
presence of the endothelial cell protein C receptor (EPCR) is required.
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Fig. 1. Activation of protein C by thrombin. When bound to thrombomodulin (TM), in the
presence of the endothelial cell protein C receptor (EPCR), thrombin (IIa) is able to activate
protein C (PC) to activated protein C (APC).

The physiological requirement for the presence of both thrombomodulin and EPCR is most
strikingly evidenced by the early embryonic lethal phenotypes being associated with
deficiency of either of the two proteins in mice (Fukudome & Esmon, 1994; Esmon, 2001).

In the protein C pathway, a number of factors are important for the full expression of APC
anticoagulant properties. These include the presence of the cofactor proteins, protein S and
coagulation factor V (FV) and in addition a suitable membrane surface onto which both APC
and its substrates can assemble in the presence of calcium.

Like protein C, protein S is also a vitamin K dependent coagulation factor, which however is
devoid of enzymatic activity as it does not contain a catalytic domain. FV, the procofactor
protein, has a dual function in coagulation and has been described as a “Janus faced”
protein (Nicolaes & Dahlback, 2002), with properties in both the pro- and anticoagulant
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pathways. In the APC-catalyzed inactivation of FVIIla (see also below) FV acts in synergy
with protein S as a cofactor to APC (Shen & Dahlbidck, 1994; Varadi et al, 1995). Somewhat
conflicting results were obtained whether or not FV is also a cofactor in the inactivation of
FVa. Though extremely difficult to study in purified reaction systems, this issue was
recently addressed (Cramer et al, 2010) and it was concluded that FV expresses activity in
FVa inactivation.

: - Blood
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O d

Activated
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Fig. 2. APC catalyzed inactivation of FVa and FVIlla. Left: APC, together with its cofactor
protein S (PS) proteolytically inactivates factor Va (FVa) resulting in a loss of protein
integrity and concomitant loss of cofactor activity. As a result, complex formation between
FVa and factor Xa (FXa) is not possible, leading to lowered conversion of prothrombin by
FXa. Right: analogous to regulation of FVa activity, factor VIlla (FVIIla) is leaved by APC,
resulting in dissociation of FVIIla units and loss of activity. Factor V, FV. Factor IXa, FIXa.

In the absence of protein C, individuals are at high risk for the development of thrombosis,
such as in the case of the classical homozygous protein C deficiencies that are seen in
neonates where purpura fulminans develop (Dreyfus et al, 1991, 1995). This indicates the
important function that the protein C pathway has, in particular in the microcirculation. Not
only the deficiencies of the zymogen protein C, also those of the cofactor protein S are
associated with a prothrombotic state. Deficiency of the other APC cofactor, FV, is by itself
not associated with thrombosis, which indicates that, particularly at low FV levels, the
procoagulant properties of this coagulation protein are dominant (Govers-Riemslag et al,
2002; Duckers et al, 2009). There are however reports in literature in which cases were
described where individuals who developed autoantibodies against FV have suffered from
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thrombosis rather than from bleeding problems (Ortel, 1999). It was hypothesized that in
these cases antibodies may specifically target the anticoagulant properties of FV.

3. Structure and function of coagulations factors V and VIii

FV and FVIII are large plasma glycoproteins, primarily synthesized in hepatocytes, with
relative molecular masses of ~330 kDa that share a common architecture. Both proteins have
a mosaic domain structure of A1-A2-B-A3-C1-C2 (Fig. 3). FV and FVIII share a common
ancestral gene and are consequently structurally related, with 40% amino acid sequence
identity in their A and C domains. The B-domain that connects the A1-A2 heavy chains and
the A3-C1-C2 light chains are much less (~15%) conserved. Both FV and FVIII are heavily
glycosylated, and the presence of the glycans is required for a proper folding and
functioning of the cofactor proteins (Nicolaes et al, 1999; Yamazaki et al, 2010).

The activated forms of FV and FVIII, called FVa and FVIIIa respectively, are required for full
expression of activity by the prothrombinase and intrinsic tenase complexes respectively. In
fact, FVa and FVIlla are essential non-enzymatic cofactors: in the absence of the cofactors the
prothrombinase and tenase complex are virtually inactive.

To protect FVIII and to prevent premature expression of its cofactor activity, FVIII circulates
in plasma in complex with von Willebrand factor (VWEF), whereas FV in plasma is in free
form (Weiss, 1977). In thrombocytes however, FV is bound to multimerin 1 (MMRNT1), a
large protein much like VWEF, that protects FV from expression of its activity and
presumably from intracellular degradation (Hayward, 1995). Upon activation of FV, the
binding affinity of multimerin for FVa is decreased slightly, which will allow dissociation of
the multimerin-FVa complex (Jeimy, 2008). A similar mechanism, modification of affinity
by activation, has also been described for the binding between FVIII and VWF (Lollar, 1988).
The circulating procofactors FV and FVIII possess negligible activity and for them to gain
activity, they need to be proteolyzed. During activation, the large B-domain will be excised
from the molecule. In fact it has been shown for FV that the presence of the B-domain itself
is the reason that the cofactor is not active and that proteolysis is needed to eliminate steric
and/or conformational restraints that are imposed on the cofactor by the B-domain. A lifting
of these restraints by removal of the B-domain allows the availability of discrete binding
interactions between FVa and its binding partners FXa and prothrombin (Kane, 1990; Keller
1995; Toso, 2004). Activation of FV and FVIII is essentially a positive feedback reaction since
the potential activators are alpha-thrombin (Kane et al, 1981; Suzuki et al, 1982),
meizothrombin (Tans et al, 1994), FXa (Monkovic & Tracy, 1990), FXIa (Whelihan et al, 2010)
and tissue factor-FVIla (Safa et al, 1999). Of these, activation by alpha-thrombin, the very
enzyme that is produced by the prothrombinase complex, is regarded as most important.
The cleavages by thrombin and FXa are indicated in Fig 3. For both cofactors these result in
the release of the B-domain, a process that is accompanied by expression of cofactor activity.
The molecular weight of the FVa light chain is not unique due to incomplete N-
glycosylation at Asn2181 in the C2 domain (Nicolaes et al, 1999; Kim et al, 1999). As a result
of this variable glycosylation, two different forms of FV are present in human blood. These
two glycoisoforms express different activities in both pro- and anticoagulation pathways
(Varadi et al 1996, Hoekema et al, 1997) and glycosylation of the FVa light chain, more
precisely the N-linked glycosylation at Asn2181, has been implicated in the pathogenesis of
venous thrombosis (Yamazaki et al, 2002, 2010).
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Fig. 3. Activation of FV and FVIIIL. The domain structures of FV (top) and FVIII (bottom) are
indicated. FV is activated by thrombin or FXa at Arg709, Argl018, and Arg1545, as indicated
by the black arrows. The active cofactor is formed by the association of the A1-A2 heavy
chain with the A3-C1-C2 light chain via calcium-dependent noncovalent bonding. FVIII is
cleaved at residues Argl1313 and Argl648 (upper arrows in purple) upon secretion from the
cell, yielding a 200-kDa fragment (also referred to as the heavy chain, consisting of the A1,
A2 and part of the B-domain) and an 80-kDa light chain. FVIII thus circulates as a dimer.
Activation of FVIII by thrombin or FXa occurs through proteolytic cleavage at Arg372,
Arg740, and Argl689 (black arrows), yielding the heterotrimeric FVIIla, consisting of a 50-
kDa Al domain-derived polypeptide, a 43-kDa A2 domain-derived polypeptide, and the
73-kDa A3-C1-C2-derived light chain, which are noncovalently associated via divalent
metal ions.
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The function of the cofactors FVa and FVIIla is, like their structure, very similar. Both
proteins express their cofactor activities when assembled in a membrane-bound complex
that furthermore comprises a serine protease (FXa and FIXa respectively) and a zymogen-
substrate (prothrombin and FX respectively). A functional complex is only formed in the
presence of calcium. Calcium is needed for the Gla-domains of the vitamin K dependent
proteins involved to reach their calcium-induced active conformation (Huang et al, 2004)
and furthermore for the occupation of the single calcium binding sites in FVa and FVIIIa,
which are necessary for expression of cofactor activity.

Involvement of the cofactor protein Va and VlIlla increases the Vmax of the prothrombinase
and tenase complex respectively, by several orders of magnitude. This implies that the
presence of FVa or FVIIla is essential for the formation of thrombin or FXa under
physiological conditions (Nesheim et al, 1979; Rosing et al, 1980, van Diejjen, 1981).

4. Regulation of FVa and FVIllla activities

Given their potency and essential character, it is of prime importance for homeostasis that
the activities of FVa and FVIIla are tightly regulated. As mentioned above, the main
proteolytic process responsible for FVa/FVIlla regulation is limited proteolysis by the serine
protease activated protein C (APC).

The inactivation process occurs much in analogy to the activation described before: APC
targets its substrates at multiple but specific cleavage sites, provided that both the substrate
and the enzyme are bound to a membrane surface (Kalafatis et al, 1994; Nicolaes et al, 1995,
Egan et al, 1997, Barhoover & Kalafatis, 2011). In the absence of a lipid surface, reactions
occur too slowly to be physiologically relevant (Bakker et al., 1992; Nicolaes et al, 1995).
Cleavage at each of the cleavage sites is characterized by its own kinetic parameters and
since there is no specific order of cleavages, the rates of the cleavage reactions are being
determined mostly by the local concentrations of FVa, APC and any cofactors or modifiers
present. Though cleavages are random, the reaction products formed after cleavage at each
of the single cleavage sites express different residual cofactor activities. For FVa this means
that where cleavage at Arg306 results in a complete loss of protein integrity, cleavage at
Argb06 results in a reaction product that has considerable remaining cofactor activity, an
activity which will depend on the concentrations of other reactants present (e.g. FXa,
Nicolaes et al., 1995).

At a concentration around or lower than the plasma concentration of FV (21 nM) the
cleavage at Arg506 is the preferred cleavage however, being ~20 fold faster than cleavage at
Arg306. The inactivation of FVa is enhanced by the presence of protein S which selectively
appears to stimulate the slower cleavage at Arg306 by a factor of 20 (Walker, 1981; Rosing et
al, 1995), the dominant cleavage at Arg506 is only stimulated 2-fold by protein S (Rosing et
al, 1995; Norstrom et al, 2006). Interesting to note in this respect is a recent finding that
protein S, which circulates in both a free form and in complex with C4b binding protein
(C4BP) has different effects on APC- catalyzed FVa inactivation, depending on whether it is
free or not. Whereas it had prior been deemed that only free protein S is active as a cofactor
to APC, it was shown that also the protein S-C4BP complex is able to stimulate the Arg306
cleavage in FVa more than 10-fold, while cleavage at Arg506 is inhibited 3- to 4-fold
(Maurissen et al, 2008). In the absence of protein S, FVa when incorporated in the
prothrombinase complex, is protected from inactivation by APC. FXa specifically protects
FVa from cleavage at Arg506 (Rosing et al, 1995, Norstrom et al, 2006), whereas
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prothrombin has no preferred protection and attenuates the cleavage at both Arg306 and
Argb06 (Rosing et al, 1995; Smirnov et al, 1999; Tran et al, 2008).
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Fig. 4. APC-catalyzed inactivation of FVa and FVIIla. FVa Inactivation proceeds primarily
via cleavages after residues Arg306 and Arg506 and to a lesser extent at Arg679 in the heavy
chain domain (Kalafatis et al, 1994; Nicolaes et al, 1995) (upper grey arrows). In FVIIla, APC
targets the peptides bonds after Arg336 and Arg562(Fay et al, 1991), (upper grey arrows).
For FVa, cleavage at Arg506 is preferred over that at Arg306. Full loss of activity requires
cleavage at Arg306. Complete cleavage by APC then results in a loss of protein integrity,
generating inactivated FVa, FVi, and inactivated FVIIla, FVIIIi. The disintegration is
accompanied by a loss of protein activity. Cofactors that influence the reactions are
indicated: protein S and FV are able to enhance the cleavages in both FVa and FVIlla,

whereas FXa and prothrombin (PT) are able to protect FVa from inactivation by APC.
Likewise, FIXa and FX are protective for FVIIla.
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A quantitative explanation for the protection by FXa has recently been given, since both
APC and FXa bind with similar affinity to similar/overlapping binding regions on the
surface of FVa and thus are in direct competition for complex formation with FVa (Nicolaes
et al, 2010). Interesting in this respect is the observation that APC, when bound to FVa can
completely but reversibly inhibit the activity of FVa, even in the absence of irreversible
cleavage of FVa by APC (Nicolaes et al, 2010).

APC-mediated cleavages in FVIIla occur at Arg336-Met337 and Arg562-Gly563 (Fay et al,
1991) and are, like is the case for FVa, not ordered but rather determined by kinetic
parameters and local concentrations of FVIIla, APC and other proteins that may modify the
reaction kinetics (Fig. 4, upper grey arrows). This means that Arg336 is usually cleaved first
and, very similar to FVa, a secondary cleavage at Argb62 is required for a complete loss of
activity (Varfaj et al, 2006; Gale et al., 2008). The relevance of APC-catalyzed inactivation of
FVIlla is not undisputed since, in contrast to FVa, FVIIla is not stable and its activity is
subject to rapid decay caused by dissociation of the A2 domain from the rest of the
molecule. Note that FVIIla is a heterotrimer, with the A1 domain being separated from the
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A2 domain. It has been estimated that the majority of FVIIla activity (70-80%) is lost
spontaneously (Lollar et al, 1990).

Moreover, the affinity of APC for FVIIla was estimated to be ~100-fold lower than the
affinity of APC for FVa (Nicolaes et al, 2010), which may indicate the lesser importance of
APC-catalyzed FVIlla inactivation, especially if the 100-fold lower plasma concentration of
FVIII, as compared to FV, is taken into account. When FVIlla is incorporated in the tenase
complex however, FVIIla is much more stable and a role for FVIIla regulation by APC
becomes more evident. Like is the case for FVa, when incorporated in the prothrombinase
complex, FVIIla is protected from APC-catalyzed inactivation not only by increased stability
of the FVIIIa heavy chain, FIXa and FX have been reported to selectively protect FVIIla from
cleavage at Arg336 and Arg562 (O'Brien et al, 2000).

APC-catalyzed FVIlla inactivation is specifically enhanced by the synergistic cofactors
protein S and FV. In FVIlla, cleavage at Arg562 is most pronouncedly enhanced in the
presence of protein S, though FV and protein S stimulate both APC cleavage sites in FVIIIa
(Shen & Dahlback, 1994; Varadi et al, 1996; Lu et al, 1996; Gale et al, 2008). Resultingly,
when both protein S and FV are present, cleavage at Arg336 and Argb62 occurs at similar
rates in FVIIIa (Gale et al., 2008).

5. APC resistance: First observations

In 1993, a first report (Dahlbéck et al, 1993) was published in which three different families
were described that presented an abnormal anticoagulant response to APC when the plasma
of family members was tested in a classical activated partial thromboplastin time (APTT) .
In the plasma of normal individuals a prolongation of the APTT will occur when APC is
added. However, for certain family members of the families studied, this prolongation was
observed to be much less than for other family members or normal controls. The plasmas
showed a poor response to APC and the term “APC resistance” was coined. APC resistance
was found to be an inheritable trait that was hypothesized to be caused by a defective
function of a hitherto unknown cofactor to APC (Dahlbdck & Hildebrand, 1994). A
surprisingly large proportion of thrombophilic patients, vz. 20-60%, proofed to be resistant
to APC and thus the new discovery attracted broad scientific interest (Griffin et al, 1993;
Koster et al, 1993; Svensson & Dahlbéck, 1994; Halbmayer et al, 1994).

To discover a molecular mechanism for APC resistance, attempts were made to isolate the
unknown cofactor from normal plasma and this revealed that this factor was FV (Dahlback
& Hildebrand, 1994). Addition of FV to an APC resistant plasma sample could normalize
the response to APC. This was the first evidence that FV is not only a procoagulant protein,
but these experiments established FV as well as an anticoagulant protein. Soon after, the
involvement of the FV gene was confirmed. In 1994 several research groups succeeded
simultaneously in the identification of the molecular cause for APC resistance by a thorough
study of the FV gene of APC resistant individuals. The cause was identified as a single
nucleotide polymorphism (SNP) at position 1691 which codes for a missense mutation at
Argb06, replacing the arginine by glutamine, exactly at one of the APC cleavage sites in FVa.
The FV gene containing the Arg506 mutation was since then described as FVLeiden,
FVR506Q or FV:Q506. (Bertina et al, 1994; Zoller et al, 1994; Voorberg et al, 1994; Greengard
et al, 1994).

With a genetic cause unveiled and relatively easy DNA sequencing technologies becoming
increasingly available, the allelic frequencies of the FVLeiden mutation was studied in
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various patient and ethnic populations. The FVLeiden mutation was found in ~95% of
families with APC resistance, which makes FVLeiden the major cause of hereditary APC
resistance (Zoller et al, 1994). The FVLeiden mutation is very common in general
populations though it is found exclusively in populations of Caucasian descent (~5% of
Europeans are carrier of the mutation) and the high prevalence implied that, at the time,
inherited APC resistance was 10 times more prevalent than the sum of all other hereditary
causes of thrombophilia known (Rees et al, 1995, 1996). The FVLeiden mutation is known as
the most common hereditary causal factor for thrombosis, by virtue of the APC resistance it
causes in its carriers.

6. The molecular basis of FVLeiden related APC resistance

The role that the FVLeiden mutation, i.e. the replacement of arginine by a glutamine at
position 506, has in the etiology of APC resistance been well studied. Several mechanisms
contribute to the explanation of the prothrombotic tendency that is present in carriers of the
mutation. First, given that the mutation abrogates the preferred mutation at Arg506, this
means that one of the prime APC cleavage sites is lost in FVaLeiden. The absence of a
cleavage site will impair efficient downregulation of procoagulant FVa activity (Kalafatis et
al, 1994, Nicolaes et al, 1995). Second, it was discovered that for FV to act as a cofactor in the
APC-catalyzed inactivation of FVIIla, it must not be cleaved by thrombin (more precisely,
the C-terminal region of the B domain must be intact) and furthermore, FV should be
cleavable at Arg506 (Thorelli et al, 1998, 1999). This implies that FVLeiden, is not a cofactor
in the inactivation of FVIIla by APC, since it cannot be transformed into an anticoagulant
molecule (Varadi et al, 1996). Third, it was found that APC also possesses a proteolysis-
independent anticoagulant activity (Gale et al, 1997; Nicolaes et al, 2010). By virtue of its
binding to FVa, thereby effectively competing with FXa for prothrombinase complex
formation, APC is able to down-regulate thrombin formation in the absence of FVa cleavage.
It was estimated that the non-enzymatic anticoagulant effect accounts for ~6% of the overall
APC activity. In the case of FVaLeiden however, APC is not able to bind to the FVa region
around the most favored cleavage site at Arg506 and consequently APC cannot regulate the
activity of FVaLeiden via the proteolysis-independent mechanism.

Taken together, the FVLeiden mutation has an effect both on the inactivation of FVa and of
FVIIIa, the two cofactors that are essential to thrombin formation, and the inactivation of
which was shown to be both contributing to APC resistance in the plasma of FVLeiden
carriers (Castoldi et al, 2004).

The in vivo effects of FVLeiden are perhaps most strikingly illustrated in the APC resistance
phenotype that is observed in the plasma of so-called pseudo-homozygous APC resistant
individuals. The individuals are genotyped as heterozygous FVLeiden carriers. However,
their phenotype is that of a homozygous FVLeiden carrier. Due to a null-mutation in their
normal FV allele, the normal FV is lacking in these individuals and only the FVLeiden allele
is expressed (at ~50% of a normal FV level). The associated thrombosis risk in pseudo-
homozygotes is in the same range as that of homozygous carriers of the FVLeiden mutation
(50- to 80-fold increased). When purified FV is however added to pseudohomozygous
plasma, the response to APC is corrected such that it will reach the same range as that of
heterozygous carriers of the FVLeiden mutation. Heterozygous carriers however have an
associated risk of thrombosis that is ~5-fold higher than normals. The increased risk of
thrombosis in homozygous and pseudohomozygous carriers of the FVLeiden mutation
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therefore appears not so much to be caused by a defect in the FVLeiden that is present, more
likely it illustrates the absence of the anticoagulant normal FV (Simioni et al, 1996, 2005;
Castoldi et al., 2004; Brugge et al, 2005).

7. Modifiers of the APC resistance phenotype

The discovery of the FVLeiden mutation boosted the research into APC resistance and APC
resistance as such was established as an indepent risk factor for thrombosis (de Visser et al,
1999) even when the FVLeiden mutation was not present. Research showed that in 10-15%
of individuals who are APC resistant (as determined via an APTT-based assay), the
FVLeiden mutation is not present (Taralunga et al, 2004; Tosetto et al, 2004). This implies
that besides FVLeiden, other factors exist that may modify the outcome of an APC resistance
assay. These modifying factors of the APC resistance phenotype can be roughly divided into
genetic and acquired factors and of the genetic factors, those that originate from the FV gene
have been best studied.

Important to mention is the fact that, since APC resistance is diagnosed according to the
function of APC in plasma, the very test that is used to determine the presence of APC
resistance is of influence as to whether a certain individual is described as APC resistant or
normal. This is illustrated by the observation that in the endogenous thrombin potential
(ETP) -based APC resistance assay (Nicolaes et al, 1997), most of the non-FVLeiden APC
resistant samples are caused by an abnormal female hormonal status (as in pregnancy,
hormone replacement therapy or oral contraceptive (OC) use) (Rosing et al, 1997; Curvers et
al, 2002). In the APTT-based APC resistance assays other factors besides OC use and
pregnancy were found to be prevalent among cases on non-FVLeiden APC resistance. These
include high FVIII levels, elevated prothrombin levels, malignancy and the presence of
lupus anticoagulants (Henkens et al, 1995; Cumming et al, 1995; Laffan & Manning, 1996;
Aznar et al, 1997; Tosetto et al, 1997; de Visser et al, 1999; Castaman et al, 2001; Tosetto et al,
2004; Taralunga et al, 2004; Sarig et al, 2005).

Several allelic variants of the FV gene have been described that contribute to the APC
resistance phenotype and to venous thrombosis. FV Cambridge (Williamson et al, 1998) and
FV Hong Kong (Chan et al, 1998) were both discovered in thrombosis patients. One of the
predominant APC cleavage sites, at Arg306, is replaced in both these FV variants as a result
of a missense mutation in the FV gene. In FV Cambridge Arg306 is replaced by Thr, and in
FV Hong Kong Arg306 is replaced by a Gly residue. Interestingly, whereas FV Cambridge
was discovered in the plasma of an individual with unexplained APC resistance, FV Hong
Kong was not associated with APC resistance. This phenotypic difference has thus far not
been explained. Investigations with recombinant FV variants that mimic FV Hong Kong and
FV Cambridge have shown that both recombinant FV variants have only a slightly
decreased APC response in a plasma system with an in vitro APC resistance phenotype
being intermediate between those of normal FV and FVLeiden (Norstrom et al, 2002).
Epidemiological studies have shown that FV Hong Kong is not a risk factor for venous
thrombosis whereas more data on the rare FV Cambridge condition are needed to establish
whether or not this FV genotype is associated with venous thrombosis.

The FV2 haplotype is characterized by several linked mutations (both missense and silent)
in exons 4,8,13, 16, and 25 of the gene for FV associated with slightly reduced FV levels. It
has a high incidence in the general population (10-15%) (Bernardi et al, 1997; de Visser et al,
2000). Especially when present in combination with FVLeiden, R2 FV may enhance the APC
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resistance phenotype (the majority of circulating FV will be FVLeiden) and increase the risk
of thrombosis (Faioni et al, 1999) Moreover, carriers of the R2 allele seem to have increased
amounts of FV1 in their plasma (Castoldi et al, 2000; Hoekema et al, 2001). FV1 is a
glycosylation isoform of FV that may be more thrombogenic than the other isoform, FV2
(Hoekema et al, 1997). Where the reduced FV levels in R2 FV carriers can be attributed to the
Asp2194Gly mutation (Yamazaki et al, 2002, 2010) it remains questionable whether the R2
FV molecule itself is APC resistant.

Another FV-related cause for APC resistance is the so-called FVLiverpool. In this variant,
which was found in two related individuals with severe thrombosis at a young age, 11359
has been replaced by Thr (Mumford et al, 2003; Steen et al, 2004). This missense mutation
introduces a novel site for N-linked glycosylation at Asn357. Due to the presence of an extra
glycan structure, APC-catalyzed inactivation at Arg306 is hampered by steric hindrance.
Like in the case of FVLeiden, FVLiverpool is not active as a cofactor to APC in the APC-
catalyzed inactivation of FVIIla such that the mutation affects both inactivation of FVa and
FVIIIa.

Besides these mentioned mutated FV variants, also autoantibodies have been reported to be
associated with APC resistance. In three cases, these antibodies were directed against FV
(Ortel, 1999), however also antibodies against protein S (Nojima et al, 2009) and APC
(Zivelin et al, 1999) have been described in this context. An exact causal mechanism for the
thrombosis in these cases is not known, but may involve the broader context of an anti-
phospholipid syndrome. In addition, the coverage of epitopes on the surface of FV, that are
in particular important for the FV anticoagulant functions, have been suggested.

Given that APC resistance is diagnosed from plasma samples and knowing that human
plasma contains many proteins that contribute to the functional assay outcome, it will be
conceivable that APC resistance as such cannot be attributable to a single cause. Whether or
not acquired factors such as pregnancy, malignancy, oral contraceptives or hormone
replacement are involved, a final outcome of the interaction of genetic and acquired factors
is the potential change of several important coagulation factors. A change in the level of
these coagulation factors, and in particular, prothrombin, protein S, FVIII or tissue factor
pathway inhibitor (TFPI) may influence assay outcome and render a plasma sample APC
resistant (de Visser et al, 2005).

8. Genetic and acquired interactions determine thrombosis risks

Given that thrombosis is a multi-factorial disease, several factors can work in concert so as
to disturb the haemostatic balance (Seligsohn & Zivelin, 1997; Rosendaal, 1999). Whether or
not the presence of APC resistance, with its high prevalence in the general population, will
result in a thrombosis, is dependent on the interplay between the various factors that
influence the haemostatic balance in an individual (Martinelli, 2001). The contribution of
inherited risk factors to the total risk for thrombosis development was estimated over 60%,
and of these, the FVleiden mutation is considered the most important by virtue of its very
high prevalence.

Risk factors may show synergism in the events that cause a thromboembolic episode as was
concluded from several studies where it was found that the prevalence of the FVLeiden
mutation was much higher in thrombotic families with antithrombin, protein C or protein S
deficiencies or with the HR2 haplotype or the prothrombin G20210A mutation, than in the
general population. Not only is the prevalence of the FVLeiden mutation higher than
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expected, also the combined risks for thrombosis in these families are much higher than
what would be concluded from the sum of the risks associated with the single
thrombophilic defects present (Koeleman et al, 1995; Gandrille et al, 1995; van Boven et al,
1999; Faioni et al, 1999; Salomon et al, 1999).

Not only gene-gene, also gene-environment (which is interpreted as interactions between a
genetically determined risk factor and an acquired risk factor) contribute significantly to the
overall risk for thrombosis. This type of interaction includes interactions between FVLeiden
and the antiphospholipid syndrome (Simantov et al, 1996), or those between FVLeiden and
long-distance travel or immobilization (Cannegieter et al, 2006; Schreijer et al, 2010).

group Risk* RR

FVLeiden OC use
no no 0.8 1.0
no yes 3.0 3.7
yes no 57 6.9
yes yes 28.5 34.7

*Indicated are annual thrombosis risks (Risk) per 10,000 individuals and the related relative risk (RR)
the data were obtained from Vandenbroucke et al, 1994

Table 1. Interaction between carriership of the FVLeiden mutation and OC use

The most studied interaction however, in this respect, is that between carriership of the
FVLeiden mutation and the use of oral contraceptives (OC) (Vandenbroucke et al, 1994,
2001; Wu et al, 2005; van Hylckama Vlieg, 2009). Given the world-wide use of OC, this is an
interaction of great importance. As is illustrated by Table 1, the relative risk for thrombosis
is ~ 5 fold higher in FVLeiden carriers who use OC than in those who do not use OC.
Interaction between the risk factors, both having effects on the protein C anticoagulant
system, is the likely cause for the overall multiplicative risk which is higher than the sum of
the individual risks. This is illustrated by the various changes in coagulation parameters that
have been associated to the use of OC or pregnancy: lowering of protein S, rise in
prothrombin levels, lowering of FV levels, rise in FVIII levels, a rise in the levels of FIX and
FX and a decrease in the TFPI levels. Each of these changes can have an effect on the
coagulability of the blood (Tchaikovsky & Rosing, 2010), which overall changes the APC
resistance phenotype.

9. Conclusion

The protein C pathway is vital for a normal haemostatic balance in that it down-regulates
thrombin formation by inactivation of the non-enzymatic cofactor molecules of the
prothrombinase en tenase complex. Resistance to APC, or “APC resistance”, is a functional
defect of the protein C anticoagulant pathway, characterized by a reduced responsiveness of
plasma to the addition of APC. Several factors, both genetic or acquired, can act in concert
and result in an APC resistant phenotype. In a great majority of cases, the presence of the
FVLeiden, a widespread hereditary variation of the gene product of FV, is involved.
FVLeiden contributes to APC resistance in multiple ways, affecting both the inactivation of
FVa and of FVIIla. Given its high penetrance in the general population, the simultaneous
occurrence of FVLeiden and other risk factors for thrombosis is common. Knowledge about
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the interactions between various risk factors and the underlying mechanisms that result in
the onset of thrombosis is vital to our understanding, diagnosis and treatment of
thrombosis.
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1. Introduction

The thrombophilia represent a spectrum of coagulation disorders associated with a
predisposition for thrombotic events (deep vein thrombosis (DVT) and pulmonary
embolism (PE)) (Kaandorp et al, 2009). Inherited thrombophilia include a single-point
mutation on the Factor V gene (factor V Leiden (FVL), prothrombin (PT) G20210A gene
mutation, deficiencies in protein C and protein S as well as antithrombin (AT) deficiency.
The most entrenched acquired thrombophilia is the antiphospholipid syndrome (APS). APS
is a non-inflammatory auto-immune disease characterised by thrombosis or pregnancy
complications in the presence of antiphospholipid antibodies (Urbanus et al, 2008).
Recognized obstetric complications include fetal loss, recurrent miscarriage, intrauterine
growth restriction (IUGR), pre-eclampsia and preterm labour (Lassere and Empson, 2004).
The association between the diverse group of thrombophilias and adverse pregnancy
outcome has been studied for over 40 years with numerous studies identifying varying
coagulation defects. A meta-analysis assessing the impact of thrombophilia and fetal loss
described varying outcomes and concluded that positive or negative associations were
dependent on the type of thrombophilia (Rey et al, 2003). This chapter will focus on
inherited and acquired thrombophilia in pregnancy, except for the antiphospholipid
syndrome, which is extensively described in other chapters.

2. Coagulation changes in normal pregnancy

During the course of normal pregnancy dramatic changes occur in the haemostatic system.
Coagulation factors increase physiologically in pregnancy and this is thought to be an
evolutionary mechanism to prevent excessive blood loss at childbirth (Lindqvist, 1999).
Furthermore, venous stasis, venous damage, decreased fibrinolysis and decreasing
concentrations of some natural anticoagulants synergistically induce a state of
hypercoagulation in pregnancy. However these physiological mechanisms also increase the
risk of thrombo-embolism and this risk of thrombosis is aggravated in the presence of
pathological conditions that cause hypercoagulation (Stirling et al, 1984). A study of the
changes in the concentrations of haemostatic components in normal pregnancy
demonstrated an increase in von Willebrand factor, factors V, VII, and factor X (Clark et al,
1998). The greatest increase is usually observed in factor VIIIC, although increases in the
levels of fibrinogen factors II, VII, X and XII may also be as high as 20-200%. In contrast,
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endogenous anticoagulant levels increase minimally. While levels of antithrombin III and
protein C remain constant there is a fall in the free and total protein S antigen.

The fibrinolytic system too, undergoes major changes to meet the haemostatic challenges
during pregnancy. An increase in the levels of plasminogen, plasminogen activator antigen,
and tissue plasminogen activator is evident as well (Lockwood, 2002). Simultaneously the
concentration and activity of plasminogen activator-inhibitor (PAI-1) increases five-fold and
an additional plasminogen activator-inhibitor (PAI-2), not generally detectable in the non-
pregnant state, is produced by the plasma. These plasminogen activators ensure successive
depression of fibrinolytic activity (Walker et al, 1998).

3. Thrombophilia and pregnancy

The term thrombophilia is an umbrella term for a diverse group of blood clotting disorders
of the haemostatic mechanisms. The term was coined in 1965 following a Norwegian
familial study of venous thrombosis (Egeberg, 1965). Simmons (1997) described
thrombophilia as a disorder in which there is a predisposition to thrombosis due to
abnormally, enhanced coagulation and elsewhere they are described as disorders of the
coagulation systems that are likely to predispose to thrombosis (Walker et al, 2001).
Thrombophilias may be hereditary or acquired or sometimes mixed (as a result of
exogenous factors for example with oestrogen use in combined oral contraceptives or
hormone replacement therapy) superimposed on a genetic predisposition. It is now
becoming clear that there are many genetic abnormalities that impart an increased risk for
thrombophilia, and that the presence of more than one abnormality results in a further
increased risk of thrombosis (Bertina R M, 1999; Rosendaal FR, 1999). Individuals who have
an identifiable thrombophilic defect on laboratory testing as well as a family history of
proven venous thrombosis are at greater risk of thrombosis than individuals who have a
thrombophilic defect with a negative personal or family history of venous thrombosis
(Lensen et al, 1996). Some genetic variants have been proven to be independent risk factors
for venous thrombo-embolism. Amongst these, are Activated Protein C Resistance (APCR),
protein S deficiency, protein C deficiency, prothrombin mutation (G20210A), antithrombin
III deficiency, and hyperhomocysteinaemia (methylenetetrahydrofolate reductase mutation,
C677T MTHEFR). Patients who exhibit combinations of thrombophilias seem to be at
additional risk of venous thromboembolism (Zoller et al, 1995; Van Boven et al, 1996)).

3.1 Thrombophilia and pregnancy

A successful pregnancy is dependent on the development of an adequate feto-maternal
circulation, relying on adequate placental circulation. In pregnancy the pre-existence of a
thrombophilic disorder may exaggerate the physiologically induced state of
hypercoagulation and therefore potentiate the thrombotic risk. It has been hypothesised that
thrombophilia may be associated with serious obstetric complications such as placental
abruption, stillbirth, preeclampsia and recurrent miscarriage as a result of microthrombi in
the placental circulation resulting in decreased uteroplacental perfusion (Gharavi et al, 2001;
Dizon-Townson et al, 1997; Kupferminc et al, 1999; Coumans et al, 1999).

However, the mechanisms by which adverse pregnancy outcomes are influenced by the
presence of a thrombophilia are varied and obscure. Indeed, the complex nature and
pathogenesis of thrombophilia-associated pregnancy loss is poorly understood. Whilst
several studies have expounded the prothrombotic theory, placental thrombosis has not
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been a universal feature in several cases of pregnancy loss (Mousa et al, 2000;Sikkima et al,
2002). There is further emerging evidence that the adverse obstetric outcome may not be
solely secondary to a thrombotic state, but that other pathogenetic mechanisms may
aggravate the existing hypercoagulable state. Inhibition of extravillous trophoblast
differentiation has been described in the presence of antiphospholipid antibodies (Quenby
et al, 2005). Furthermore some invitro studies have described impaired signal transduction
controlling endometrial decidualisation and impaired trophoblastic invasion (Sebire et al,
2003;Mak et al, 2003;Di Simone et al, 1999). Genetic polymorphisms and inflammatory
mechanisms associated with thrombosis may also be implicated (Sebire etal, 2002).

4. Inherited thrombophilia and pregnancy

Hereditary thrombophilias may be categorised into abnormalities of the natural
anticoagulant system or elevated levels of plasma activated coagulation factors.

4.1 Prothrombin gene mutation

The prothrombin gene mutation (PT) is signalled by a defect in clotting factor II at position
G20210A. This mutation occurs as a result of the G> A transition at nucleotide 20210 in the
prothrombin gene. The reported prevalence in Europe is around 2 %to 6% and the risk of
venous thrombosis to heterozygous carriers is three times the normal population (Poort et
al, 1996). This risk may be increased during pregnancy and in the postpartum period. The
PT mutation was found to be present in 17% of pregnant women who have suffered a VTE
(Gerhardet et al, 2000). Women with a prior history of VTE have an increased recurrence risk
during pregnancy although recurrence rates range from 0% to 15% among published
studies. The risk is likely higher in women with a prior unprovoked episode and/or
coexisting genetic or acquired risk factors (Kujovic, 2011).

As far as its association with pregnancy loss is concerned, several small studies reported
similar frequencies in women with recurrent miscarriage compared to controls, but some
documented studies have reported a statistically significant increased frequency. One of
these studies report a frequency of 9% in women with recurrent miscarriage while a
frequency of 2 % occurred in the control group (p < 0.05) (Foka et al, 2000). A second study
reported a frequency of 6.7% compared to 0.8% in the control group (p <0.05) (Pihusch et al,
2001). Many et al (2002), found a frequency as high as 71 % in women with fetal loss while a
30% frequency in controls.

Pooled data from seven other small studies indicate a significant association between the
prothrombin gene mutation and recurrent fetal loss (Kujovic, 2004). One systematic review
reported an odds ratio (OR) of 2.70 (95% CI 1.37-5.34) for recurrent miscarriage with women
who were positive for the prothrombin gene mutation compared with those without
(Robertson et al, 2006). The NOHA (Nimes Obstetricians and Haematologists) first study, a
large case-control study nested in a cohort of nearly 32,700 women, of whom 18% had
pregnancy loss with their first gestation found on multivariate analysis a clear association
between unexplained first pregnancy loss between 10 and 39 weeks gestation and
heterozygosity for the prothrombin gene mutation (OR 2.60; 95% CI, 1.86-3.64 (Lissalde-
Lavigne et al, 2005; Bates, 2010).

More recently, two European case-control studies found no correlation between the
prothrombin gene mutation and recurrent miscarriage (Altintas et al, 2007; Serrano et al,
2010). A recent prospective cohort study of more than 4000 women concurred that there is
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no correlation (Silver et al, 2010). Furthermore, a meta-analyses of prospective cohort studies
with a cumulative sample size of 9225 women reported a prevalence of the prothrombin
gene mutation of 2.9%. A pooled odds ratio estimate of 1.13 and wide 95 % Confidence
Interval of 0.64-2.01 for the association for the prothrombin gene mutation and pregnancy
loss was reported. The mutation was found to have no association with pre-eclampsia
(OR =1.25, 95% CI 0.79-1.99) or for neonates deemed small for gestational age (OR 1.25,
95% CI0.92-1.70)(Rodger et al, 2010).

4.2 Antithrombin deficiency

The antithrombin glycoprotein is synthesized in the liver and is the most important
physiological inhibitor of thrombin and of the activated clotting factors of the intrinsic
coagulation system. It possesses two important functional regions, namely, a heparin-
binding domain and a thrombin -binding domain. Antithrombin deficiency was the first of
the inherited thrombophilias to be described and is the most thrombogenic. Antithrombin I
deficiency refers to a quantitative reduction in functionally normal antithrombin while type
IT antithrombin deficiency describes the production of a qualitatively abnormal protein. The
clinical relevance of a distinction between antithrombin I and antithrombin II deficiency lies
in the higher risk of thrombosis associated with the type I variety. The prevalence of type 1
mutations in the general population is of the order of 0.02% (Tait et al, 1993). The relative
risk of venous thromboembolism is around 25 to 50 -fold for individuals with type I
antithrombin deficiency (Rosendaal et al, 1999). Indeed the relative risk for venous thrombo-
embolism during pregnancy in individuals who have this heritable thrombophilia is as high
as 4.1(Rosendaal et al, 1999).

One study reported a significant increase in miscarriage in association with antithrombin
deficiency compared to controls (22.3% versus 11.4% in controls)(Miletich, 1987). Another
study demonstrated a fetal loss of between 28 to 32% in women with antithrombin III
deficiency compared with 23 % in unaffected controls (Sanson et al, 1996). However no
significant association between antithrombin deficiency and recurrent loss was found in
other studies (Hatzis et al, 1999; Roque et al, 2004; Folkeringa et al, 2007). A Spanish
retrospective study found 56% of women with antithrombin deficiency had an adverse
pregnancy outcome (Robertson et al, 2006). Two women suffered a spontaneous miscarriage
however no cases of recurrent pregnancy loss were observed.

Thus far there is insufficient evidence to comment positively or negatively on the
relationship between antithrombin deficiency and pregnancy loss, but as it is the rarest
thrombophilia, it is unlikely that it will play a major factor in adverse pregnancy outcome.

4.3 Protein C deficiency

Protein C is a naturally occurring vitamin K dependent protein that is produced in the liver.
It is a key component of the protein C system. Upon activation by thrombin, a complex is
formed between thrombin, thrombomodulin, protein C and protein S. Protein S functions as
an important cofactor in the inhibitory effect of protein C.

The prevalence of hereditary protein C deficiency in the general population is
approximately 0.2 to 0.3 % (Miletich et al, 1987). The risk of venous thrombo-embolism is
increased seven to ten fold in patients with this deficiency. Two studies that examined the
association between protein C deficiency and fetal loss, showed a non-significant association
(Raziel et al, 2001; Gris et al, 1999).
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4.4 Protein S deficiency

Protein S deficiency has a prevalence in the general population of between 0 to 0.2% (Gris et
al, 1999). In a meta-analysis, protein S deficiency conferred an overall 15-fold increased risk
of recurrent pregnancy loss and a 7-fold higher risk of late fetal loss (Rey et al, 2003).

4.5 Methylenetetrahydrofolate reductase deficiency and hyperhomocystinaemia
Homocysteine is metabolised by either the transsulfaration pathway (excess homocysteine is
converted to methionine) or the remethylation pathway (recycling of homocysteine to form
methionine). Increased homocysteine is an independent risk factor for venous thrombo-
embolism (Perry, 1999). The 667 C - T MTHFR mutation results in a thermolabile enzyme
with reduced activity for the remethylation of homocysteine. The homozygous form of the
mutation induces a state of hyperhomocysteinaemia (Kujovic, 2004).
Hyperhomocysteinaemia has a reported prevalence of around 5 % to 16 % in the general
population (Kumar et al, 2003; Raziel et al, 2001). A meta-analysis reported a 3- to 4-fold
increased risk of recurrent early pregnancy loss in women with hyperhomocysteinaemia
(Nelen et al, 2000(a)). Other studies have also described a high prevalence of
hyperhomocysteinaemia in women with recurrent pregnancy loss (Quere et al, 1998;Nelen
et al (b), 2000; Coumans et al, 1999).

4.6 Activated protein C resistance

Activated protein C resistance (APCR) is an important thrombophilic disorder. The first
description of resistance to the effect of activated protein C, added to plasma from patients
with a history of deep-vein thrombosis, was reported by Amer et al (1990). APCR refers to
the inability to mount an effective anticoagulant response. As described previously, the
clotting cascade is a complex system regulating a balance of procoagulation and
anticoagulation. APCR causes prolongation of the activated partial thromboplastin time by
interfering with the protein C pathway. Protein C and its cofactor substrate, protein S, are
integral key components of the anticoagulation pathway. Protein C is a natural
anticoagulant and limits the conversion of fibrinogen to fibrin through the degradation of
factors Va and VIIla (Dahlback, 1995; Koster et al, 1993) and activated protein C adopts a
major role in the coagulation cascade.

Activated protein C normally degrades factors Va and VIlla by proteolytic cleavage at
specific arginine residues. Activated protein C is only effective when bound to its cofactor
protein S. Protein S is available as a cofactor for protein C only when it is bound to C -
binding protein. In the basal state, approximately forty percent of protein S is free
(unbound) and thereby is available to serve as a cofactor for activated protein C. In the
clotting pathway, the activated protein C/protein S complex degrades factors Va and factor
VIIIa, and their loss is associated with a decrease in fibrin formation and hence a reduced
ability to form a fibrin clot (Tait et al, 1993). The activated form of factor V enhances the
activation of prothrombin by several thousand-fold (Nesheim et al, 1979; Rosing et al, 1980).
Blood coagulation Factor V is a large glycoprotein synthesized by the liver hepatocytes
(Wilson et al 1984; Mazzorana et al, 1989) and megakaryocytes (Gerwitz et al, 1992). It has a
molecular weight of 330-kd and circulates in plasma as an asymmetrical single chain. Factor
V is also partially stored in platelets (Tracey et al, 1982). The gene for human factor V has
been localised to chromosome 1q21-25 and spans approximately 80 kilobases of DNA and
consists of 25 exons and 24 introns.
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The complete complementary DNA and derived amino acid sequence of the factor V gene
have already been determined (Jenny et al, 1997). Analysis of factor V cDNA has
demonstrated that the protein is multidomain and contains two types of internal repeats
with the following domain structure: A1-A2-B-C1-C2 (Vehar, 1984; Toole, 1984). The gene is
composed of 3 homologous A-type domains, 2 smaller homologous C-type domains and a
heavily glycosylated B domain that connects the N-terminal A1-A2 region with the light
chain and the C-terminal A3-C1-C2 region (Rosing et al, 1997; Ajzner et al, 1999). Most
changes are located in the heavily glycosylated B domain (Pittman et al, 1994). B ~-domain
fragments derived from the activated protein C-mediated cleavage of intact factor V, have
been directly implicated in the protein C anticoagulant pathway (Lu et al, 1996). Cleavage of
the internal B domain occurs via limited proteolysis by thrombin, the physiological activator
of factor V (Dahlback, 1980). Although Factor V and factor VIII share homologous A and C
domains, the B domain of factor V is not homologous to that in factor VIII. Cleavage of the B
domain from factor V results in an inert factor V. This suggests that the B domain is of vital
importance in activated protein C cofactor activity, and that mutations in this domain may
contribute to an impaired activated protein C response (Kostka, 2000).

Activated factor V (factor Va) is a cofactor protein in the prothrombinase complex that,
together with the serine protease factor Xa, is responsible for conversion of prothrombin to
the active enzyme thrombin. Activated protein C regulates the functionality of the complex
by proteolytic degradation of factor Va at critical cleavage sites. Factor V itself also acts as a
cofactor for activated protein C/protein S in the degradation of factor VIlla. By degrading
activated clotting factors Va and Vllla, activated protein C functions as one of the major
inhibitors of the coagulation system. When factor Va is resistant to degradation by activated
protein C the anticoagulation pathway defaults, increasing the risk of thrombosis. It was
later discovered that activated protein C resistance may present as a hereditary or acquired
phenomenon.

4.6.1 Hereditary APCR

The first description of hereditary APCR was derived from a familial study of thrombosis in
Leiden in 1993 (Dahlback et al, 1993). Dahlback and his co-workers recognised that
prolongation of the activated partial thromboplastin time (APTT), by activated protein C
was reported to be considerably less in a large group of patients with venous thrombosis
than in a control group of healthy individuals. They termed this previously unknown
thrombophilia activated protein C resistance. Subsequently a hereditary defect for activated
protein C resistance was described. The molecular basis for this defect was shown to be a
point mutation in the factor V gene located on chromosome 1 (1691 G>A) (Bertina et al,
1994; Greengard et al, 1994; Voorberg et al, 1994; Zoller and Dahlback, 1994). This mutation
has been coined the factor V Leiden mutation (Aparicio and Dahlback, 1996, Heeb et al,
1995; Nicolaes et al, 1996).

The mutant factor V gene causes the replacement of an amino acid arginine by glycine Arg
- GIn at a critical cleavage site 506, the site of the first molecular cleavage of factor Va by
APC. This substitution results in diminished APC cleavage of factor Va and continued
formation of thrombin by the prothrombinase complex, rendering the activated form of
factor V, factor Va, less susceptible to proteolysis by activated protein C. Cleavage of this
site by activated protein C is necessary for the exposure of the two additional cleavage sites
needed for inactivation. The rate of inactivation is therefore slower than that of normal
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factor V. Thus far, the factor V Leiden mutation has been the only genetic defect for which a
causal relationship to APCR has been clearly demonstrated. The existence of APCR in the
absence of this mutation and the variability of the APCR phenotype in heterozygotes for the
R506Q mutation suggested the possibility that alternative gene variations may be
responsible for or contribute to APCR. Two other rare, low frequency factor V mutations at
other arginine cleavage sites have also been identified, the factor V Hong Kong (Arg 306
GIn) (Chan et al, 1998) and the factor V Cambridge (Arg 306 Thr) (Hooper et al, 1996).
Although factor V Cambridge may cause activated protein C resistance, no association exists
with factor V Hong Kong. These mutations may result in APCR but the clinical association
with thrombosis is less clear.

A HR 2 haplotype has been described in association with APCR. The R2 haplotype has been
associated with mild APCR (both in the presence and the absence of FVL). However not all
studies have been convincing regarding the role of the haplotype in clinical disease
(Luddington et al, 2000). The polymorphic sites within the HR2 haplotype do not explain
why the haploptype should alter APCR. The two amino acid substitutions coded by the
haplotype, 1299His>Arg and 1736 Met-> Val also appear to be neutral (Soria et al, 2003).
Some data suggest that the R2 allele represent a marker in linkage with an unknown defect
rather than a functional polymorphism (Lunghi et al, 1996).

4.6.2 The factor V Leiden mutation

The factor V Leiden mutation has a different prevalence in distinct populations with, a
founder effect about 20 000 to 34 000 years ago after the divergence of non-Africans from
Africans and after the more recent divergence of Caucasians and Mongolians
(Seligsohn,1997). Thus among the endogenous populations of Africa and Eastern Asia the
incidence of the polymorphism is very low (Ozawa et al, 1996; Ridker et al, 1997). Chan et
al, 1996 reported a frequency of about 3 % to 5% in the general Caucasian population. A
tabulation of the prevalence of the factor V Leiden mutation in various populations, range
from 0 % to 32 % (Finan et al, 2002; Villareal et al, 2002). Other sources reveal a frequency as
high as 15 % in whites (Rees et al, 1995). The mutation has a high incidence in Jews of
approximately 31.2%. Perhaps the most important clinical determinant of factor V Leiden
expression is the genotype (heterozygous or homozygous). This confers an approximately
three to ten-fold increased risk of venous thrombosis in heterozygotes and an eighty to
hundred -fold increased risk in homozygosity (Rosendaal et al, 1995). The risk of recurrent
thrombosis is not yet clear. A small retrospective study found that there was no difference in
the probability of recurrent thrombosis in heterozygotes compared with controls, but the
risk was higher among homozygotes (Rintelen et al 1996). The thrombotic risk also increases
with age, and a few studies suggest that among individuals with the factor V Leiden
mutation, those with type O blood may have less risk for thrombosis than individuals with
type A, B or AB blood (Gonzales et al, 1999; Robert et al, 2000). Among the population of
individuals who have a family history of thrombophilia, approximately fifty percent have
the factor V Leiden mutation (Griffin et al, 1993; Svensson et al, 1994). Thus, this particular
mutation accounts for a significant percentage of people with a thrombotic event or a family
history of thrombosis. Indeed activated protein C resistance has emerged as the commonest
risk factor for venous thrombosis (Griffin et al, 1993; Koster et al, 1993; Rosendaal et al, 1995;
Svensson and Dahlback, 1994).
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4.6.3 Hereditary APCR (factor V Leiden) and pregnancy loss

There are several studies that have elucidated the association between hereditary APCR and
pregnancy loss. Grandone et al (1997) reported a 31.2% prevalence of factor V Leiden in
women with second trimester fetal losses compared to 4.2 % in matched controls. These
findings were further supported by Younis et al (2000) who described a significantly higher
incidence of factor V Leiden in women with first trimester and second trimester losses
compared to a control group; 16%; 22% and 6% respectively. Reznikoff- Etievant et al (2001)
also found a higher incidence of factor V Leiden; 10.38% (27/260) compared to a control
group (4.7 % (11/240)).

Fouka et al (2000) described a significant difference in the prevalence of factor V Leiden
APCR in their study of women with recurrent miscarriage. Similarly a 15.4% prevalence of
the mutation was described by Wramsby et al (2000) in their study group whereas a
prevalence of only 2.89 % was present in the control group. Sarig et al (2002) found an
incidence of factor V Leiden of 25% (36/145) in women with fetal losses compared to 7.6%
(11/145) in controls.

In a case control study limited to first trimester losses only, Balasch et al (1997) could not
demonstrate any clear association with hereditary APCR. This finding was echoed by
Dizon-Townson et al (1997), who did not find hereditary APCR in any of the participating
women with idiopathic recurrent miscarriage. Preston et al (1996), in a retrospective study,
could not elicit a link between hereditary APCR and first and second-trimester losses either.
In a larger study, Rai et al (2001), found a similar prevalence of factor V Leiden in patients
with first and second trimester losses compared to a control group of parous women.

A composite study of the association between the known thrombophilias and fetal loss
demonstrated that fetal loss occurred among 10 of 48 women with thrombophilia (21%), and
among 10 of 60 control women (17%). There was a similar risk of fetal loss in women with
the factor V Leiden mutation compared to those without (Vossen et al, 2003).

The prevalence of factor V Leiden among women with recurrent miscarriage has revealed
discordant results. Some studies have espoused a link between the two, while other studies
have refuted any association. There appears to be a degree of polarisation in the findings.
The incongruity of the composite results regarding hereditary APCR, is not surprising, as
there is a wide variation in patient numbers, inherent differences in study design, and lack
of uniformity regarding pregnancy classification.

With regard to other obstetric morbidity parameters, there appears to be a significant
increase in rates of stillbirth, pre-eclampsia and abruption concurring, in this respect, with
the EPCOT study which found an increased risk of stillbirth (OddsRatio = 3.6 CI= 1.4 to 9.4)
among carriers of the factor V mutation (Preston et al, 1996). The EPCOT study defined
miscarriage as a pregnancy loss less than 28 weeks and could not detect an increased risk for
fetal loss, however the focus of this study was on heritable thrombophilias, and thus
excluded acquired ACPR. The association between stillbirth, abruption, and pre-
ecclampsia, with acquired activated protein C resistance, needed further exploration to
draw a definite conclusion, as the limitation of this study, is the small numbers in these
groups.

The NOHA (Nimes Obstetricians and Haematologists) first study, a large case-control study
nested in a cohort of nearly 32,700 women, of whom 18% had pregnancy loss with their first
gestation found on multivariate analysis a clear association between unexplained first
pregnancy loss between 10 and 39 weeks gestation and heterozygosity for factor V Leiden
(OR 3.46; 95% Cl, 2.53-4.72) (Lissalde-Lavigne et al,2005).
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A recent meta-analysis (Rodger et al, 2010) found that the odds of pregnancy loss in women
with FVL appears to be 52% higher as compared with women without FVL, however these
results are influenced by statistical and clinical heterogeneity in the analysis. Overall the
absolute event rate for pregnancy loss is low (4.2%) and only appears slightly higher than
the rate of pregnancy loss in women without FVL (3.2%) (Rodger et al, 2010).

5. Acquired thrombophilias

The antiphospholipid syndrome, described in great detail elsewhere in this book, is an
acquired thrombophilia with a well-established role in the aetiology of adverse pregnancy
outcomes.

5.1 Acquired activated protein C resistance

As described above, APCR is the most prevalent risk factor for thrombosis. The presence of
the factor V Leiden mutation produces a protein that is intrinsically resistant to activated
protein C, causing the pathological phenotype. The factor V Leiden mutation accounts for
approximately ninety-five percent of cases of activated protein C resistance (Bertina et al,
1994). However in vitro resistance to activated protein C (causing APCR) may occur in the
absence of the factor V Leiden mutation. The term used to describe this phenomenon is
acquired activated protein C resistance (Clark et al, 2001).

The presence of non-factor V Leiden APCR or acquired APCR may be influenced by many
variables. It is evident from the complexity of the coagulation cascade that perturbations in
the levels of coagulation levels that play a key role in activating protein C, will affect
resistance to activating protein C. Acquired APCR may be demonstrated in protein S
deficiency (de Ronde & Bertina, 1994), increased antithrombin levels (Freyburger et al, 1997)
and with increased levels of factor VIIlc (Koster et al, 1995; Kraaijenhagen et al, 2000). A
modification of resistance to APC has also been demonstrated with the use of exogenous
oestrogen as in the combined oral contraceptive pill (Henkens et al, 1995; Rosing et al, 1997)
and in hormone replacement therapy (Lowe, et al 1999). The various physiological
alterations to the clotting factors during pregnancy may also potentiate the development of
acquired APCR (Clark et al, 1998). Lupus anticoagulants and anticardiolipin antibodies are
also known to exert their influence on APCR (Oosting et al, 1993; Bokarewa et al, 1994;
Martinuzzo et al, 1996). Despite the numerous confounding factors that may potentiate
APCR, several studies have been able to demonstrate APCR as an independent factor for
thrombosis (Kiehl et al, 1999; de Visser et al, 1999).

5.2 Acquired APCR and pregnancy loss

The majority of documented studies do not explore the entity of acquired activated protein
C resistance. However, in those studies that do address this, none of them dispute the
definite association between acquired APCR and recurrent pregnancy loss. Younis et al
(2000) were intrigued with their finding of a higher prevalence of acquired as opposed to
hereditary activated protein C resistance in the second trimester. Rai et al (2000), also
reported a significantly higher incidence of acquired APCR in women with recurrent first
trimester and second trimester losses 8.8% (80/904) and 8.7%(18/207), compared to a
control group of parous women 3.3%(5/150).

Sarig et al (2002) point out that non-factor V Leiden APCR is one of the most common
thrombophilic defects associated with recurrent pregnancy loss. They report an incidence of
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9% (13/145) in women with fetal losses, but a complete absence of acquired APCR in
women in their control group. The reported prevalence of acquired activated protein C
resistance from studies so far, ranges from 9% to 26.8% in women with first, second and
third trimester losses. It would be interesting to ascertain the converse relationship with
greater emphasis on the type of pregnancy loss in women with acquired APCR. Ostensibly,
it appears that the entity of acquired activated protein C resistance in the pregnancy loss
setting cannot be ignored and is indeed gaining importance. There is a physiologically
induced increased level of APCR in pregnancy. The mechanism of recurrent pregnancy loss
associated with activated protein C resistance may be due to an exaggeration of the insult in
the presence of pre-existing APCR.

Several studies of pregnancy loss and APCR have revealed discrepant results, with some
demonstrating a convincing association whereas others nullifying any link between the two.
However, most published studies have focused exclusively on hereditary APCR leaving the
entity of acquired APCR inadequately explored. In a historical case-control study relating
pregnancy loss and APCR, Brenner et al (1997) described a 50 % first trimester loss rate, 17%
second trimester loss rate and a 47 % intrauterine fetal death rate. However, this study only
included a select group of patients attending a specialist haemostasis unit and had a limited
number of patients, with only 9 of the 39 patients having acquired APCR.

Balasch et al (1997), could not demonstrate a higher incidence of APCR in a study group of
55 women with first trimester pregnancy loss (1.8%, n=1/55) compared to a control group of
50 women 2% (1/50). This study was confined to hereditary APCR. Another case control
study which lacked pregnancy loss classification, showed that the incidence of factor V
Leiden was significantly higher among women with recurrent miscarriage (cases 8.0%
(n=9/113) versus controls 3.7% (n=16/437) (Ridker et al, 1998), again, not examining
acquired APCR. A further case-control study (Younis et al, 2000), showed a significantly
higher prevalence of both congenital 19% (n=15/78) and acquired activated protein C
resistance 19% (n=15/78), compared to controls 6% (8/139) and 2% (3/139) respectively.
Although, this study ventured a pregnancy loss classification, there were only 15 patients
with acquired APCR. In another study, van Dunne et al (2005) has supported the theory that
APCR is associated with fetal losses. They determined that women with the factor V Leiden
mutation had fewer embryo losses than matched controls.

A more convincing association between pregnancy loss and acquired APCR, which included
a classification of pregnancy loss, was described in a small case control study of 7 patients
(Tal et al, 1998). However, this study deviated from the definition of recurrent miscarriage
and included patients with just one first or a single second trimester loss, and consequently,
there was only one patient who had recurrent miscarriage and acquired APCR. More
recently, a larger case control study found acquired activated protein C resistance to be
significantly higher in women with recurrent early miscarriage 8.8% (80/904) as well as late
miscarriage 8.7% (18/207) compared with controls 3.3% (5/150) (Rai et al, 2001). Rai et al
clearly distinguished between hereditary and acquired activated protein C resistance, and
indeed emphasised the importance of the latter in pregnancy loss, but used a more general
classification of pregnancy loss. Another case control study described a fetal loss rate of 75%
in women suffering with recurrent miscarriage and who also demonstrated the presence of
acquired activated protein C resistance (Dawood et al, 2003).

The thrombophilia activated protein C resistance (APCR) has emerged as the commonest
risk factor for venous thrombosis. APCR has also been implicated in increasing the
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propensity for placental thrombosis and subsequent recurrent fetal losses. Despite extensive
research within the field of thrombophilia, the specific cause of many thrombotic episodes
remains an enigma. The hypothesis of alternative polymorphisms on the factor V gene was
explored by Dawood et al (2007) to elucidate the existence of acquired APCR. Fifty- one
women with recurrent pregnancy loss and acquired APCR were recruited and their factor V
gene was intensely analysed to identify single-nucleotide polymorphisms (SNP’s). Samples
were compared with controls and results showed there was a significantly increased
number of particular SNP’s in the acquired APCR cohort. This study also explored the
theory of whether some SNP’s increase the risk of pregnancy loss in women with acquired
APCR (Dawood et al, 2007).

More recent work from mouse models has suggested a role for maternal carriage of the
factor V Leiden mutation in causing fetal losses in the absence of placental thombosis. It is
suggested that the mutation caused fetal losses in mice by a disruption to the materno-fetal
interaction controlling the protein C anticoagulant pathway on the surface of the
trophoblast, which led to poor placental development (Sood et al, 2007). Furthermore, there
is emerging evidence from knockout mice embryos that the fetal genotype exerts an
important procoagulative effect on placental trophoblasts (Sood et al, 2007). Human
placenta is known to express the same factors that control the protein C anticoagulant
pathway as that in mice; thrombomodulin (a membrane glycoprotein that activates protein
is localized to the apical membranes of syncytiotrophoblast), a variant of tissue factor
protein that was identified in the syncytiotrophoblast cells, and annexin V (an anticoagulant
that binds to negative membrane phospholipids) is abundant on normal placentas (Lanir et
al, 2003). Inactivation of the gene for protein C and endothelial protein C receptor gene
deletion are (Li et al, 2005) also associated with mice embryo death. In vitro observations
suggest that the presence of activated coagulation factors results in cell-type specific changes
in trophoblast gene expression (Bates et al, 2010).

5.3 Acquired hyperhomocystinaemia

Hyperhomocystinaemia may be acquired secondary to dietary and lifestyle factors such as a
reduced intake of folate, vitamin B6 or vitamin B12, excessive caffeine consumption and
excessive coffee intake. The acquired form of hyperhomocystinaemia may also result from
certain medical conditions such as hypothyroidism or renal impairment. The Homocysteine
Lowering Trial Collaboration (Clark et al, 2007) has suggested that endothelial dysfunction,
alteration of platelet reactivity and disruption of prostacyclin pathways, may be some of the
mechanisms responsible for the reported venous thrombosis risk as well as the theoretical
risk of pregnancy loss. A meta-analysis of ten studies concluded that acquired
hyperhomocysteinaemia is a risk factor for recurrent pregnancy loss (Nelen et al, 2000).

6. Treatment options in thrombophilia

6.1 Prevention of venous thrombo-embolism

The optimal management for the prevention of venous thrombo-embolism in pregnancy in
asymptomatic women has not been fully elucidated by high-grade evidence. Influencing
factors include the absolute risk of venous thrombo-embolism and other risk factors such as
obesity, older maternal age and smoking. Where the risk of venous thrombo-embolism is
increased by other attenuating factors, consideration for antepartum thrombophylaxis is
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justified. The risk of thrombosis is considerably higher in the puerperium so prophylaxis is
generally recommended (Bates, 2008).

Few studies have looked at the optimal management of women who have sustained a
previous venous thrombo-embolic episode with a thrombophilic disorder. One prospective
study described a higher recurrence risk in all trimesters, so the administration of
anticoagulant thromboprophylaxis should be seriously considered (Brill-Edwards et al,
2000).

6.2 Prevention of adverse pregnancy outcome

This is an area that is subject to great debate. Although there is a paucity of data supporting
the use of antithrombotics to prevent adverse obstetric outcome in women with
thrombophilic disorders, the incongruity largely lies in inherent differences in study designs
and definitions. While the American College of Chest Physicians recommends both aspirin
and heparin for treatment in women with antiphospholipid antibodies and recurrent
miscarriage, the European Society of Human Reproduction recommends aspirin with or
without heparin and the British Committee for Standards in Haematology has recently
recommended against antithrombotic therapy.

One of the first proponents for the use of antithrombotic prophylaxis was a study that
treated 61 pregnancies in 50 women with recurrent pregnancy loss and thrombophilia with
enoxaparin (Low Molecular Weight Heparin) throughout pregnancy and 4-6 weeks into the
postpartum period. Forty-six of the 61 pregnancies (75%) resulted in live birth compared to
a success rate of 20% in previous pregnancies without antithrombotic therapy (Brenner et al,
2003). Subsequently a randomised controlled trial was published; the LIVE-ENOX study
comparing varying does of enoxaparin (Brenner et al, 2005). Results of the trial
demonstrated an increase in live birth rate and a decrease in the incidence of complications
in thrombophilic women. Doses of 40 mg day and 80 mg day led to similar clinical results
(Brenner et al, 2005). Another study treated selected patients with heritable thrombophilia
and recurrent pregnancy loss with enoxaparin and results exhibited a higher live birth rate,
26/37 (70.2%) compared to 21/48 (43.8%) in untreated patients (Carp et al, 2003).
Proponents in favour of treatment in the form of low dose aspirin and heparin tend to
acquire results from small observational studies (Gris et al, 2005). Not all studies use a
randomization technique and therefore present the problem of confounding variables. The
strength of association between subgroups of inherited thrombophilia (i.e. AT III, FVL) and
pregnancy loss does fluctuate. A large dedicated recurrent miscarriage clinic coordinated a
prospective study comparing pregnancy outcome in 25 women whose screening blood tests
were positive for the heterozygous form of the factor V Leiden mutation with a control
group. Participants in the control group also had suffered at least 3 consecutive
miscarriages. The live birth rate was lower in women positive for factor V Leiden (38%)
compared to the control group (49%). The authors suggested the use of thromboprophylaxis
in future pregnancies (Lindqvist et al, 2006). Prospective observational studies analyzed 37
women positive for antithrombin defiency, protein C deficiency or protein S deficiency and
were followed through the index pregnancy. Thromboprophylactic treatment included low
molecular weight heparin, unfractionated heparin and vitamin K antagonists. Twenty-six
women (70%) received treatment and no fetal losses occurred. This compares with a 45%
fetal loss rate (5/11) in women with no treatment intervention. When comparing fetal loss
rates in women without thromboprophylaxis, the presence was the highest with
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antithrombin deficiency (63 %) followed by protein C deficiency (50%). The authors state that
thromboprophylaxis reduces the fetal loss rate in women with such inherited thrombophilia
by 15% (Folkeringa et al, 2007); however small numbers limits this study. It is of upmost
importance to state that women were identified and recruited with reference to a large
family cohort study and not due to previous recurrent miscarriage. In addition, 81% (21/26)
of patients receiving thromboprophylaxis in pregnancy had suffered a previous
thromboembolic event. A more recent descriptive retrospective study assessed the
pregnancy outcomes for 9 women diagnosed with antithrombin deficiency (Sabadell et al,
2010). Out of a total of 18 pregnancies, 67% (12) received low molecular weight heparin, as
antithrombin defiency had not been diagnosed in the other participants at the time.
Miscarriage occurred in 11 %( 2) of patients, one case of pre-eclampsia was diagnosed and 2
women suffered a stillbirth. Three episodes of venous thromboembolism occurred in
women without thromboprophylaxis. A significant observation was that no cases of
recurrent miscarriage transpired (Sabadell et al, 2010).

Well- designed trials are the solid basis for evidence-based practice. The description of a
‘before and after’ study design, used in publications to assess the evidence for inherited
thrombophilia and recurrent miscarriage has been explored. A population based
prospective cohort study of 2480 women to assess the pregnancy outcome of women with
the factor V Leiden mutation with a prior fetal loss showed a substantial ‘regression towards
the mean,” as those with previous low birth weight consequently increased to a high live
birth rate (Lindqvist et al, 1999). Those with no treatment intervention had in fact the
highest current birth rate in the study. Evidence such as this supports the argument that
antithrombotic prophylaxis is not required for hereditary thrombophilia in the RM setting.
No pharmacological therapy, especially in pregnancy should be allowed prior to robust
evidence from comprehensive clinical trials. Low molecular weight heparin administration
can be laborious with daily subcuticular injections, often associated with bruising and skin
reactions. A Danish study (Lund et al, 2010) reviewed pregnancy outcome in 35 women
with either the factor V Leiden or prothrombin gene mutation compared to a control group.
Every participant had suffered a minimum of three pregnancy losses and no anticoagulation
therapy was prescribed. The adjusted odds ratio for live birth with the factor V Leiden or
prothrombin gene mutation was 0.48(95% CI=0.23-1.01), P=0.05 and therefore results did not
reach a statistical significance.

The role of anticoagulation therapy in the treatment of recurrent miscarriage patients with
hereditary thrombophilia remains to be accurately assessed. Historical study design and
small participant numbers limits the impact found in published data. Recruitment criteria
varies significantly even in randomised controlled trials and so conclusions cannot be
assumed to represent the recurrent miscarriage setting. Limited numbers of studies
incorporate women with at least three consecutive miscarriages as their inclusion criteria
and therefore results have to be treated with caution. There is a dearth of well-structured
placebo controlled trials in the literature. Patients should be counselled and reassured that
there is a good prognosis for subsequent pregnancy however if appropriate, they could
potentially be included in high quality research to ascertain a more reliable evidence base
for prevention of adverse pregnancy outcomes with thrombophilia.

More recently a case control study not only elicited an increased risk of stillbirth, abruption
and pre-eclampsia in women with thrombophilia, but also concluded that heparin was
beneficial as a treatment and prevention (Kupferminc et al, 2011).
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Clearly, large randomized trials are required to clarify the management of thrombophilia in
pregnancy especially with a history of either adverse obstetric outcome (abruption, pre-
eclampsia) or pregnancy loss. There are currently 2 ongoing randomized trials, which may
proffer more guidance. The TIPPS: Thrombophilia in Pregnancy Prophylaxis trial is
investigating antithrombotic therapy in women with congenital thrombophilia and previous
pregnancy loss ([http://www.ClinicalTrials.gov; identifier: NCT00967382] and the other
trial is the Effectiveness of Dalteparin Therapy as Intervention in Recurrent Pregnancy Loss
[http:/ /www.ClinicalTrials.gov; identifier: NCT00400387).
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1. Introduction

While the last century has seen substantial developments in our understanding of many
human diseases, there are still vast gaps in our knowledge about many physiological and
pathological processes. This is particularly so in obstetrics, where advances in care have
resulted in significant declines in both maternal and perinatal mortality in developed
countries. Yet, despite this, conditions such as pre-eclampsia, fetal growth restriction,
stillbirth, miscarriage and placental abruption remain to a large extent idiopathic. Prediction
and prevention of these complications remains limited, with timely delivery representing
the only effective treatment strategy in cases of pre-eclampsia, fetal growth restriction and
placental abruption. This will often result in the delivery of a premature infant who requires
the investment of significant community and family resources - financial, physical,
intellectual and emotional - to develop their full potential. The longer term sequelae of fetal
growth restriction such as adult onset diabetes, hypertension and obesity, (Barker et al.
1993) and the effects of prematurity such as chronic lung disease (Askie et al. 2005) and
neurodevelopmental impairment (Guellec et al. 2011) represent significant additional
burdens. Any improvements that can be made in our understanding and treatment of these
serious human pregnancy disorders, therefore has the potential to impact significantly not
only on maternal well being, but also on the well-being of future generations.

A consistent finding among patients experiencing many of these complications is that of
areas of thrombosis on histological examination of the placenta (Salafia et al. 1995a; Salafia
et al. 1995b). This has prompted the suggestion that disturbances in coagulation may
contribute to the aetiology of these conditions. The recognition of the association between
inherited thrombophilias and venous thromboembolism has sparked significant interest in
the possibility that inherited thrombophilias may also play a role in these pregnancy
complications. In this review, the current state of understanding regarding inherited
thrombophilia and adverse pregnancy outcome will be critically examined.

2. Inherited thrombophilias and adverse pregnancy outcomes:
The limitations of case control studies

The association between inherited thrombophilias and adverse pregnancy outcomes has
been intensely debated for the past 15 years. Early case-control studies suggested significant
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associations between maternal inherited thrombophilias and pregnancy complications such
as pre-eclampsia (Dekker et al. 1995; van Pampus et al. 1999; Kupferminc et al. 2000), fetal
growth restriction (Martinelli et al. 2001; Agorastos et al. 2002), placental abruption (Wiener-
Megnagi et al. 1998; Kupferminc et al. 1999), stillbirth (Preston et al. 1996; Many et al. 2002)
and recurrent miscarriage (Grandone et al. 1997; Younis et al. 2000). Despite the potential
for confounding (de Vries et al. 2009) and bias (Sibai 2005) inherent in these early case
control studies, their great strength is the fact that they examined the association between
thrombophilias and severe, early onset complications. These complications are rare but
extremely serious by virtue of the increased likelihood of long term maternal and perinatal
sequelae. Follow up case control studies often included patients with milder forms of the
condition, later onset of disease and delivery at more advanced gestations, and as a result,
often failed to confirm the significant associations between thrombophilias and adverse
pregnancy outcomes demonstrated in early case control studies. This is best exemplified by
contrasting two studies investigating the association between fetal growth restriction and
inherited thrombophilia (Infante-Rivard et al. 2002; Kupferminc et al. 2002). Kupferminc and
colleagues restricted their analysis to the subgroup of women delivering severe early onset
growth restricted babies with a birthweight below the 3rd centile and antenatal ultrasound
evidence of oligohydramnios (Kupferminc et al. 2002) while Infante-Rivard used the more
liberal definition of birthweight less than the 10th centile (Infante-Rivard et al. 2002).
Kupferminc and colleagues calculated the highly significant odds ratio of 4.5 (2.3 - 9.0) for
the association between any inherited thrombophilia and fetal growth restriction (FGR),
whereas Infante-Rivard concluded that an association between fetal growth restriction and
inherited thrombophilias did not exist. Such a difference is likely to be due to differences in
the clinical definitions chosen. On the one hand Kupferminc’s FGR population represents a
small unique subgroup representing less than 0.2% of their entire obstetric population
(Kupferminc et al. 2002). Meanwhile Infante-Rivard’s FGR population represents a much
broader group which is likely to include many women with healthy babies that are merely
constitutionally small. This is further supported by the low rates of significant placental
pathology in this group (Infante-Rivard et al. 2002). Most importantly, however, the
majority of Infante-Rivard’s cohort are likely to have excellent perinatal outcomes with low
rates of prematurity and associated morbidity, a finding that contrasts starkly with the high
perinatal mortality (approximately 60%), universal prematurity and associated morbidity
described in Kupferminc’s study (Kupferminc et al. 2002). While it is true that a statistically
significant association is seen with the Kupferminc study, it must be emphasised that this is
a highly specific, high risk population and these findings cannot necessarily be extrapolated
to general obstetric populations.

The limitation to the study validity that is imposed by varying clinical definitions is evident
not just with fetal growth restriction as described above, but also pre-eclampsia, fetal loss
and placental abruption. Studies investigating the relationship between miscarriage and
thrombophilias have variably defined recurrent miscarriage as two or more first trimester
losses (Younis et al. 2000), three or more first trimester losses (Rai et al. 2001) or any number
of second trimester losses (Raziel et al. 2001). Furthermore, miscarriage and stillbirth have
not infrequently been combined making dissection of individual associations very difficult
(Preston et al. 1996).

The potential for publication bias in case control studies with positive association studies
being rapidly published while studies that do not confirm these associations have been
delayed has also been suggested in several meta-analyses that examined the potential
impact of publication bias (Howley et al. 2005; Facco et al. 2009). In addition, many of the
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early “positive” studies were published in high impact journals (Dekker et al. 1995; Preston
et al. 1996; de Vries et al. 1997; Kupferminc et al. 1999; Rey et al. 2003) and were thus rapidly
disseminated amongst the obstetric and haematology communities. Rapid translation of
these preliminary research findings into clinical practice has also been a key issue. This has
happened simply because thrombophilia tests were readily available to clinicians who were
keen to take advantage of them. Furthermore, the publication of eminent guidelines (Bates
et al. 2004) and influential articles (Kupferminc et al. 1999) advising of the merits of testing
women who experience adverse pregnancy events (before the appearance of evidence to
support treatment or prophylaxis for subsequent pregnancies) has resulted in the very high
uptake of thrombophilia testing by obstetricians. This has confounded ongoing rigorous
research examining the efficacy of testing and treatment in this field.

Another significant limitation of case-control studies is the variation in the ethnic
distribution of inherited thrombophilias. A number of studies have now highlighted the
significant ethnic variation in the prevalence of various thrombophilias (Rees et al. 1995;
Herrmann et al. 1997; Said et al. 2006; Said et al. 2008) but it is important to note that even
within predominantly Caucasian populations, significant ethnic variation in the prevalence
of inherited thrombophilias exists by virtue of different migration patterns (Said et al. 2006).
Failure to take into account the specific prevalence of inherited thrombophilias in the ethnic
group being studied, and account for the potential interaction of other co-inherited
thrombophilias, can result in studies that are underpowered and thus unable to answer
questions regarding the association between inherited thrombophilias and adverse obstetric
outcomes.

3. Meta-analysis of case control studies

A number of meta-analyses examining the association between inherited thrombophilias
and adverse pregnancy outcomes on the basis of case control studies have been undertaken
(McLintock et al. 2001; Alfirevic et al. 2002; Rey et al. 2003; Howley et al. 2005; Lin and
August 2005; Robertson et al. 2006; Facco et al. 2009). Meta-analyses of case control studies
are limited by the significant heterogeneity of the included studies but nevertheless attempt
to provide a clinically relevant evidence base to support decision making regarding testing
for inherited thrombophilias in these obstetric conditions. As stated previously however,
meta-analyses have limited validity due to the effects of publication bias and clinical
heterogeneity.

As with case control studies, meta-analyses examining the association between inherited
thrombophilias and pre-eclampsia have invariably concluded that overall, the strength of
association may be weak at best with the greatest association observed with severe early
onset disease. Lin and August included a total of 31 published studies and 7522 patients in
their meta-analysis and calculated a modest odds ratio of 1.81 (1.14 - 2.87) for the association
between the factor V Leiden mutation and pre-eclampsia overall and an odds ratio of 2.24
(1.28 - 3.94) for severe pre-eclampsia (Lin and August 2005). In contrast a statistically
significant association was not observed with either the prothrombin gene mutation or the
MTHEFR 677 polymorphism. Once again, however, funnel plot analysis for publication bias
suggested the possibility of publication bias due to the absence of smaller, negative studies
available for inclusion in the meta-analysis.

A comprehensive review of published studies investigating genetic risk factors for placental
abruption revealed a positive association between the prothrombin gene mutation (OR 6.67,
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3.21 - 13.88, 7 included studies) and the factor V Leiden mutation (OR 2.35, 1.62 - 3.41, 10
studies) (Zdoukopoulos and Zintzaras 2008). Interestingly the strength of these associations
increased significantly when studies comprising non-Caucasian women were excluded since
both these mutations are more frequently present in Caucasian compared to non-Caucasian
populations.

Rey and colleagues took up the challenge of dissecting the associations between inherited
thrombophilias and fetal loss in their meta-analysis published in The Lancet in 2003 (Rey et
al. 2003). After categorising fetal loss as early recurrent loss and late non-recurrent loss (after
19 weeks), they concluded first trimester recurrent fetal loss was associated with factor V
Leiden (OR 2.01, 1.13 - 3.58) and prothrombin gene mutation (OR 2.05, 1.18 - 3.54) while late
non-recurrent loss was associated with factor V Leiden (OR 3.26, 1.82 - 5.83), prothrombin
gene mutation (OR 2.30, 1.09 - 4.87) and protein S deficiency (OR 7.39, 1.28 - 42.83) (Rey et
al. 2003).

The relationship between fetal growth restriction and inherited thrombophilias has been the
subject of several meta-analyses of case control studies (Dudding and Attia 2004; Howley et
al. 2005; Robertson et al. 2006; Facco et al. 2009) The most recent of these meta-analyses
reported a very modest overall summary odds ratio for the association between factor V
Leiden and fetal growth restriction of 1.23 (1.04 - 1.44), however, when cohort studies were
removed from the analysis the OR was 1.91 (1.17 - 3.12) (Facco et al. 2009). Further
exploration of the data confirmed the effects of publication bias by demonstrating a
significant odds ratio when early (pre-2004) studies were analysed (OR 2.04, 1.05 - 3.96, 6
studies) whereas a non-significant odds ratio was calculated when publications from 2004 -
2008 were included (OR 1.19, 0.02 - 2.39, 8 studies) (Facco et al. 2009).

4. Prospective cohort studies

While case control studies and their meta-analyses provide important data about the
association between inherited thrombophilias and adverse pregnancy outcomes, they have
an important limitation in that they cannot examine the “natural history” of thrombophilias
and hence cannot ascribe causality. Prospective cohort studies are necessary to address this
question of the potential for causality. In contrast to case control studies, prospective cohort
studies need to recruit participants prior to the onset of any disease state and hence often
require large numbers, making them costly and time consuming. However, undertaking
prospective cohort studies in the setting of pregnancy has several advantages. Firstly, in
contrast to prospective cohort studies investigating risk factors for cardiovascular disease
and cancer, the time period is quite short and can be restricted to the duration of the
pregnancy (ie 9 months) rather than the many years it may take for cardiovascular disease
or cancers to develop in asymptomatic people. Secondly, pregnant women (at least in
developed countries) are far more likely to attend for medical care at an early
(asymptomatic) phase allowing non-biased ascertainment. Finally, many of the endpoints
are easily measurable, routinely collected and not subject to observer or recall bias (e.g.
birthweight, gestation at delivery, mode of delivery etc).

A number of prospective cohort studies have now been undertaken in a variety of different
ethnic populations. These prospective cohort studies have confirmed that inherited
thrombophilias are indeed common with prevalence estimates for the factor V Leiden
mutation ranging from 2.7% (Murphy et al. 2000; Dizon-Townson et al. 2005) to 10.9%
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(Lindqvist et al. 1999). Likewise the prothrombin gene mutation is seen in 2.4% (Said et al.
2010a) to 6.2% (Salomon et al. 2004) of women.

Three prospective cohort studies have examined only the association between factor V
Leiden and adverse pregnancy events, and all failed to detect a statistically significant
difference in the rate of pregnancy complications such as pre-eclampsia, fetal growth
restriction, placental abruption or stillbirth amongst carriers of this mutation (Lindqvist et
al. 1999; Dizon-Townson et al. 2005; Clark et al. 2008) (although one did show an association
between neonatal death and factor V Leiden (Clark et al. 2008)). Dudding et al examined
both factor V Leiden and prothrombin gene mutation and concluded that neither mutation
was associated with the development of either pre-eclampsia or fetal growth restriction
(Dudding et al. 2008). Another study examined factor V Leiden and MTHEFR 677 and found
no significant increase in the risk of adverse pregnancy outcomes although the small sample
size (n=584) and low prevalence of factor V Leiden (2.7%) meant that this cohort was
underpowered to detect a significant difference (Murphy et al. 2000). Three studies
investigated factor V Leiden, prothrombin gene mutation and also the MTHFR 677
polymorphism (Salomon et al. 2004; Karakantza et al. 2008; Said et al. 2010a). No significant
correlation was seen between any of these thrombophilias and adverse pregnancy outcomes
in the study from Israel (Salomon et al. 2004). The second study, in a relatively small Greek
cohort of 392 women, reported significant associations between factor V Leiden and MTHFR
677 and placental abruption (Karakantza et al. 2008). Said et al also reported significant
associations between factor V Leiden and stillbirth (OR 8.85, 1.60 - 48.92), prothrombin gene
mutation and placental abruption (OR 12.15, 245 - 60.39) and a composite outcome
comprising severe pre-eclampsia, small for gestational age (below the 5th centile), placental
abruption and stillbirth (OR 3.58, 1.20 - 10.61) in a cohort of 1707 asymptomatic nulliparous
women (Said et al. 2010a). In contrast, Silver et al reported no association between the
prothrombin gene mutation and adverse pregnancy events in a larger cohort of 4167
women (Silver RM et al. 2010). However, most importantly, all prospective cohort studies
have confirmed that carriers of these inherited thrombophilias can experience completely
uncomplicated pregnancies (Rodger et al. 2010; Said et al. 2010a).

An interesting finding from the Australian prospective cohort study (Said et al. 2010a) was
the observation that homozygous carriers of the MTHFR 1298 polymorphism appeared to be
at reduced risk of adverse pregnancy outcomes, and in particular fetal growth restriction.
While the MTHER 1298 polymorphism is not generally regarded as a thrombophilia in its
own right and does not appear to be associated with hyperhomocysteinaemia, heterozygous
coinheritance of the MTHFR 677 and MTHFR 1298 polymorphisms does appear to be
associated with hyperhomocysteinaemia. Said et al have attributed their curious finding to
the fact that the two MTHEFR polymorphisms were in linkage disequilibrium suggesting that
the protective effect observed with MTHFR 1298 homozygosity may in fact be due to the
fact that these patients were protected from the risk of hyperhomocysteinaemia associated
with homozygosity of MTHFR 677 (Said et al. 2010a). This possibility further supports the
notion that absence of association in many prospective cohort studies may be because of
failure to test for the wider range of “known” thrombophilias as well as the cumulative
effect of common, less thrombogenic thrombophilias or unknown thrombophilias. Few
studies have examined the MTHFR 1298 polymorphism to date to confirm or refute these
findings.
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5. Meta-analysis of cohort studies

A meta-analysis of these prospective cohort studies was published in 2010 (Rodger et al.
2010). This meta-analysis included 10 studies with 21,833 women and found no statistically
significant increase in the risk of pre-eclampsia amongst women carrying the factor V
Leiden mutation (OR 1.23, 0.89 - 1.70) (Rodger et al. 2010) (Figure 1). Likewise, the
prothrombin gene mutation did not appear to confer an increase in the risk of pre-eclampsia
with a pooled odds ratio of 1.25 (0.79 - 1.99) when 6 studies including 14,254 women were
included (Rodger et al. 2010) (Figure 2). Similar non-significant findings were observed for
the association between both of these thrombophilic mutations and placental abruption and
delivery of a small for gestational age baby. In fact the only statistically significant
association observed in this detailed meta-analysis was the significant association between
pregnancy loss and the factor V Leiden mutation (Figure 1). It is important to note, however,
the significant heterogeneity in the definition of pregnancy loss in the included studies,
which comprised spontaneous miscarriage or stillbirth variably (Rodger et al. 2010).

This meta-analysis was adequately powered to detect an absolute increase of 2% in the rate
of pre-eclampsia in carriers of the factor V Leiden mutation (from 3.2% to 5.2%) and an
absolute increase of 3% in carriers of the prothrombin gene mutation. However, despite the
large numbers of patients included in this meta-analysis, the study had inadequate power to
detect a two-fold increase in the risk of placental abruption amongst carriers of the
prothrombin gene mutation.

However, even with such a large meta-analysis failing to confirm significant associations
between individual inherited thrombophilias and adverse pregnancy outcomes, several
interpretations remain. First, of course, it is quite plausible that thrombophilia is simply not
causative of these pregnancy complications. However, an interaction between inherited
thrombophilia in susceptible people remains possible. Such an interaction may well result in
augmentation of the pathological processes leading to conditions such as pre-eclampsia, or
fetal growth restriction in susceptible people, resulting in earlier onset and more severe
disease in these people. Such an explanation would be supported by the apparent
contradiction between case-control studies and prospective cohort studies. An alternative
possibility is that additional, as yet unidentified thrombophilias may result in a cumulative
effect that determines the disease phenotype once a critical threshold is reached. This
hypothesis is supported by observations from case-control studies that demonstrate the
presence of multiple inherited thrombophilias being more commonly found in women with
more severe complications than in apparently asymptomatic women. This issue would be
relevant in the many case-control and cohort studies that only examine a single
thrombophilic polymorphism rather than a panel of common polymorphisms.

A key feature of the association between inherited thrombophilias and pregnancy
complications that has been particularly borne out by the prospective cohort studies is the
lack of specificity between individual thrombophilias and particular complications. For
example both the factor V Leiden mutation and the prothrombin gene mutation have been
variably associated with normal pregnancy outcomes, fetal growth restriction, pre-
eclampsia, placental abruption, stillbirth and recurrent miscarriage. Conversely, the
phenotype of these disorders appears identical regardless of which thrombophilic mutation
(if any) is carried. In addition, in a patient who carries one of these mutations, it is unclear
what additional modifying factors will determine the precise outcome.
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Fig. 1. Meta-analysis of pregnancy complications in women who are heterozygous or
homozygous for factor V Leiden. (Rodger et al. 2010)
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Fig. 2. Meta-analysis of pregnancy complications in women who are heterozygous or
homozygous for prothrombin gene mutation. (Rodger et al. 2010)

Given the range of potential thrombophilias that could be investigated in an individual, the
lack of specificity with disease states and the possibility of “unknown” or unidentified
thrombophilias contributing to the phenotype, the appropriateness of investigating women
for inherited thrombophilias to predict the risk for future pregnancy complications must be
questioned. Thrombophilia testing is expensive. Furthermore there are conflicting data
concerning the subsequent risks of recurrent adverse pregnancy outcomes such as pre-
eclampsia (van Rijn et al. 2006; Facchinetti et al. 2009) in women who carry an inherited
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thrombophilia compared to those who don’t, so the benefits of detecting these markers
remain uncertain. This in turn makes the rationale of treating subsequent pregnancies with
prophylactic heparins questionable. An alternative approach is to treat the disease
phenotype rather than simply the test result!

6. Placental thrombotic lesions and inherited thrombophilias

Placental vasculopathy is a histopathological diagnosis which is increasingly being
recognised in association with a variety of clinical pathologies including pre-eclampsia, fetal
growth restriction, placental abruption and stillbirth. In addition, a number of reports
regarding the association between these pathologic features and cerebral palsy have been
published (Arias et al. 1998; Kraus and Acheen 1999). Redline and Pappin were amongst the
first to report these specific placental lesions and their association with adverse neonatal
outcomes. In addition they defined the pathologic criteria for diagnosis of this condition
(Redline and Pappin 1995). While Kraus and Acheen (Kraus and Acheen 1999) have
demonstrated that these lesions precede fetal death in cases of stillbirth, the precise
pathophysiological mechanism resulting in the vascular thrombosis and fibrosis is
unknown. Nevertheless it has been considered plausible that procoagulant states such as
thrombophilias may contribute.

Many and colleagues (Many et al. 2001) investigated the contribution of maternal
thrombophilias to the pathologic placental features in women with severe pregnancy
complications and concluded that placental abnormalities such as infarcts and fibrinoid
necrosis were more common in the placentae of women with pregnancy complications and
thrombophilia compared to those with the same complications without thrombophilia. Of
note, however, the women with thrombophilia and complications delivered at an earlier
gestation and had lower birthweight babies compared to their non-thrombophilic
counterparts. Thus whether these differences truly represent a difference in thrombophilia
state or simply a difference in phenotypic state must be questioned. Likewise, Gogia and
Machin (Gogia and Machin 2008) investigated the association between the specific placental
lesions of maternal floor infarction (n=40), massive perivillous fibrin deposition (n=87) and
fetal thrombotic vasculopathy (n=7) and identified a range of maternal thrombophilic markers
in 40%, 23% and 71% respectively of the women with these placental histopathological
diagnoses. The prevalence of thrombophilias in these women was significantly higher than the
background prevalence of these same thrombophilias in the published literature.

In contrast, Mousa and Alfirevic (Mousa and Alfirevic 2000) were unable to detect a
difference in placental histopathology amongst 43 thrombophilic women with adverse
pregnancy outcome, who were compared to 36 non-thrombophilic women with the same
adverse pregnancy outcomes. The validity of this study has however been questioned given
that histopathological examination was performed as part of routine clinical investigation
and management rather than being performed in a rigorous standardised manner, thereby
leaving the final results and therefore conclusions potentially subject to bias (Khong et al.
2001). Likewise, Kahn et al examined the association between inherited thrombophilias and
placental lesions reflecting underperfusion in a nested case-control study, and concluded
that although the placental lesions were more common in cases of pre-eclampsia compared
to controls, there was no correlation with maternal thrombophilia (Kahn et al. 2009).

In one of the largest studies to date, Rogers and colleagues prospectively collected and
examined 105 placentae from women carrying the factor V Leiden mutation and 225
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controls matched for maternal age, ethnicity and hospital (Rogers et al. 2010). They reported
an increase in the frequency of syncytial knots (adjusted OR 3.6, 1.5 - 8.7 after controlling for
hypertension, pre-eclampsia, small for gestational age fetus and preterm delivery before 35
weeks) and hypervascular villi (adjusted OR 3.4, 1.2 - 9.4 after controlling for mode of
delivery) in placentae from women who were heterozygous for the factor V Leiden
mutation. In contrast to the previous studies, this study did not demonstrate an increase in
the frequency of placental infarcts, small for gestational age placentae or fetal thrombotic
vasculopathy. An important limitation of this study, however, was that although testing for
the prothrombin gene mutation and MTFR 677 polymorphism were performed, the
numbers were too small to assess whether these polymorphisms also contributed to the
placental pathological findings. Furthermore, subjects did not undergo testing for other
known thrombophilias, raising the possibility that the pathologic lesions observed in control
subjects may also be attributable to other thrombophilias

7. Fetal thrombophilias

It is of course plausible that it is the fetal thrombophilic status that is the strongest predictor
of adverse pregnancy outcomes, fetal thrombotic vasculopathy and associated placental
lesions. Given that inherited thrombophilias are generally inherited in an autosomal
dominant fashion, the fetus would only have a 50% chance of inheriting maternal
thrombophilias and this may explain why not all pregnancies appear to be affected.
Placental tissue carries (in most cases) the same genotype as the fetus. A thrombophilic
tendency in the placenta could therefore be conferred via the inheritance of paternally
derived thrombophilias. The possibility that it is the fetal genotype, rather than the
maternal, contributing to the development of fetal growth restriction was first suggested by
a case report describing dizygotic twins with severe growth discordance. The patient had a
past history of fetal growth restriction, placental abruption and pulmonary embolism and
was found to be a compound heterozygote for the two MTHFR polymorphisms (677 and
1298) (Khong and Hague 2001). The twins demonstrated differential inheritance of the
parental MTHER genes, with the placenta of the smaller twin also demonstrating features of
thrombotic vasculopathy. While dizygotic twins provide a unique opportunity for assessing
the possible impact of fetal inheritance of thrombophilias, it is important to remember that a
number of twins will have significant growth discordance which will partly relate to
unequal utero-placental share, aside from any difference in thrombophilia state.

Ariel and colleagues investigated the association between fetal thrombophilia status and
placental lesions but were unable to identify a statistically significant difference in the
prevalence of placental thrombotic lesions between neonatal or maternal carriers of
thrombophilia (Ariel et al. 2004). Rogers also investigated the potential contribution of fetal
thrombophilias to the histopathologic appearance and found an increase in the frequency of
avascular villi in placentae from 50 infants who carried the factor V Leiden mutation
(Rogers et al. 2010). Forty of these infants inherited the mutation from the mother while 10
inherited it from the father. Of note, fetal inheritance of factor V Leiden was not associated
with fetal thrombotic vasculopathy, placental infarction or small for gestational age
placentae (Rogers et al. 2010).

An Australian study (Gibson et al. 2006) reported a significant association between fetal
inheritance of the prothrombin gene mutation (heterozygous or homozygous) and fetal
growth restriction (birthweight less than the 10th centile) in babies born prior to 28 weeks
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(odds ratio 5.71, 95% CI 1.49 - 21.93). Subgroup analysis for those babies with a birthweight
less than the fifth centile also confirmed this finding.

Livingston also undertook a case control study investigating the relationship between
maternal and fetal inherited thrombophilias and pre-eclampsia (Livingston et al. 2001).
Although the large population of African American patients included in the study (and thus
low prevalence of inherited thrombophilias) may have biased this study, Livingston
concluded that neither maternal nor fetal inherited thrombophilias were associated with
pre-eclampsia

Given these various reports, the association between inherited thrombophilias and placental
thrombotic lesions appears to be weak at best and there are numerous confounding issues
that must be considered such as the presence of additional maternal medical disorders,
pregnancy complications and the complexities of the maternal-fetal genetic and immune
interactions. Therefore recommendations for routine testing of entire families on the basis of
placental findings (as suggested by Gogia (Gogia and Machin 2008)) are thus premature and
raise concerns about the ethical implications of testing asymptomatic carriers.

8. The role of anticoagulants in preventing pregnancy complications in
thrombophilic women

Despite the contradictory findings of studies investigating the association between inherited
thrombophilias and adverse pregnancy outcomes, anticoagulant treatment for pregnant
women who carry inherited thrombophilias has been embraced by many on the basis of
small, non-randomised studies (Riyazi et al. 1998; Kupferminc et al. 2001; Ogueh et al. 2001;
Grandone et al. 2002) and several larger randomised controlled trials with methodological
limitations (Gris et al. 2004; Brenner et al. 2005). The rationale for anticoagulant treatment
relies on the effect of anticoagulants in treating venous thromboembolism. A number of
large scale randomised controlled trials investigating the role of low molecular weight
heparins in preventing miscarriage in women who experience recurrent miscarriages have
recently reported negative results (Clark et al. 2010; Kaandorp et al. 2010; Visser et al. 2011).
Meanwhile, the FRUIT study, (FRagmin®) in pregnant women with a history of
Uteroplacental Insufficiency and Thrombophilia: a randomised trial (FRUIT)
ISRCTN87325378), has recently been completed and demonstrated a small but statistically
significant reduction in the risk of recurrent early onset pre-eclampsia or small for
gestational age infant in thrombophilic women with a previous history of early onset pre-
eclampsia or fetal growth restriction (de Vries et al. 2011). This multicentre trial randomised
139 thrombophilic women with prior adverse pregnancy outcomes (pre-eclampsia or small
for gestational age infant with delivery prior to 34 weeks) to receive low molecular weight
heparin (Fragmin®) (dosage adjusted for maternal weight) and aspirin 80mg or aspirin 80mg
alone. Overall there was a statistically significant reduction in the primary outcome of pre-
eclampsia or small for gestational age infant requiring delivery prior to 34 weeks, p=0.012
without any significant increase in the risk of adverse effects (de Vries et al. 2011).

While these data are encouraging, it must be emphasised that thrombophilic women with a
history of prior adverse pregnancy outcomes such as those included in this study, represent
only a very small proportion of the overall subgroup of women at risk of these serious
pregnancy events and that many of these women do in fact achieve successful pregnancy
outcomes with the far less expensive, less invasive and simple treatment regime of low dose
aspirin which has been shown in an individual patient data meta-analysis to reduce the risk
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of recurrent pre-eclampsia and fetal growth restriction by up to 10% (Askie et al. 2007). The
findings of the FRUIT study need to be confirmed in other, larger populations before this
treatment should be recommended and certainly before this practice is extrapolated to other
subgroups of thrombophilic patients (eg those with a prior stillbirth). The TIPPS study
(Thrombophilia in Pregnancy Prophylaxis Study, ISRCTN87441504) is an ongoing
multicentred randomised trial that will provide further data in this regard and may help to
resolve some of these dilemmas.

However, as stated previously, the vast majority of women with these pregnancy
complications do not have an identifiable thrombophilic marker, yet the mechanisms
contributing to thrombotic lesions within the placenta remain uncertain. Moreover, the
potential for anticoagulant prophylaxis to be of benefit in these women, as well as in women
with identified thrombophilias, is limited by our lack of knowledge and understanding
about the mechanisms involved in regulation of haemostasis in the placenta and potential
actions of heparins in this organ.

9. Regulation of haemostasis in the placenta

Thrombotic lesions are observed commonly in placentae from women who experience
pregnancy complications (Salafia et al. 1995a; Salafia et al. 1995b). Mechanisms regulating
haemostasis within the placenta remain poorly understood (Sugimura et al. 2001; Lockwood
et al. 2011; Said 2011). However, there is clear evidence of enhanced activation of the
coagulation and fibrinolytic systems within both the uteroplacental and systemic
circulations of women with pre-eclampsia compared to those with uncomplicated
pregnancies (Higgins et al. 1998). As described previously, analysis of the published case-
control studies reporting associations between inherited thrombophilias and adverse
pregnancy events suggest that these associations are strongest with the more severe and
earlier onset complications rather than with milder, later-onset conditions suggesting in fact
that thrombophilias may exacerbate an underlying tendency toward the condition rather
than causing it per se.

In vivo, coagulation and inflammatory pathways are intimately related (reviwed by Esmon
(Esmon 2005)). The coagulation cascade is triggered with the exposure of tissue factor at the
site of injury. Tissue factor is abundantly expressed in the decidua and first trimester
trophoblast cells. Thus, invasion of the decidua during the first trimester by extravillous
trophoblast cells is accompanied by profound local thrombin generation (which ultimately
activates platelets and allows conversion of fibrinogen to fibrin) which protects against local
haemorrhage. At the same time inflammatory processes are triggered which result in the
production of inflammatory cytokines such as tumour necrosis factor-a (TNF-a), endotoxin
and CD40 ligand, all of which induce tissue factor expression on the surface of white blood
cells (especially monocytes), thereby augmenting the coagulation cascade (Esmon 2005).
Furthermore, inflammatory mediators such as interleukin 6 (IL 6) increase both platelet
numbers and platelet activation (Esmon 2005). These factors all contribute to the systemic
procoagulant state observed in pregnancy. However, this system must be tightly regulated
locally to prevent uncontrolled thrombosis. Thrombomodulin is also widely expressed on
trophoblast cells (Isermann et al. 2003; Weiler 2004). The binding of thrombin to
thrombomodulin results in activation of protein C. There is a modest but progressive
increase in systemic protein C levels during the first half of pregnancy which may help to
regulate haemostasis (Said et al. 2010b). Furthermore, it is now recognized that activated
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protein C plays an important role in the regulation of the inflammatory system through
suppression of Tumour Necrosis Factor-a (TNFa) and inflammatory cytokine expression
(Esmon 2001; Toltl L] et al. 2008), which is mediated by protein C inhibition of Nuclear
Factor-«xB (NF-xB) translocation (Murakami et al. 1997).

Proteoglycans are macromolecules located within vessel walls and these are also abundantly
expressed in human placentae. Being membrane bound, they act locally with exceptionally
low levels detectable in maternal plasma (Giri and Tollefsen 2006). Proteoglycans were
previously regarded as simply structural molecules responsible only for maintaining the
“shape” and structural integrity of organs. It is now known that these molecules have
important biological functions including anticoagulant properties, interactions with growth
factors (particularly angiogenic growth factors such as VEGF and PIGF) (Santra et al. 2008)
and anti-inflammatory properties, making them a potentially important group of candidate
molecules in regulating placental haemostasis and potentially playing a role in the
pathogenesis of pregnancy disorders (Schaefer and lozzo 2008; Whitelock et al. 2008; Said
2011). Proteoglycans comprise a core protein to which sulphated glycosaminoglycans (GAG)
chains are covalently linked. There are four types of GAG chains located in the blood vessel
wall: Chondroitin Sulphate (CS), Dermatan Sulphate (DS), Heparan Sulphate (HS) and
Hyaluronan (HA). (Iozzo 2005) Placentae contain two major types of proteoglycans; those
containing heparan sulphate (syndecans, perlecan) (Jokimaa et al. 1998) and those
containing dermatan sulphate (decorin and biglycan) (Murthi et al. 2010; Swan et al. 2010).
HS chains bind Antithrombin (AT) - a potent inhibitor of thrombin - through a
pentasaccharide sequence, and DS chains bind Heparin Cofactor II (HCII) through a highly
charged sequence (Chen and Liu 2005). GAG bound AT and HCII undergo a
conformational change, which in turn facilitates the inhibition of thrombin (Brinkmeyer et
al. 2004). The cellular localization of proteoglycans to endothelium and cells in contact with
circulating blood, suggest an important role for these molecules in localized anticoagulation.
Previous studies have demonstrated significant reductions in mRNA expression of decorin
(Swan et al. 2010) and biglycan (Murthi et al. 2010) in placentae from pregnancies affected
by fetal growth restriction (FGR) compared to gestation matched control placentae using
semi-quantitative RT-PCR (relative to the house keeping gene GAPDH). Warda et al also
demonstrated a significant reduction in the expression of GAG synthesizing enzymes in
preeclamptic placentae compared to controls (Warda et al. 2008). This reduction translated
to a significant alteration in GAG structure raising the possibility that the altered GAG
structure may have functional corollaries which may contribute to the development of pre-
eclampsia.

Proteoglycans also play important roles in angiogenic pathways by acting as receptors for
growth factors. Disordered angiogenesis has been implicated as a key pathogenic
mechanism contributing to pregnancy disorders such as pre-eclampsia and fetal growth
restriction (comprehensively reviewed by Young et al (Young et al. 2010)) Vascular
endothelial growth factor (VEGF) plays an important role in stabilizing the endothelium in
mature blood vessels (Maharaj et al. 2008). Placental growth factor (PIGF) has structural
homology to VEGF and is thought to amplify VEGF signalling (Autiero et al. 2003). VEGF
and PIGF are highly expressed by invasive cytotrophoblasts involved in spiral artery
remodeling. However, in preeclamptic pregnancies, VEGF and PIGF levels are substantially
lower than non-preeclamptic controls (Young et al. 2010). The soluble form of the VEGF
receptor fms-like tyrosine kinase (sFltl), an antagonist of VEGEF, is significantly elevated in
pre-eclamptic pregnancies (Young et al. 2010). Similarly transforming growth factor 8 (TGF-
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) and endoglin (Eng) levels are higher in pre-eclamptic pregnancies compared to controls
although whether this is a primary pathologic mechanism or a compensatory mechanism
resulting from ongoing placental ischemia remains uncertain. sFltl and sEng, the soluble
forms of FLt1 and Eng respectively are released into maternal plasma during pre-eclampsia
and exert their antiangiogenic effects on maternal endothelium leading to a state of
generalized endothelial dysfunction (Young et al. 2010).

The interaction between haemostatic pathways and angiogenic pathways is further
illustrated by the finding that thrombin significantly augments first trimester (but not term)
decidual expression of sFlt-1 (Lockwood et al. 2007). Thus, dysregulation of the complex
haemostatic pathway by any one of a range of possible mechanisms during the first
trimester, has the potential to lead to a cascade of events which may collectively lead to the
pathophysiological processes observed in pregnancies complicated by adverse events such
as pre-eclampsia.

The combination of endothelial dysfunction, altered blood flow dynamics secondary to
abnormal vasculature and the hypercoagulable state of pregnancy provides a plausible
background for the development of intravascular microthrombi, which in turn can result in
a positive feedback loop leading to greater tissue ischaemia, ongoing oxidative stress and
endothelial dysfunction thus perpetuating intravascular thrombosis and ultimately leading
to the characteristic placental lesions we observe in pregnancy disorders such as pre-
eclampsia, placental abruption, fetal growth restriction and stillbirth. It is plausible that
dysregulation of these processes are far more important in leading to the pathogenesis of
adverse pregnancy events than inherited thrombophilias.

10. The role of anticoagulants in “non-thrombophilic” patients

Recent randomised controlled trials (RCTs) investigating the role of low molecular weight
heparins (LMWH) in preventing adverse pregnancy outcomes in non-thrombophilic women
have suggested beneficial effects (Rey et al. 2009; Gris JC et al. 2010) raising the possibility
that it is a primary placental haemostatic defect contributing to the pathogenesis of these
conditions rather than a maternal thrombophilia. Data from these RCT’s are supported by
non-randomised observational studies in which non-thrombophilic women with previous
obstetric complications and associated evidence of placental vasculopathy had improved
obstetric outcomes when treated with LMWH in subsequent pregnancies (Kupferminc et al.
2011). These studies are indeed promising and suggest the more rational use of
anticoagulants using an appropriate “phenotype” driven approach (ie on the basis of
disease severity and corroborating placental histopathological findings) rather than just a
genotype (presence of thrombophilia) driven approach. However a note of caution must be
applied. Firstly, the precise mechanism by which low molecular weight heparins achieve
beneficial obstetric outcomes remains obscure. Heparin is a synthetic glycosaminoglycan
with augmented anticoagulant activity. Whether heparins produce their therapeutic effects
in these pregnancy situations via their anticoagulant action or whether through non-
anticoagulant (inflammatory or angiogenic mechanisms as discussed previously) has not yet
been determined. Understanding these mechanisms may provide the basis for developing
more efficacious and safe agents. Secondly, none of the randomised trials published to date
have been adequately powered to assess uncommon but serious potential consequences of
treatment. Although low molecular weight heparins are generally regarded as “safe” (Greer
and Nelson-Piercy 2005), they have important implications for labour epidural use
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(Horlocker et al. 2010) and risks of wound bleeding and haematoma (van Wijk et al. 2002)
following operative delivery. These comparatively minor risks are particularly important
given the third issue which is the fact that prophylaxis is given to prevent recurrence of
placental mediated complications, but untreated women appear to only have a risk of at
most 25-30% (van Rijn et al. 2006; Rey et al. 2009) for these recurrent complications, therefore
potentially 70% or more of these women are exposed to this treatment without necessarily
needing it. Strategies to better predict who will benefit from such therapy are urgently
needed but what does appear clear is that prediction on the basis of presence or absence of a
known inherited thrombophilia is not a useful or worthwhile strategy.

Kingdom et al attempted to better stratify women by incorporating a range of tests of
placental function prior to including women in a pilot randomised trial of unfractionated
heparin in women at risk of placental mediated obstetric complications (Kingdom et al.
2011). However, even despite this rigorous screening process, only 12% of women
developed pre-eclampsia and 25% of the infants had intrauterine growth restriction in the
standard care arm (Kingdom et al. 2011). The high prevalence of placental pathology,
however was confirmed with only 5/31 normal placentae (4 in the unfractionated heparin
group and one in the standard care group) identified. Although this study was
underpowered to determine whether unfractionated heparin is beneficial in this setting, it
does highlight the need for improved identification and stratification of patients who may
benefit from this somewhat invasive therapy. Furthermore, the choice of unfractionated
heparin in this study contrasts with that of previous studies which predominantly use low
molecular weight heparins.

11. Conclusions

Inherited thrombophilias are common amongst women of reproductive age. However, we
can be reassured by the prospective cohort studies and the meta-analysis of such studies
that the majority of asymptomatic women who carry these inherited thrombophilias will not
experience adverse pregnancy outcomes. What is less certain is the potential adjuvant role
that thrombophilias may play in women at increased risk for other reasons of these
complications or in women who are developing these complications. Also of concern is the
large number of women who experience adverse pregnancy complications who do not carry
a recognisable inherited or acquired thrombophilia. Understanding the precise mechanisms
regulating coagulation within the placenta will be an important priority in order to establish
the most efficacious therapeutic options for this majority of women experiencing these
complications. Only then should the effects of and differences between the variety of
available anticoagulants be investigated to ensure that these therapeutic agents are used in
the most effective and rational manner to either treat or prevent serious adverse pregnancy
events.
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1. Introduction

Infertility is a condition that affects between one-fifth and one-sixth of couples of
reproductive age. It is defined as a reduction in or a lack of ability to reproduce and its
cause may lie either in the male or female partner (Stedman, 2006). According to the
American Society for Reproductive Medicine, infertility should be considered when
pregnancy fails to occur after one year of regular sexual activity without the use of any
contraceptive method.

In view of its high incidence, infertility currently constitutes a significant health issue. The
social structure prevalent today in which women are conditioned to consider motherhood at
a later age results in an increase in the number of couples seeking medical assistance to
fulfill their dream of having children (Neuspiller, 2003). Nevertheless, the forms of
treatment available today within the realm of assisted reproduction result in a pregnancy
rate of approximately 40%, an unsatisfactory percentage, since it means that the majority of
couples are still denied the opportunity to conceive (Qublan, 2006; Vaquero et al., 2006). In
30% of the couples currently undergoing treatment for infertility, the factors preventing
them from becoming pregnant have yet to be identified (Grandone, 2005).

The majority of the studies conducted to evaluate failure to conceive in assisted
reproduction have focused on the problems that occur following laboratory fertilization,
i.e. implantation of the embryo in the woman’s uterus (Vaquero et al., 2006). Various
studies have concentrated on improving factors associated with the embryo, such as the
quality and quantity of embryos, and on female factors. Some that need to be taken into
consideration include improving endometrial receptivity and identifying intervening
factors associated with immunological response and the genetic characteristics of the
woman, including her potential for coagulation during pregnancy and implantation of the
embryo (Glueck, 2000).

Because of the success rate of 34%, the assisted reproduction clinics try to improve the
pregnancy rate by transferring more than one embryo. This procedure has as a consequence,
another problem of great significance and social impact, which is the multiple pregnancy
(Haggarty, 2006).

Recently, a hypothesis has been raised that the same factors associated with the occurrence
of recurrent pregnancy loss may also affect the early phase of the embryo implantation
process (Vaquero et al., 2006). The possible causes for a failure in embryo implantation have
been widely investigated; however, there is no consensus in the literature on this subject.
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The qualities of the embryo and endometrial receptivity are believed to represent significant
factors in the failure of in vitro fertilization (IVF) (Simur et al, 2009). The hematological
changes that lead to hypercoagulability, with a consequent increase in the occurrence of
thrombosis, have been cited as factors that hamper the process of embryo implantation
(Grandone, 2001; Sarto, 2001, Vaquero et al., 2006). Hence, thrombophilia should be
considered an adverse factor in cases of embryo implantation failure.

Thrombophilia may be congenital or acquired and is related to changes in hemostatic
mechanisms, characterized by an increased tendency for the blood to clot and a consequent
risk of thromboembolism (Machac at el., 2006). Congenital factors suspected of being
responsible for this propensity for thrombosis are: protein C deficiency, protein S deficiency,
antithrombin III deficiency, the presence of factor V Leiden, a mutation in the 202104 allele
of the prothrombin gene and a mutation in the methylenetetrahydrofolate reductase
(MTHFR) enzyme gene (D’ Amico, 2006).

The hereditary causes of thrombophilia have been investigated since 1956, when Jordan and
Nandorff introduced the term thrombophilia. In 1965, it had been identified the
antithrombin deficiency as a cause of genetic thrombophilia.These studies have become
wider in 80 years, when the deficiencies of proteins C and S were described and, later, in
1994, description of factor V Leiden. (Reitsma, 2007). About 40% of thrombosis cases with
arterial or venous occlusion are hereditary. Venous thromboembolism often occurs as a
result of mixed factors. In general, thrombophilia should be considered a multifactorial
disorder and not as an expression of a single genetic abnormality (Buchholz, 2003).

The relationship between thrombophilic factors and infertility should be taken into
consideration because of the possibility of alterations in hemostasis of a thrombophilic
nature at the implantation site. This vascular change affects trophoblast invasion and
placental vasculature, hampering implantation of the embryo (Sarto, 2001).

We performed a review of the pertinent literature to evaluate whether any relationship
exists between thrombophilia and the presence of infertility.

A literature review was performed for the 1996-2010 period using the Medline and Lilacs
databases on the following websites: www.bireme.br and www.pubmed.com. The key
words used to search for relevant papers were: thrombophilia, infertility, blood coagulation,
embryo implantation failure and hyperstimulation syndrome.

2. Thrombophilia and infertility

Compared to fertile women, a finding of a higher incidence of thrombophilia in women
submitted to repeat cycles of in vitro fertilization (IVF) and implantation failure has become
increasingly common. Azem et al. conducted a case-control study including 45 women with
implantation failure, 44 fertile women and 15 infertile women who had, however, become
pregnant at their first IVF attempt. The women evaluated were submitted to tests to
investigate the following thrombophilic factors: prothrombin gene mutation, MTHFR gene
mutation, the presence of factor V Leiden, and antithrombin, protein C and protein S
deficiency. A high frequency of thrombophilia was found in the subgroup of women with
implantation failure (17.8%) compared to the group of fertile women and the group of
women who became pregnant at the first IVF attempt (a frequency of 8.9% in both groups).
This fact reinforces the association of this pathology with vascular impairment and a
consequent difficulty in embryo implantation (Azem, 2004).
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Grandone et al. also reported similar results in a case-control study involving a smaller
sample of women (18 women with implantation failure and 216 fertile controls) (Grandone,
2001). The results of the two abovementioned studies, although indicative of a possible
association between thrombophilia and failed implantation, do not positively confirm this
association.

On the other hand, Martinelli et al. conducted a case-control study with the largest sample
size evaluated up to the present time and found no evidence of a higher frequency of
thrombophilia in infertile women. A total of 234 infertile women were compared with 234
fertile women. The women with implantation failure were not, however, evaluated as a
separate group. Antiphospholipid antibodies (lupus anticoagulant and anticardiolipin
antibody), factor V Leiden mutation, prothrombin mutation and MTHFR mutation were
evaluated. No evidence was found of any association between the thrombophilic factors and
infertility (Martinelli, 2003).

Vaquero et al. evaluated 59 women with implantation failure and 20 fertile women in a case-
control study and failed to find a higher occurrence of congenital thrombophilia in the
infertile population. Nevertheless, a higher rate of acquired thrombophilia and thyroid
antibodies was found in the infertile population (Vaquero et al., 2006).

In a prospective study conducted by Bellver et al., 119 women were evaluated. Thirty-two
Caucasian women included in the control group were egg donors with no endocrine or
autoimmune disorders, with normal karyotype and no history of obstetric pathology. A
second group consisted of 31 women with infertility of no apparent cause, while a third
group was composed of 26 women with implantation failure and a fourth group consisted
of 30 women who had a history of recurrent pregnancy loss. The group of women with
implantation failure and the recurrent pregnancy loss group had been diagnosed as normal
prior to implantation. The following factors were investigated in these four groups: protein
C, protein S, antithrombin III, lupus anticoagulant, activated protein C resistance, IgG and
IgM anticardiolipin antibodies, homocysteine, factor V Leiden, prothrombin mutation,
MTHFR mutation, thyroid-stimulating hormone (TSH), free thyroxine, antithyroid
peroxidase antibody and antithyroglobulin antibody. In the group of women with
implantation failure, a higher prevalence was found of activated protein C resistance and
lupus anticoagulant, as well as the presence of more than one thrombophilic factor. Thyroid
autoimmunity was more common in the group of women with implantation failure and in
the group with infertility of no apparent cause (Bellver et al., 2008). The authors suggest an
association between thrombophilia and implantation failure, but do not recommend
screening for all infertile women. Moreover, they raise the hypothesis of an association
between thyroid autoimmunity and infertility of no apparent cause and embryo
implantation failure (Bellver et al., 2008).

In 2009, a Turkish group published the findings of a study in which the relationship
between thrombophilia and implantation failure was evaluated. This was a case-control
study comparing a group of 51 women with implantation failure and a group of 50 fertile
women. Three hereditary thrombophilic factors were evaluated: the presence of factor V
Leiden, MTHFR mutation and prothrombin mutation. No statistically significant difference
was found in the frequency of thrombophilic factors between the groups evaluated.
Nevertheless, a finding of at least one thrombophilic factor (62.7%) was more common in the
group of women with implantation failure compared to the control group (53.9%). Although
this difference was not statistically significant, the authors suggest that the difference may
become significant if the sample population were larger (Simur et al., 2009).
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In 2010, Casadei et al. published a case-control study that included a total of 300 women, 100
with infertility of no apparent cause and 200 fertile women. The following hereditary factors
were investigated: factor V Leiden (G1691A), prothrombin gene mutation (G20210A) and
MTHFR enzyme mutation (C677T). This study found no difference in the frequencies of
thrombophilic factors between the two populations evaluated (Casadei, 2010).

Also in 2010, Sharif et al. conducted a prospective cohort study and analyzed 273 cases of
implantation failure (two or more transfer of good quality embryos without the occurrence
of pregnancy). In this group, serial ultrasound examinations, hysteroscopy and research of
hereditary and acquired thrombophilias were performed. One hundred and twelve patients
had abnormal tests and 84 out of these women had tested positive for thrombophilia (63
hereditary thrombophilia and 21 acquired thrombophilias). This study confirms the
importance of microthrombosis deployment in the implantation site as a factor that prevents
the trophoblastic invasion and subsequent embryo implantation (Sharif, 2010).

A study was recently published on the prevalence of thrombophilia in a fertile and infertile
female population in Brazil. This study found a high frequency of thrombophilia among
infertile women. Although this was a prevalence study, i.e. no comparison was made
between the two groups, thrombophilia was more common in the group of infertile women.
Women with implantation failure were not evaluated as a separate group (Soligo, 2007).

The association between thrombophilia and infertility remains controversial; however,
studies have tended to associate this coagulation disorder with implantation failure. In 2008,
Qublan conducted a case-control study to evaluate the use of low-molecular-weight heparin
for the treatment of embryo implantation failure in view of the association between
thrombophilia and implantation failure. Although the exact mechanism behind
implantation failure and infertility remains to be fully clarified, this study suggests that
maternal blood vascularization with adequate syncytiotrophoblast invasion may be affected
by microthrombosis at the implantation site. Furthermore, thrombophilia may also affect the
various trophoblast functions including invasion, differentiation, proliferation and hormone
function with consequent implantation failure (Qublan, 2008).

The table below shows a summary of the results of the studies evaluated:

Author/ year Fertile women (n) Infertile women (n) Implantation failure (n)
Grandone, 2001 (-) 216 (+) 18

Martinelli, 2003 (-) 234 (-) 234

Azem, 2004 (-) 44 ()15 (+) 45

Vaquero et al., 2006 (<) 20 (+) 59

Bellver, 2008 (-) 32 (-) 31 (+) 26

Simur, 2009 (-) 50 (+) 51

Casadei, 2010 (-) 200 (-) 100

Legend:(+) A higher frequency of thrombophilia was found.
(-) A higher frequency of thrombophilia was not found.

Table 1. Thrombophilia in Fertile and Infertile Women
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Combining the published data in the afore mentioned studies, there was no increased risk of
thrombophilia between the groups of fertile women, infertile and implantation failure.
The studies did not show statistical difference between the groups studied and highlight the
limit of the sample for statistical evidence in cases of thrombophilia. There is also evidence
that the normal MTHFR genotype is related to the ability to produce good quality embryos.
This is a result of a prospective study to evaluate vitamin B12, folate and MTHFR gene
mutation and their influence on the success of IVF programs (Haggarty, 2006).

The ovarian hyperstimulation syndrome (OHS) is a complication of ovulation induction in
assisted reproduction treatment. It is estimated that 0.5% of women undergoing ovulation
induction have OHS (Saul, 2009). This iatrogenic condition is characterized by an extensive
clinical and laboratory manifestation, including an increase of ovarian volume, fluid into the
extravascular space, intravascular volume depletion, rapid weight gain, hemoconcentration,
leukocytosis, oliguria and electrolyte disturbance (Rongolino, 2003). It may also occur
ovarian torsion, ascites, hydrothorax, liver dysfunction, thromboembolism, and renal
failure. Despite technological advances there is still no effective strategy to eliminate this
complication in cases of medical treatment of assisted reproduction. It is estimated, at
present, different strategies of ovarian stimulation protocols for patients considered at risk.
These patients considered at risk include young women suffering from polycystic ovaries,
with or without hormonal abnormalities associated with the sonographic findings, previous
history of high ovarian response to hormonal induction (Engmanan, 2008)

The exact origin of OHSS is unknown, but is related to arteriolar vasodilation and increased
capillary permeability triggered by vasoactive substances. Factors belonging to the renin-
angiotensin system, including cytokines, interleukins (IL-8 and IL-9), tumor necrosis factor-
a, endothelin 1, vascular endothelial growth factor (VEGF) leading to increased vascular
permeability. Currently, it is believed that increased platelet activation is related with the
elevation of VEGF (Varnagy, 2008). Because the presence of hypercoagulable changes
observed in the OHS has attracted the interest of evaluating a possible association of
thrombophilic factors to the occurrence of OHSS (Dulitzky, 2002).

In 2002, Dulitzky et al. performed a prospective study to evaluate the presence of
thrombophilic factors in women hospitalized due to severe OHS. It was conducted a case-
control study, where twenty women hospitalized due to OHS were selected and forty-one
women who underwent ovulation induction and did not develop OHS. The following
thrombophilic factors were evaluated: antithrombin, protein C, protein S, antiphospholipid
antibodies, mutation of Factor V and MTHFR gene mutation. Among the women studied,
85% of the women with OHS and 26.8% of non-OHS women had one or more associated
thrombophilic factor. This study demonstrates the positive association between
thrombophilia and OHS, as well as suggests a screening for thrombophilia in patients at risk
for OHS (Dulitzky, 2002). However, Machaca et al., despite a higher prevalence of FVL
mutation in the infertile population, did not find a higher incidence of OHSS in this group of
women (Machac et al., 2006).

Fabregues et al, in 2004, conducted a case-control study to assess the frequency of
thrombophilic factors in women with OHS and to assess the cost benefit of performing a
screening for Factor V Leiden and prothrombin mutation in women who were undergoing
IVF treatment. They studied three groups of women. In the first group twenty women with
OHS were included. In group 2, with forty women, were included women undergoing IVF,
but who did not develop OHS. In group 3, one hundred healthy women were included. All
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women were investigated for the following thrombophilic factors: Factor V Leiden,
prothrombin gene mutation, antithrombin, protein C and S, lupus anticoagulant and
anticardiolipin antibody. In this study, was not evidenced a higher frequency of
thrombophilic factors in women with OHS, even were no differences between groups of
fertile and infertile women. (Fabregues et al., 2004).

However, as the thrombophylic factors are of rare occurrence, the evaluation of such a small
sample of patients, as in the above studies, may not be sufficient to establish the association
between the proposed data.

3. Conclusion

Thrombophilia is rare, hence difficult to evaluate in the population. Consequently, to
establish a precise correlation between this event and infertility, a study with a very large
sample size would have to be conducted, rendering such an endeavor costly and difficult.
The studies available in the literature were conducted in small samples, a fact that may
compromise the validity of the results obtained.

This literature review and the consequent analysis of the above mentioned studies tend to
suggest that thrombophilia is indeed more common in infertile women, particularly in the
subgroup with embryo implantation failure. Nevertheless, data in the literature up to the
present moment remain controversial.

The importance of angiogenesis in embryo implantation must be taken into consideration,
since thrombophilia may lead to the occurrence of microthrombosis at the implantation site.
Therefore, screening for thrombophilia in infertile women, particularly in those with
implantation failure, is pertinent.

Infertile women, who have tested positive for thrombophilia and who achieve their
objective of becoming pregnant, merit particular attention during prenatal care. Obstetric
care must be rigorous, since thrombophilia is known to be associated with an increased risk
of complications during pregnancy such as preeclampsia, intrauterine growth restriction,
placental abruption, premature delivery, recurrent pregnancy loss and chronic fetal distress
in addition to ischemic events during pregnancy (Kuperfenic, 2000; Brenner, 2003; Couto,
2005; Ren, 2006).
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1. Introduction

Recurrent pregnancy loss (RPL) is usually defined as the loss of three or more consecutive
pregnancies before 20 weeks of gestation. Within this definition is a large and heterogeneous
group of patients with many different causes of miscarriage. RPL is a common clinical
problem that occurs in approximately 1 % of reproductive-aged women. However, this
frequency increases up to 5% when clinicians define RPL as two or more losses of
pregnancy. In addition, epidemiological investigations have demonstrated that the
frequency of subsequent pregnancy loss is 24% after two pregnancy losses, 30% after three
and 40% after four successive pregnancy losses. In many cases, the etiology is unknown, but
several hypotheses have been proposed, including chromosomal and uterine anatomic
abnormalities, endometrial infections, endocrine abnormalities, antiphospholipid syndrome,
inherited thrombophilias, alloimmune causes, genetic factors, exposure to environmental
factors and unexplained causes. Recently, it has become clear that prothrombotic changes
are associated with a substantial proportion of these fetal losses. Therefore, the role of
thrombophilias in RPL has generated a great deal of interest. This heterogeneous group of
disorders results in increased venous and arterial thrombosis. Although some thrombophilic
states in RPL may be acquired such as antiphospholipid antibody syndrome (APAS), most
are heritable such as hyperhomocyteinemia, activated protein C resistance, deficiencies in
proteins C and S, mutations in prothrombin, and mutations in antithrombin IIL.

Data suggest that women with thrombophilia have an increased risk of pregnancy loss and
other serious obstetric complications, including placental abruption, pre-eclampsia,
intrauterine growth restriction and intrauterine fetal death. Recent attention has focused on
thrombophilic factors that might be associated with pregnancy complications, including
early pregnancy loss. Additionally pregnancy complications including idiopathic fetal loss
are thought to result from placental under perfusion due to occlusive events, including
thrombosis of placental vessels. Thrombosis of placental vessels is multicausal in nature and
may involve both acquired and inherited risk factors, leading to RPL. It has been reported
that genetic tendencies to thrombosis may also be associated with recurrent pregnancy loss.
The three most common genetic markers for thrombophilia which are known to predispose
to venous thrombosis are; factor V Leiden (FVL), methylenetetrahydrofolate reductase
mutation (MTHFR, C677T) and prothrombin gene mutation (FII, G20210). In this chapter,
we discuss the association of thrombophilia and RPL; these include important roles in
management and treatment that appear to be required for normal pregnancy.
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2. Recurrent pregnancy loss

Recurrent pregnancy loss (RPL) is usually defined as the loss of three or more consecutive
pregnancies before 20 weeks of gestation or with fetal weights less than 500 grams. Within
this definition is a large and heterogeneous group of patients with many different causes of
miscarriage. RPL affects approximately 1 % of couples (1). However, this frequency
increases up to 5% when clinicians define RPL as two or more losses of pregnancy (2) In
addition, epidemiological investigations have demonstrated that the frequency of
subsequent pregnancy loss is 24% after two pregnancy losses, 30% after three and 40% after
four successive pregnancy losses (3). Additionally, recurrent risk for RPL may increase up to
50 percent even after six losses (4). Remarkably, the maternal and paternal age may
approach the risk of pregnancy loss (Table 1) (5). Maternal age at conception and previous
reproductive history are strong and independent risk factors for RPL. The chance of
successful pregnancy in a woman aged 40 years or more and a man aged 40 years or more is
poor. In many cases, the etiology is unknown, but several hypotheses have been proposed,
including chromosomal and uterine anatomic abnormalities, endometrial infections,
endocrine abnormalities, antiphospholipid syndrome, inherited thrombophilias,
alloimmune causes, genetic factors, exposure to environmental factors and unexplained
causes (Table 2) (6). The normal coagulation pathway is pivotal for the pregnancy outcomes
(Table 3). Also any kind of disorder in coagulation pathway may cause thrombophilia that
may be the reason of plasental insufficiency and PL (7). Recently, it has become clear that
prothrombotic changes are associated with a substantial proportion of these fetal losses.
Therefore, the role of thrombophilias in RPL has generated a great deal of interest. This
heterogeneous group of disorders results in increased venous and arterial thrombosis.
Although some thrombophilic states in RPL may be acquired such as antiphospholipid
antibody syndrome (APAS), most are heritable such as hyperhomocyteinemia, activated
protein C resistance, deficiencies in proteins C and S, mutations in prothrombin, and
mutations in antithrombin III.

Maternal Age Rate of PL (%) Paternal Age Rate of RPL (%)
<20 122 <20 12

20-24 14.3 20-24 11.8

25-29 13.7 25-29 15.7

30-34 15.5 30-34 13.1

35-39 18.7 35-39 15.8

40-44 255 40-44 19.5

Table 1. The relationship between the spontaneous pregnancy loss and the maternal and
paternal age.
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Etiology

Proposed Incidence

(%)

Genetic Factors

3.5-5

Chromosomal, Single gene defects, Multifactorial

Anatomic Factors

12-16

Congenital -Incomplete mullerian fusion or septum resorption
-Diethylstilbestrol exposure
-Uterine artey anomalies
-Cervical incompetence
Acquired  -Cervical incompetence
-Synechiae
-Leiyomyomas
-Adenomyomas

Endocrine Factors

17-20

Luteal phase insufficiency, Polycystic ovarian syndrome, Diabetes
mellitus, Thyroid disorders, Prolactin disorders

Infectious Factors

0.5-5

Bacteria, Viruses, Parasites, Zoonotic, Fungal

Immunologic and Trombotic Factors

20-50

Cellular mechanisms, Humoral mechanisms , Antiphospholipid
Antibody Syndrome,

Inherited Thrombophilias such as activated protein C resistance
associated with mutations in factor V Leiden, deficiencies in protein
C and S, mutations in the gene encoding methylene tetrahydrofolate
reductase, mutations in the promoter region of the prothrombin,
hyperhomocyteinemia,

Table 2. Proposed Etiologies for Recurrent Spontaneous Abortion.

2.1 Antiphospholipid antibody syndrome

Pregnancy-specific antigens can elicit humoral responses, and patients with RPL can display
altered humoral responses to endometrial and trophoblast antigens (8, 9). Nevertheless,
most literature surrounding humoral immune responses and RPL focus on organ-

nonspecific autoantibodies associated with APAS. Historically,

these IgG and IgM

antibodies were thought to be directed against negatively charged phospholipids. Those
phospholipids most often implicated in RPL are cardiolipin and phosphatidylserine. Most
recently, however, it has been shown that antiphospholipid antibodies often are directed
against a protein cofactor, called 2 glycoprotein 1, that assists antibody association with the
phospholipid (10). The association of these antiphospholipid antibodies with thrombotic
complications has been termed the antiphospholipid syndrome, and although many of these
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PC: Protein C
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TAFI: Trombin activated fibrinolyse inhibitor
TM: Thrombomodulin

Table 3. Coagulation pathway and factors

complications are systemic, some are pregnancy specific —spontaneous abortion, stillbirth,
intrauterine growth retardation, and preeclampsia (11).

Diagnosis of this syndrome requires at least one of each clinical and laboratory criterion (12).
These are listed below.

Clinical

e  One or more confirmed episode of vascular thrombosis of any type
- Venous

- Arterial

- Small vessel

e  Pregnancy complications

- Three or more consecutive spontaneous pregnancy losses at less than 10 weeks of
gestation

- One or more fetal deaths at greater than 10 weeks of gestation

- One or more preterm births at less than 34 weeks of gestation secondary to severe
preeclampsia or placental insufficiency

Laboratory

(Testing must be positive on two or more occasions, 6 weeks or more apart.)

e Positive plasma levels of anticardiolipin antibodies of the IgG or IgM isotype at
medium to high levels
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e  Positive plasma levels of lupus anticoagulant

The presence of antiphospholipid antibodies (anticardiolipin or lupus anticoagulant) during
pregnancy is a major risk factor for an adverse pregnancy outcome (13). In large series of
couples with recurrent abortion, the incidence of the APAS was between 3% and 5% (14).
The presence of anticardiolipin antibodies among patients with known systemic lupus
erythematosus portends less favorable pregnancy outcome (15).

A number of mechanisms whereby antiphospholipid antibodies might mediate pregnancy loss
have been proposed. Antibodies against phospholipids have been proposed to cause fetal loss
because these antibodies inhibit release of prostacyclin, a potent vasodilator and inhibitor of
platelet aggregation. In contrast, platelets produce thromboxane A2 which is a vasoconstrictor
that also promotes platelet aggregation. These autoantibodies have also been shown to inhibit
protein C activation, which results in coagulation and fibrin C formation. Clinically, these
events might lead to hypercoagulability and recurrent thrombosis within the placenta. Women
with both a history of early fetal loss and high levels of these antibodies may have a 70 percent
miscarriage recurrence (16). In a prospective study of 860 women screened for anticardiolipin
antibody in the first trimester reported that 7 percent tested positive (17). Miscarriage
developed in 25 percent of the antibody-positive group, compared with only 10 percent of the
negative group. In another study, there was no association between early pregnancy loss and
the presence of either anticardiolipin antibody or lupus anticoagulant (18).

2.2 Inherited thrombophilias

Thrombophilic disorders have generated considerable interest in the field of RPL.
Thrombophilia is an important predisposition to thrombosis due to a procoagulant state.
Several blood clotting disorders are grouped under the term of thrombophilia. In table 4,
thrombophilic mutations were described. Amongst these, are activated protein C

resistance (APCR), protein S deficiency, protein C deficiency, prothrombin mutation,
antithrombin III deficiency and hyperhomocysteinaemia (methylenetetrahydrofolate
reductase mutation, C677 T MTHFR). Clinical studies suggest that the underlying
pathophysiological mechanism is mediated via hypercoagulation, leading to uteroplacental
insufficiency with resultant pregnancy loss. The basis for the association between adverse
fetal outcomes and heritable thrombophilias has focused on the mechanisms of impaired
placental development and function secondary to venous or arterial thrombosis at the
maternal-fetal interface. Activation of protein S synergizes with activated protein C, thereby
inhibiting the actions of clotting factors V and VIII. Thus, proteins S and C have an
anticoagulant effect. Decreased action of these proteins has been postulated to increase the
risk for pregnancy loss. Mutation in the gene encoding factor V results in a protein that is
resistant to the effects of activated protein C (aPC). The most common of a variety of
mutations is at position 506 with a glutamine substitution for arginine, this FV:R506Q
mutation is called the factor V Leiden mutation (19, 20, 21). The mutation results in a protein
resistant to the effects of aPC. The net result is increased the cleavage of prothrombin to
thrombin, which causes excessive coagulability. Inherited decreased or absent antithrombin
III activity will lead to increased thrombin formation and clotting. Prothrombin gene
mutation is signalled by a defect in clotting factor II at position G20210A. The relative risk
for thrombosis in patients with this mutation is two-fold in heterozygotes. Individuals with
hyperhomocysteinaemia exhibit a deficiency of folate due to the presence of the methylene
tetrahydrofolate reductase mutation (MTHFR C677 T). The thrombotic risk is increased two-
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fold in homozygosity; and in the heterozygous state for Antithrombin III deficiency, the risk
is 20- to 50-fold. APCR has emerged as the commonest genetic cause of thrombo-embolism.
APCR is caused by a point mutation (Factor V Leiden, FVL) in 95% of cases. The risk of
thrombosis is increased 5- to 10-fold in heterozygous carriers of FVL, and 100-fold in
homozygosity (22, 23) Consistent with general thrombotic risk, carriage of combinations of
two or more inherited thrombophilic defects has particularly strong association with
adverse pregnancy outcomes (24, 25, 26). Considerable attention has been directed recently
toward a possible relationship between thrombophilias and certain pregnancy
complications other than venous thrombosis (27). Table 5 summarizes the findings of 79
studies systematically reviewed by Robertson and associates (28).

Hyperhomocysteinemia
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Table 4. Effects of inherited thrombophilia on the coagulation pathway.
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Thrombophilia Early Stillbirth | Preeclampsia | Placental | Fetal-
Pregnancy Abruption | Growth
Loss Restriction
FVL —homozygous 2.7 2.0 1.9 (0.4-7.9) 8.4 4.6
(1.3-5.6) | (0.4-9.7) (0.4-171.2) | (0.2-115.7)
FVL —heterozygous 1.7 21 2.2 (1.5-3.3) 4.7 2.7
(1.1-2.6) | (1.1-3.9) (1.1-19.6) | (0.6-12.1)
Prothrombin — 2.5 2.7 2.5(1.5-4.2) 7.7 29
heterozygous (1.2-5.0) || (1.3-5.5) (3.0-19.8) | (0.6-13.7)
MTHEFR —homozygous 14 1.3 1.4 (1.1-1.8) 1.5 1.2
(0.8-2.6) | (0.9-1.1) (0.4-5.4) (0.8-1.8)
Hyperhomocysteinemia 6.3 1.0 3.5 (1.2-10.1) 24 N/A
(1.4-28.4) | (0.2-5.6) (0.4-15.9)
Antithrombin 0.9 7.6 3.9 (0.2-97.2) 1.1 N/A
deficiency (0.2-4.5) (0.3- (0.1-18.1)
196.4)
Protein C deficiency 2.3 31 5.2(0.3-102.2) 59 N/A
(0.2-26.4) | (0.2-38.5) (0.2-151.6)
Protein S deficiency 3.6 20.1 2.8 (0.8-10.6) 21 N/A
(0.4-35.7) | (3.7-109.2) (0.5-9.3)
Acquired activated 4.0 0.9 1.8 (0.7-4.6) 1.3 N/A
protein C resistance (1.7-9.8) | (0.2-3.9) (0.4-4.4)
Anticardiolipin 34 3.3 2.7 (1.7-4.5) 1.4 6.9
antibody (1.3-8.7) | (1.6-6.7) (0.4-4.8) | (2.7-17.7)
Lupus anticoagulant 3.0 2.4 1.5 (0.8-2.8) N/A N/A
(1.0-8.6) || (0.8-7.0)

Data presented as odds ratios (95-percent confidence intervals). Bolded numbers are statistically

significant.

FVL = factor V Leiden, MTHFR = methylenetetrahydrofolate reductase, N/ A = data not available.

Table 5. Obstetrical Complications Associated with Some Inherited and Acquired

Thrombophilias

2.3 Treatment

The treatment of couples with recurrent miscarriage has traditionally been based on
anecdotal evidence, personal bias, and the results of small uncontrolled studies. There are
some treatment regimens for APAS that increase live birth rates. The American College of
Obstetricians and Gynecologists (12) recommends low-dose aspirin—81 mg orally per day,
along with unfractionated heparin—5000 units subcutaneously, twice daily. This therapy,
begun when pregnancy is diagnosed, is continued until delivery. Although this treatment
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may improve overall pregnancy success, these women remain at high risk for preterm labor,
prematurely ruptured membranes, fetal-growth restriction, preeclampsia, and placental
abruption (4). The Cochrane review of immune therapy for RPL also addressed IVIg therapy
and reported that its use did not alter pregnancy outcomes in patients with otherwise
unexplained RPL (29). Although both vaginal and intramuscular progesterone therapy are
associated with few minor side effects, their efficacy in the treatment of either unexplained
RPL or RPL associated with TH cell dysregulation has never been investigated
appropriately. The efficacy and side effects of prednisone plus low-dose aspirin was
examined in a recent, large, randomized, placebo-controlled trial treating patients with
autoantibodies and RPLs. Pregnancy outcomes for treated and control patients were similar;
however, the incidence of maternal diabetes and hypertension and the risk of premature
delivery were all increased among those treated with prednisone and aspirin(30). Treatment
for thrombophilias remains contraversial, but may include heparin and aspirin. Recently,
Cochrane Database review concluded that women with recurrent miscarriage and
thrombophilia do not benefit from aspirin or heparin therapy (31) . Vitamins B6, B12, and
folate are important in homocysteine metabolism and hyperhomocysteinemia is linked to
RPL. Women with RPL and isolated fasting hyperhomocysteinemia should be offered
supplemental folic acid (0.4-1.0 mg/day), vitamin B6 (6 mg/day), and possibly vitamin B12
(0.025 mg/day) (32).
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1. Introduction

The term "antiphospholipid syndrome" (APS) was coined in the early '80s to describe a
unique form of acquired autoimmune thrombophilia, with clinical features of recurrent
thrombosis and pregnancy morbidity, combined with the presence of antiphospholipid
antibodies (aPL). aPL consist a heterogeneous group of autoantibodies, which recognize
phospholipid-protein complexes or rather proteins with high affinity for phospholipids,
such as p2-glycoprotein I (32GPI) and prothrombin. This heterogeneity reflects the nature of
the antigen recognized by each antibody and it is expressed with different pathogenic
mechanisms. Although a broad spectrum of aPL exists, the universally accepted diagnostic
aPL tests are lupus anticoagulant (LA); anticardiolipin (anti-CL); and anti-p2-glycoprotein I
antibodies (anti-B2GPI) (Table 1). These autoantibodies interfere with physiological
mechanisms of coagulation and fibrinolysis, leading the hemostatic balance towards
coagulation. Moreover, it seems to affect the physiological function of various cells such as
platelets, monocytes and endothelial cells (EC). However, not all aPL are pathogenic;
transient increase in aPL during several infections has been observed. Although aPL can
cause clinical manifestations of almost every organ in the body (e.g. blood vessels, brain,
kidneys, lungs, gastrointestinal tract, placenta), the common hallmark of the syndrome is
thrombosis, either arterial, venous or in the microcirculation.

2. Epidemiology

2.1 aPL in healthy population and other conditions

In healthy population, the incidence of aPL ranges from 1 to 5%. It has been shown to
increase with age and especially with coexistence of chronic diseases [!]. Among various
studies, there is great variation in the incidence of anti-CL antibodies in apparently healthy
elderly subjects, ranging from 12 to 64% [2]. The prevalence of anti-B2GPI antibodies is
calculated at 31.8%. These variations may be attributed to both methodological differences
and choice of sample population. In general population, aPL are detected in about one out
of five patients who suffered from cerebrovascular events (strokes) at the age under 50
years. The clinical suspicion is clearly enhanced in young patients with additional features
of the syndrome. Moreover, aPL can be detected in various conditions such as infections,
malignancies, vaccination and use of certain drugs. In these cases, aPL are usually transient,
low-titre and normally independent of the presence of B2GPIl. The prevalence of aPL in
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healthy obstetric population is difficult to be determined since aPL have been implicated in
pregnancy morbidity. However, in two studies with large number of healthy pregnant
women, aPL were identified in 0.7 and 5.3% respectively [3]. It has been reported that aPL
are detected in 11-29% of women with preeclampsia [4].

Symbol/acronym Description/explanation Definition based on the detection assay

Anti-CL

Anti-p2 GPI

LA

BFP-STS & VDRL
test

Anti-cardiolipin

Antibodies recognizing 2
GPI independently of
cardiolipin

Lupus Anticoagulant

Biological false positive
serological tests for
syphilis & Venereal
Disease Research
Laboratory test

Antibodies detected against cardiolipin-a
negatively charged phospholipid, which is
used as antigen in an enzyme linked
immunosorbent assay (ELISA). These
antibodies recognize f2GPI which exists in
abundance in bovine serum; this serum is
used as a blocking agent (blocks the non-
specific binding sites) in ELISA plates.
[B2GPI binds to cardiolipin.

Anti-B2GPI antibodies are detected by
ELISA, but the polystyrene ELISA plates
have been y-irradiated and negative
charges are generated on their surface.
B2GP1I binds to negatively charged
irradiated plates in the absence of
cardiolipin and is recognized by the anti-
2GPI antibodies

Antibodies which interfere in vitro with the
generation of thrombin from prothrombin,
thus increasing the activated partial
thromboplastin time (aPTT). The
prolonged aPTT is not corrected by adding
normal plasma in the detection system.
These antibodies disrupt in vitro the
prothrombinase complex (constituted by
the activated coagulation factors V and X,
prothrombin and phospholipids). Kaolin
clotting time (KCT) and Dilute Russel
Viper Venom Test (DRVVT) are two other
ways to measure LA. Antibodies of the LA
type usually recognize 32GPI or
Prothrombin.

Antibodies against
phospholipids/cholesterol complexes

Table 1. Classification of antiphospholipid antibodies defined according to detection assay.
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2.2 aPL in other systemic autoimmune diseases

APS can occur in association with other systemic autoimmune diseases, particularly
Systemic Lupus Erythematosus (SLE). About 40% of patients with SLE have aPL, but less
than 40%of them will eventually have thrombotic events [5]. Particularly, 37% of patients in
the "Euro-Phospholipid" study was suffering from SLE, while 4% was associated with SLE-
like disease [¢]. It is well documented that thrombotic complications appear more frequently
in patients with SLE and aPL, as compared to aPL positive patients without other systemic
autoimmune disease[”8]. The diagnosis of secondary APS clearly leads to a threefold
increase of miscarriages, especially after the 20th week of gestation [9]. aPL have also been
detected in other autoimmune diseases, such as rheumatoid arthritis (RA), with a frequency
up to 28%.

3. Classification Criteria for APS

An international consensus statement on the APS classification was published in 1999, after
the 8th International Symposium on the aPL in Sapporo [10]. The diagnosis of the syndrome
requires the presence of at least one clinical event and one positive laboratory test for aPL,
including lupus anticoagulant (LA) or anti-CL antibodies, or both, in medium-high titers,
detected at least twice within 6 weeks . The classification criteria were revised in 2006, in
Sidney, Australia ['1]. Essentially, the clinical criteria remained unchanged while the
laboratory criteria were modified in two significant points: (a) the time between two positive
determinations was extended to 12 weeks and (b) anti-B2GPI antibodies (IgG and IgM) were
included in the laboratory tests (Table 2).

After 30 years of intensive clinical and basic research, it is now well documented that LA is
the strongest predictor of thrombosis [1214]. Moreover, anti-B2GPI antibodies appear to be
mainly responsible for the clinical manifestations that characterize the syndrome [1516]. More
specifically, a subpopulation of anti-B2GPI antibodies, raised against a cryptic epitope in
domain I B2GPI (Arg39-Arg43), is highly correlated with clinical events and prognosis of the
syndrome ['7]. Several research groups suggest that patients positive for all three classes of
antibodies (LA, anti-CL and anti-p2GI) are at the higher risk for venous/arterial thrombosis
and pregnancy morbidity [1819].

4. Clinical manifestations of APS

Clinical presentation of APS includes manifestations of various organs and systems, such as
blood vessels, central nervous system (CNS), skin, kidney, gastrointestinal tract, heart, and
placenta. The hallmark of the syndrome is thrombosis, either arterial or venous. Unlike the
strict vaso-specific localization of thrombosis due to congenital thrombophilias (e.g.
correlation between deficiency of protein C only with venous thromboembolic events),
thrombosis in APS may occur in any vascular bed [202]. This "diffuse" thrombotic
predisposition clearly indicates a multifactorial influence of autoantibodies in the
haemostatic system. It is worth noting that thrombotic recurrences tend to occur in the same
vascular distribution as the original event (i.e., arterial are followed by arterial and venous
by venous thrombotic events)[22]. Venous thromboembolic events are the most common
clinical manifestations of APS. The clinical expression of the syndrome can vary from mild
(mild thrombocytopenia, livedo reticularis, leg ulcers, migraine) to severe (ischemic
infarctions, recurrent miscarriages, valvular insufficiency) or destructive [multiple organ
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failure, catastrophic APS (CAPS)]. The clinical spectrum associated with the presence of aPL
is extensive. The events included in the classification criteria of APS are described in (Table
3). Some clinical manifestations, such as valvular disease, livedo reticularis,
thrombocytopenia and neurological manifestations, although not included in the diagnostic
criteria of the syndrome, are frequently observed in patients with APS [11]. The thrombotic
etiology for these events does not seem very likely, as they usually do not subside with
antithrombotic therapy. The simultaneous presence of thrombotic and non thrombotic
events in patients with APS leads to the logical conclusion that most of the aPL (and
especially anti-B2GPI antibodies) interfere with many different biological mechanisms.
Moreover, there is a subset of asymptomatic patients with permanently high titers aPL.

Antiphospholipid antibody syndrome (APS) is present if at least one of the clinical criteria
and one of the laboratory criteria that follow are met

Clinical criteria

1. Vascular thrombosis

One or more clinical episodes of arterial, venous, or small vessel thrombosis§, in any tissue

or organ. Thrombosis must be confirmed by objective validated criteria (i.e. unequivocal

findings of appropriate imaging studies or histopathology). For histopathologic
confirmation, thrombosis shouldbe present without significant evidence of inflammation
in the vessel wall.

2. Pregnancy morbidity

a. One or more unexplained deaths of a morphologically normal fetus at or beyond the
10th week of gestation, with normal fetal morphology documented by ultrasound or
by direct examination of the fetus, or

b.  One or more premature births of a morphologically normal neonate before the 34th
week of gestation because of: (i) eclampsia or severe preeclampsia defined according
to standard definitions [11], or (ii) recognized features of placental insufficiency, or

c. Three or more unexplained consecutive spontaneous abortions before the 10th week
of gestation, with maternal anatomic or hormonal abnormalities and paternal and
maternal chromosomal causes excluded.

Laboratory criteria

1. Lupus anticoagulant (LA) present in plasma, on two or more occasions at least 12
weeks apart, detected according to the guidelines of the International Society on
Thrombosis and Haemostasis (Scientific Subcommittee on LAs/phospholipid-
dependent antibodies)

2. Anticardiolipin (aCL) antibody of IgG and/or IgM isotype in serum or plasma,
present in medium or high titer (i.e. >40 GPL or MPL, or >the 99th percentile), on two
or more occasions, at least 12 weeks apart, measured by a standardized ELISA

3. Anti-b2 glycoprotein-I antibody of IgG and/or IgM isotype in serum or plasma (in
titer >the 99th percentile), present on two or more occasions, at least 12 weeks apart,
measured by a standardized ELISA, according to recommended procedures

Modified from ref 11

Table 2. Classification criteria for antiphospholipid syndrome
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The literature on the clinical manifestations of APS, although extensive, mostly includes a
large number of case reports. Fortunately, since the beginning of the 21st century, significant
multicenter studies on large series of patients provide reliable information as to the relative
frequency of different clinical manifestations of the syndrome [212324]. In a multicenter study
of 1000 patients with APS, 53.1% of patients had primary APS while 36.2% had secondary
APS (in association with SLE). The most common manifestations were deep venous
thrombosis (38.9%), thrombocytopenia (29.6%), livedo reticularis (24.1%), stroke (19.8%) and
pulmonary embolism (14.1%). Less frequent events included superficial thrombophlebitis
(11.7%), transient ischemic attacks (11.1%), hemolytic anemia (9.7%) and epilepsy (7%). The
fetal abortion was the primary event in 14% of female patients.

4.1 Venous thrombosis

As mentioned above, deep venous thrombosis is the most frequent clinical manifestation of
APS. Other vascular sites which may be affected are the larger veins, such as the subclavian,
the iliofemoral, the upper abdomen, portal vein, the axillary etc. Venous thrombosis has
been described, with much less frequency, in almost every organ of the body, causing
related clinical manifestations. Superficial thrombophlebitis, superior vena cava syndrome,
renal vein thrombosis, adrenal infarction, Addison’s syndrome, Budd Chiari syndrome,
pulmonary hypertension, due to recurrent pulmonary embolism and diffuse pulmonary
hemorrhage, due to micro-thromboses are some of the unusual venous thrombotic
manifestations of the syndrome. Recent meta-analysis regarding the relationship (odds ratio,
OR) of LA and IgG/IgM anti-CL antibodies with venous thrombosis, concludes that all
studies report a significant correlation between LA and VTE, with an OR up to 16.2. The
correlation of anti-CL with VTE is not confirmed [25]. Titers of anti-p2GPI antibodies seem to
increase the OR for venous thrombosis up to 5 times [29].

4.2 Arterial thrombosis

Arterial thrombosis consists a main clinical feature of APS, but appears less frequently than
venous [%7]. The most common site of arterial thrombosis is the cerebral circulation, usually
in the form of stroke or transient ischemic attack [2!]. Thrombosis of coronary, renal artery or
the mesentery has also been observed. A multicenter population-based study, which
examined the risk of arterial thrombosis in patients who were treated with oral
contraceptives (RATIO study, Risk of Arterial Thrombosis In relation to Oral
contraceptives), showed that the presence of LA is a major risk factor for arterial thrombosis
in women under 50 years, while anti-CL and anti-prothrombin antibodies did not increase
the risk for ischemic stroke or myocardial infarction [28].

4.3 CNS involvement

The CNS involvement is co-responsible for high morbidity and mortality of the syndrome,
with strokes and transient ischemic attack being the most common manifestations [2930]. The
neurological manifestations cover a fairly broad clinical spectrum and may include, apart
from stroke and transient ischemic attack, also Sneddon’s Syndrome, epilepsy, dementia,
cognitive dysfunction, headaches/migraine, chorea, transverse and spotty myelitis, ocular
symptoms, Guillain-Barré, psychosis and depression [3!]. More specifically, the presence of
anti-CL antibodies in SLE patients has been associated with cognitive disorders. Similarly,
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mild cognitive impairment has been recorded in more than 40% of patients with APS and
focal white matter lesions [32].

4.4 Renal involvement

APS nephropathy is now recognized as a distinct entity from lupus nephritis [33]. The most
common manifestations of renal involvement are thrombosis or stenosis of renal artery,
kidney infarction, thrombosis of the renal vein and end-stage renal disease/renal failure [34].
Clinically, the so-called APS nephropathy is characterized by positive aPL in conjunction
with vascular nephropathy, which presents with hypertension, low-grade proteinuria, and
acute and/ or chronic renal failure. The clinical suspicion of this clinical entity should always
be placed in young patients with renal artery stenosis, high blood pressure and unexplained
deterioration of renal function. The main histopathological findings are: a) thrombotic
microangiopathy, as an expression of acute thrombosis, and b) fibrous intimal hyperplasia,
arteriosclerosis, focal cortical atrophy, arterial and fibrous infarcts, as for chronic vascular
lesions [34]. The biopsy proven renal damage is significantly correlated with LA, but not
with anti-CL antibodies. A study from our department showed that patients with APS and
kidney involvement develop hypertension, elevated serum creatinine levels, characteristic
findings in renal biopsy as mentioned previously, and factors associated with poor renal
prognosis [35]. Moreover, a large series of patients demonstrated that APS nephropathy is
presented in 39.5% of patients with SLE and positive aPL, while only in 4.3% of SLE patients
without aPL [36]. The APS nephropathy is strongly correlated with LA, anti-CL antibodies
and livedo reticularis. The prognosis of nephritis in patients with SLE is rather poor in the
presence of coexisting APS nephropathy.

4.5 Cardiovascular manifestations

Cardiac manifestations in APS include valvular disease, acute myocardial infarction (AMI),
intracardial thrombi, myocardial microthrombosis and valvular lesions similar to Libman-
Sacks endocarditis of SLE [¥7]. The latter represent the commonest manifestation in APS with
prevalence up to 38% [3]. The valves of the left ventricle are most frequently involved, with
mitral impairment observed in the majority of cases. It is well known that patients with
valvular disease are at higher risk of arterial thromboembolic events [3°]. In a multicenter
prospective study, AMI was the presenting manifestation in 2.8% and reached up to 5.5%
during the follow-up period [4]. A large prospective study found that high titers of anti-CL
antibodies are an independent risk factor for AMI or sudden cardiac death [41]. Although
some studies do not show a correlation between anti-CL and AMI, there should be a
thorough check for aPL in patients aged under 45 with coronary artery disease or AMI
without other risk factors.

4.6 Skin manifestations

Skin events in APS vary both in form and severity, with livedo reticularis and leg ulcers
being the commonest [42]. Livedo reticularis is caused by stagnation of blood in dilated
superficial capillary venules and its prevalence in APS is calculated at 24%, according to the
study of Cervera et al [4344]. This lesion represents the first manifestation of the syndrome in
17-40% of patients. The clinical features of such lesions, although nonspecific, can lead to the
diagnosis of APS. Typically, the histopathological findings of skin biopsies do not reveal
evidence of thrombosis (except in the case of CAPS). Livedo reticularis has been
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characterized as a major risk factor for arterial thrombosis and it is correlated with high
titers of anti-CL antibodies [*]. Other cutaneous manifestations of the syndrome are leg
ulcers, superficial thrombophlebitis, necrotizing vasculitis and gangrene.

4.7 Hematological manifestations

Several hematological manifestations such as thrombocytopenia, autoimmune hemolytic
anemia, Evan’s syndrome, bone marrow necrosis and thrombotic microangiopathy have
been described in APS [4]. Thrombocytopenia, defined by platelet count less than 100-
150x10%/L, is found in approximately 20% of patients with primary APS and more than 40%
of patients with secondary APS in SLE [2147]. It is usually moderate and does not require any
medical intervention. The mechanisms that may lead to thrombocytopenia in patients with
APS are not clear. However, the characteristic combination of thrombocytopenia and
thrombosis in APS patients suggests that aPL interact with platelets resulting in platelet
aggregation and thrombosis. The prevalence of autoimmune hemolytic anemia in APS
patients was calculated at 6.6% to 9.7% [2]. On the other hand, studies confirm the presence
of aPL in patients with autoimmune hemolytic anemia at a rate ranging from 55 to 72%
[48]. The pathogenesis of autoimmune hemolytic anemia is unclear. It has been assumed that
anti-CL antibodies bind directly to the surface of red blood cells of patients with APS and
hemolytic anemia, although the antigen recognized by aPL has not been identified.

5. Pathogenic mechanisms of thrombosis

Significant in vitro and in vivo studies confirm that aPL are pathogenic [4951]. The exact
mechanism by which these antibodies participate in the prothrombotic tendency of APS,
remain to be clearly defined. However, it has been illustrated that the heterogeneity of
antibodies is associated with multiple mechanisms of action [52]. These include briefly: the
activation of cellular components (endothelial cells, platelets and monocytes), activation of
the coagulation cascade, inhibition of the fibrinolytic system, inhibition of natural
anticoagulant pathways and activation of the complement system.

5.1 Activation of cellular components

5.1.1 Activation of endothelial cells

The interaction of aPL with endothelial cells has until now been in frequent disputes and
misunderstandings. Regarding the study of endothelium in the pathogenesis of APS, major
questions have arisen: a) Under what conditions the aPL bind to the surface of endothelial
cells in vitro and in vivo; b) What molecular structures on the surface of endothelial cells are
responsible for the binding d) What signaling pathways are activated; Table 4 summarizes
the effects of aPL on endothelial cells.

In vitro studies have shown that B2GPI binds to immobilized endothelial cells, and allows
the anti-B2GPI antibodies to bind to cells and induce a proinflammatory and procoagulant
phenotype [%3]. A clinical demonstration of endothelial dysfunction in APS patients is the
increased level of circulating endothelial microparticles and endothelial cells in peripheral
blood [5455]. In vitro studies have shown that incubation of endothelial cells with aPL and
B2GP], induces the expression of significantly higher levels of adhesion molecules ICAM-1,
VCAM-1 and E-selectin. In addition, production of IL-6 and altered metabolism of
arachidonic acid, have been demonstrated [56-58]. Animal models suggest that human
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Thrombophilia

Clinical and laboratory
characteristics
Thrombophlebitis

Peripheral Arterial Thrombotic

Event

Pericarditis

Myocarditis

Stroke (arterial)

Brain Microinfarcts/ TIA
Brain Venous Thrombosis
Epilepsy/Seizures
Diplopia/Ocular disorders
Peripheral Neuritis
Lower Back Pain
Headache/Migraine
Pleurisy

Pulmonary Emboli
Pulmonary Arterial
Hypertension

Nephritis

APS associated Nephropathy
Budd-Chiari Syndrome
Ascites

Myalgia

Arthralgia

Arthritis

Livedo Reticularis
Ischemic Leg Ulcers
Digital Gangrene
Maculopapular Rash
Malar Rash (Butterfly)
Mucosal Ulcers
Vasculitis Rash
Raynaud
Photosensitivity
Alopecia

Foetal Loss

Chronic Disease Anemia
Hemolytic Anemia
Thrombocytopenia
Leucopenia

Presence at the
disease onset n (%)
28 (20.72)

6 (4.44)

5(3.7)

1(0.74)
10 (7.4)
1(0.74)

2 (1.48)
1(0.74)
1(0.74)
1(0.74)
2 (1.48)
25 (18.5)
9 (6.66)

23 (23) *
1(0.74)
2 (1.48)
5(3.7)
1(0.74)

*percentage (%) out of the total of female patients (N=100)
Grika E. -Vlachoyiannopoulos P. submitted

Cumulative
prevalence n (%)
57 (42.18)

12 (8.88)

11 (8.14)
1(0.74)
32 (23.68)
14 (10.36)
1(0.74)
19 (14.06)
23 (17.02)
30 (22.2)
15 (11.1)
34 (25.16)
12 (8.88)
16 (11.84)

9 (6.66)

17 (12.58)
6 (4.44)
1(0.74)
1(0.74)

9 (6.66)
67 (49.58)
21 (15.54)
48 (35.52)
5(3.7)
1(0.74)
13 (9.62)
21 (15.54)
15 (11.1)
5(3.7)
34 (25.16)
20 (14.8)
22 (16.28)
40 (40) *
23 (17.02)
22 (16.28)
20 (14.8)
40 (29.6)

Table 3. Prevalence of clinical and laboratory characteristics present on the onset of the disease
as well as during the follow-up of 135 APS patients (89 PAPS, 46 SAPS). The mean (SD)
disease duration was 8.8 years (5.3) and the mean (SD) duration of follow up 7.55 (4.89) years.
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1 | P 2GPI-dependent increased expression of adhesion molecules (ICAM-1, VCAM-1, E-
selectin)

Increase of synthesis and secretion of pro-inflammatory cytokines (IL-1, IL-6)
Increased tissue factor expression/upregulation of tissue factor mRNA

Increase of endothelin-1 levels

Induction of apoptosis

Table 4. The effects of aPL antibodies on endothelial cells

Q= W N

polyclonal and monoclonal aPL activate endothelium and enhance clot formation in vivo
[5059]. Studying the effect of aPL in mice with genetic deletion of ICAM-1, E-selectin and P-
selectin, it was demonstrated that aPL-mediated endothelial activation depends on a
considerable extent by these molecules [60-62]. Some studies suggest the presence of elevated
levels of soluble adhesion molecules and soluble cytokines in patients with aPL and history
of thrombosis [63]. Pierangeli et al. examined the pathogenic properties of human anti-CL
antibodies in vivo and in vitro. The researchers used an in vivo model of thrombosis in
mouse femoral vein. It turned out that antibodies caused leukocyte adhesion to endothelial
cells of the microvasculature and increased the expression of adhesion molecules (e.g.
VCAM-1). Among the proposed mechanisms, which explain the prothrombotic and
proinflammatory properties of aPL, an increased expression of tissue factor (TF) is included.
Data on the increase in TF expression in patients with APS is supported by several
researchers. Typically, Zhou et al. demonstrated that IgG from patients with APS increases
the expression and function of TF in monocytes [64]. Moreover, they described increased
levels of soluble TF (sTF) in the peripheral blood of patients with a history of thrombosis
and aPL.

The study of the endothelium clearly indicates the potentially beneficial effect of statins in
the therapeutic approach of patients. Meroni et al. demonstrated that fluvastatin inhibits the
expression of adhesion molecules and IL-6 by endothelial cells [¢5]. Very recently, proteomic
study of monocytes and endothelial cells in patients with APS who received fluvastatin for
one month, confirmed a significant reduction in the expression of TF, PAR-1, 2 and VEGF,
which is associated with inhibition of the p38MAPK and NF-kB pathway [¢¢]. Furthermore,
Shoenfeld et al, based on the immunoregulatory and possibly antithrombotic effect of
vitamin D, studied the serum levels of vitamin in patients with APS and its in vitro effects in
HUVEC. It was shown that ~ 50% of patients had vitamin D deficiency (<15ng/ml) which
correlates with thrombotic complications and other clinical manifestations of the syndrome
(neurological, ocular, livedo reticularis and skin ulcers). In vitro, vitamin D seems to
suspend the anti-32GPIl-induced expression of TF [¢7].

The role of anti-endothelial antibodies, especially of anti-HSP60, in the mechanism of
thrombosis was studied in LA positive patients with secondary APS [¢8]. These antibodies
induce endothelial apoptosis and seem to be associated with increased incidence of
thrombosis. The researchers suggest that anti-HSP60 bind to the surface of EC and induce
expression of anionic phosphatidylserine, thus providing a target for aPL binding and
promotion of a thrombotic phenotype.

The exact nature of aPL- receptors on the surface of endothelial cells remains obscure and is
a key subject of current research. Initially, several studies have suggested the simple
recognition of P2GPI, bound to the surface of endothelial cells (by the domain V), by anti-
B2GPI antibodies. This observation emerged from the crystallographic study of f2GPI. This
glycoprotein is a single-chain polypeptide chain composed of five domains (I-V),
comprising patterns of the complement control protein family (sushi domains). All domains
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resemble each other, except for domain V that contains an additional carboxy- loop with
positively charged amino acids lysine. From the crystal structure of human B2GP], it was
showed that the positively charged region interacts electrostatically with negatively charged
phospholipids. Furthermore, a partially hydrophobic loop of the molecule has the ability to
enter the phospholipid bilayer and is involved in cell binding of p2GPI [¢]. Later, Zhang et
al. demonstrated that p2GPI binding to endothelial annexin A2 promotes the activation of
endothelium by anti-B2GPI antibodies, possibly through a mechanism of multiple
connections (cross linking), thus inducing a procoagulant phenotype [7]. To note that
annexin A2 lacks intracellular region and possibly a second adaptor protein participates in
intracellular signal transduction. There is evidence that specific antibodies against annexin
A2, regardless of aPL, have been detected in plasma from APS patients and seem to
correlate with thrombotic events. These antibodies are able to activate EC in a manner
similar to anti-p2GPI antibodies [71]. Besides annexin A2, various members of Toll-like
receptors (TLRs) family have been proposed as potential receptors of P2GPI/anti-2GPI
complexes on the surface of endothelial cells. Several data suggest the involvement of TLR-4
in aPL-mediated activation of endothelial cells. An important study shows the activation of
the molecular pathway of MyD88 (Myeloid Differentiation factor 88), which is associated
with TLR-4 - a receptor of bacterial endotoxin or lipopolysacharide (LPS), by anti-B2GPI
antibodies [72]. Binding of LPS with TLR-4 triggers the nuclear translocation of NF-kB, the
P38MAPK phosphorylation and other intracellular events that lead to the expression of pro-
inflammatory cytokines, adhesion molecules and TF [73]. Fischetti et al. showed that the in
vivo formation of complexes B2GPI/anti-B2GPI on the endothelial surface induces the
development of thrombus, only under the influence of LPS [74]. In similar results, concerning
the requirement of a priming factor, conclude several in vivo animal models of thrombosis,
which require either photochemical or mechanical injury of the vessel so that the aPL can
exert their thrombotic properties. It is not clear why the formation of anti-p2GPI/p2GPI
complexes on the endothelial surface cannot induce thrombosis without a priming factor
[7]. It is generally accepted that other molecules (not specified so far) could act as protein
receptors for B2GPI, since the glycoprotein lacks a recognized specific cell receptor. It is
assumed that 32GPI binds to endothelial surface via a "multi-receptor" and the molecular
signaling is initiated immediately upon binding of specific antibodies.

The study of signal transduction in aPL-mediated endothelial activation continues to be an
important area of research. As it was originally shown, there is an increased expression of
adhesion molecules by endothelium in vitro. Nowadays, several studies confirm the
involvement of NF-kB nuclear translocation and phosphorylation of p38MAPK in, aPL-
mediated, induction of transcription, expression and function of TF in endothelial cells and
the production of proinflammatory cytokines (IL-6 and IL-8).

5.1.2 Activation of platelets

The thrombophilic tendency in combination with the observation that thrombocytopenia is
a frequent manifestation in APS, led early on the assumption that platelet activation is an
important factor in the pathogenesis of the disease [52]. It should be noted that the study of
platelet as "experimental model" has some peculiarities: platelets as anucleated cell
fragments cannot be cultivated in vitro, or studied by techniques of recombinant DNA and
on the other hand, unlike endothelial cells, platelet samples can be purified in the absence
heparin, leaving unaffected the B2GPI interaction with platelet membranes [7¢]. Several
studies demonstrate platelet activation and aggregation by aPL, both in vitro and in vivo
[77.78]. Figure 1 summarizes the main pathogenic effects of aPL in platelets. It has been
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Fig. 1. A synopsis of the major and well characterized thrombogenic mechanisms of
antiphospholipid (anti-B2GPI) antibodies: Pre-existing anti-B2GP]I, probably under a second
hit, activate components of innate immunity such as complement, endothelial cells,
monocytes (not depicted) and platelets, as well as the coagulation system. More specifically,
as shown by in vitro experiments, dimmers of P2GPI anchored to negatively charged
phospholipids and TLR-4 are recognized by anti-2GPI antibodies; then, P38-MAPK
mediated endothelial cell activation takes place as depicted by ICAM-1, VCAM-1, E-selectin
IL-1,-6,-8 and TF expression which change the phenotype of endothelial cells to a pro-
coagulant form. On the other hand, dimmers of B2GPI induced, either, through B2GPI
interaction with apo-ER2’, or with GPlba, or with PF4 tetramers, activate platelets towards
aggregation and release of PF4 and thromboxan B2. Coagulation-fibrinolysis imbalance is
induced by the mechanisms depicted in the upper left panel.
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demonstrated that aPL cannot bind to the surface of "intact" platelets, while they have the
ability to bind to platelets with exposed negatively charged phospholipids in their
membranes. Subactivating priming by known agonists, leading to phosphatidylserine
exposure on the outer membrane seems to be a prerequisite for aPL to exert their pathogenic
effects. One significant indication of platelet activation was the observation that patients
with aPL and positive LA had increased urinary excretion of Thromboxane B2 (TXB2), a
platelet metabolite secreted upon activation. Furthermore, purified F (ab ') 2 antibody
fragments from the same patients, caused increased platelet aggregation and release of
serotonin in the presence of low doses of thrombin.

A second indication of impaired platelet function in APS, is the observation that
approximately 40% of patients show prolonged bleeding time, without accompanying
bleeding tendency [7]. This assay depends only on primary hemostasis and thus is
considered the classic test for the assessment of platelet function. Strong evidence of aPL-
induced platelet activation is the enhanced expression of platelet membrane glycoproteins,
particularly GPIIb-Illa (fibrinogen receptor, critical in platelet aggregation) and GPIlla [80].
More recently, Pierangeli et al. showed that in mice with genetic deletion of GPIlIb-IIIa,
passive immunization with aPL did not increase clot formation [81]. It has been also shown
that blood clots are reduced in vivo, in mice that had been injected with monoclonal anti-
GPIIb-IIIa antibodies. The possibility to include this type of inhibitors for the treatment of
thrombotic events in patients with APS has not yet been confirmed.

A recent suggestion regarding platelet activation derived from the observation that patients
with SLE and anti-p2GPl antibodies showed increased plasma levels of active von
Willebrand factor (vVWF), leading to platelet aggregation. It is assumed that under normal
circumstances, P2GPI binds vWF, inhibiting its ability to promote adhesion and platelet
aggregation, whereas in the presence of anti-B2GPI antibodies this anticoagulant effect is
inhibited [82].

The activation of platelets by aPL, in vivo, has been supported by several groups. Joseph et
al. studied in vivo the extent of platelet activation from patients with primary or secondary
APS and SLE, using flow cytometry (FACS) and ELISA. They showed evidence of platelet
activation as a significant increase in CD63 (a lysosomal membrane protein, which moves to
the cell membrane after activation), increased binding of PAC-1 (a monoclonal IgM
antibody against GPlla-IlIb), the formation of platelet-leukocytes complexes and increased
soluble p-selectin in patients’ plasma [%3]. Jankowski et al., studying a photochemically-
induced thrombosis rat model, demonstrated that anti-32GPI monoclonal antibodies with
LA activity induced the formation of stable thrombi and large aggregates [51].

So far, two receptors have been proposed as mediators of platelet activation by aPL: a) the
receptor of apolipoprotein E2' (apoER2') and b) glycoprotein GPIba (subunit of the platelet
receptor GPIb/V/IX), which binds multiple ligands, including vWF. Involvement of
apoER?2' emerged from the research group of De Groot. They constructed chimeric dimers of
B2GPI, which mimic the properties of anti-p2GPl/2GPI complexes and showed an increase
in the degree of platelet aggregation and adhesion to collagen [84]. The dimerization of the
protein is of major importance, as monomeric f2GPI does not induce the same result. The
researchers demonstrated by co-immunoprecipitation that dimeric B2GPI interacts with
apoER2', which mediates the activation of platelets and the production of thromboxane. The
specific inhibition of apoER2' by a specific monoclonal antibody resulted in reduced
adhesion of platelets to collagen [85]. The role of apoER2' was recently investigated in an
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animal model of thrombosis. Passive immunization of apoER2'-/- mice with aPL purified
from patients or monoclonal anti-p2GPI or B2GPI chimeric dimers, caused significantly
reduced clots and reduced TF expression of vascular cells and macrophages, compared with
immunization of control mice [8]. The role of GPIba as a P2GPIl-receptor and potential
mediator of platelet activation has been studied by in vitro binding assays and selective
inhibition using specific antibodies [¢7]. It appeared that GPIba was able to bind directly
B2GPI, suggesting a new mediator in platelet activation and thromboxane production by
anti-B2GPI antibodies. It is well established that the intracellular signaling triggered by
B2GPI/antip2GPI complexes in platelets involve the phosphorylation of p38MAPK which
leads to activation of cytoplasmic phospholipase A2 (cPLA2), and ultimately the production
of TXB2. However, these events are quite downstream in the intracellular cascade and
several efforts have been undertaken to reveal more detailed information regarding the
molecular intracellular events [88].

5.1.3 Activation of monocytes

Activation of monocytes by aPL has been extensively studied. The main findings include an
increase of TF expression [89] and activity as well as the increased production of
proinflammatory cytokines. The proposed p2GPI-receptors mediating monocyte activation
are the members of toll-like receptors, TLR-2 and TLR-4, ApoER2' and annexin A2 [90-92].
Although annexin A2 lacks intracellular domain, its involvement is strongly supported by
genetic modification experiments (knockdown). Therefore, it has been suggested that an
additional adaptor protein should participate in the interaction.

5.2 Disruption of coagulation—fibrinolysis balance

5.2.1 Enhanced coagulation

It is assumed that although aPL cause delayed clotting times in vitro, these antibodies exert
procoagulant effects in vivo, with accelerated thrombin formation. The exact pathogenic
involvement of aPL in the coagulation cascade remains obscure. Apart from the aPL-
mediated increase of tissue factor (TF) expression and activity by endothelial cells and
monocytes, which has been proven by in vivo models, the direct role of aPL on coagulation
events is controversial. Autoantibodies against thrombin have been detected in a subgroup
(up to 43%) of patients with APS [%3]. However, after the description by Krilis et al. of the
possible interaction between 2GPI and thrombin, the results which support the presence of
distinct antibodies against thrombin must be critically re-evaluated [*4]. As mentioned
above, the effects of LA are caused by either anti-p2GPI/32GPI complexes, by competitively
inhibiting the formation of prothrombinase complex in vitro, or by anti-prothrombin (PT)
/prothrombin complexes [13]. It has been supported by several studies that although anti-PT
antibodies are involved in the activity of LA, these antibodies by themselves are not
associated with thrombosis. A recent multicenter study, completed in 2010, which included
patients with APS and LA, concludes that 26% of patients were positive for anti-PT
antibodies without any apparent correlation with clinical features of the syndrome [%].
Although initially coagulation factor XII was seen as a component of intrinsic coagulation
pathway, it is now accepted that this factor has a more significant role in intrinsic
fibrinolysis. Low plasma levels of factor XII in conjunction with presence of aPL has been
described. Under current circumstances, the deficiency of factor XII does not cause bleeding
but only prolonged aPTT, which can be taken as an expression of LA. This deficiency can
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participate in thrombotic events due to its role in fibrinolysis. It has been shown that anti-
B2GPI antibodies inhibit the activation of factor XII, but at high concentrations of antibody
the opposite effect was observed. On the other hand, when the plasma is enriched with
B2GPI and excess of negatively charged phospholipids, there is again a reduction in the rate
of production of activated XlIla [%]. Presence of autoantibodies to factor XII is associated
with LA and appears to be distinct from anti-PT antibodies [*7:%8]. The presence of these
antibodies leads to acquired deficiency of factor XII and presents a statistically significant
association with recurrent fetal abortions in APS.

5.2.2 Impaired fibrinolysis

Research data suggest that impaired fibrinolysis may contribute to the thrombophilic
tendency in APS [9799103]. Independent studies have shown an increased activity of
plasminogen activator inhibitor-1 (PAI-1) and reduced tissue plasminogen activator (tPA)
following venous obstruction in patients with APS. Another possible mechanism suggested
that elevated levels of lipoprotein (a) in plasma of patients, which shares structural
homology with plasminogen, could compete for binding to fibrin and interfere with
plasmin-mediated degradation of fibrin [104]. Recent studies revealed plasmin as a potential
antigen in APS and observed that one out of four patients had antibodies to plasmin, which
potentially interfere with fibrinolysis. Furthermore, binding of tPA by some aPL with
subsequent inhibition of plasminogen activation has been reported [105-107],

B2GPI has also been suggested to have a direct role in fibrinolysis, through direct interaction
with components of plasminogen activation. It has been shown that B2GPI blocks the PAI-1-
mediated inhibition of tPA in a dose dependent manner and that aPL prevent this inhibitory
effect of B2GPI. In addition, monoclonal anti-B2GPI antibodies in the presence of P2GPI
cause reduced endogenous fibrinolytic activity, even in the presence of excess clotting factor
XIla. Overall, these data indicate that aPL inhibit both endogenous and exogenous
fibrinolysis. It has been supported that nicked p2GPI by plasmin, in the lysine-rich amino
acid chain of domain V, has the ability to bind plasminogen and inhibit the formation of
plasmin [108109], Recent data also give a role to P2GPI and regulation of the fibrinolytic
system, showing that B2GPI interacts with tPA and causes tPA-dependent activation of
plasminogen and that this process is inhibited by the presence of anti-B2GPI antibodies [!10].
The role of annexin A2 in the mechanism of fibrinolysis is also interesting. Apart from this
role as endothelial receptor of B2GPI/anti-p2GPI complexes, it is known that annexin A2
induces fibrinolysis by binding tPA and plasminogen. Autoantibodies against annexin A2
have been reported in patients with APS and appear to correlate with a history of
thrombosis. These antibodies inhibit the ability of annexin A2 to induce tPA-mediated
plasminogen activation and to inhibit fibrinolysis on the surfaces of the EC.

5.2.3 Resistance to natural anticoagulants

The protein C pathway is the most important natural anticoagulant pathway, activated in
the presence of low concentrations of thrombin. The activated protein C (activated protein
C, APC) exerts its anticoagulant effect through proteolytic inactivation of coagulation factors
V and VIIL. Apart from the mutation FV Leiden, the resistance in activated protein C activity
(APC resistance, APCR) is associated with the occurrence of thrombosis in patients with
APS and LA. The percentage of patients with aPL and APCR ranges between 17-75%. In a
recent study, APCR was found in 44% of anti-CL/anti-B2GPI positive patients and in 55% of
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anti-PS/anti-PT positive patients [111-114]. Indeed, both anti-PT and anti-p2GPI antibodies
assert to cause APCR [!15]. These antibodies reduce the APC activity through competition
with the latter for binding to phospholipid surfaces. Another possible mechanism through
which aPL could cause APCR is the direct interaction between B2GPI and APC [11¢]. It has
been shown that B2GPI interact directly with the APC, especially in the presence of anti-
B2GPI antibodies, and therefore inhibits its activity. Furthermore, aPL with an affinity for
proteins C and S have been described in APS patients with protein C or/and S deficiency.
Cross-reactivity between P2GPI and APC, indicating that several anti-p2GPI antibodies
recognized APC and vice versa, has also been proposed [117]. Protein C and/or S is
associated with about five times increased risk of thrombosis, depending on severity of
deficiency.

Annexin A5 is a plasma protein with high affinity to anionic phospholipids, thereby creating
an anticoagulant "shield" in vascular cells and platelets. Rand et al. suggested that aPL could
induce thrombosis and pregnancy morbidity, by competing with annexin A5 for binding to
cell surfaces, thereby reducing its anticoagulant properties. However, it must be clarified
whether this annexin A5 "shield" exists in vivo, as annexin A5 -/- mice showed no specific
phenotype [118119],

5.3 Activation of innate immunity/ complement activation

Complement activation appears to have a key role in the thrombophilic diathesis of APS.
The involvement of complement was first suggested by the observation of increased
activated complement components in plasma of patients with APS and history of
thrombosis [120]. As mentioned above, aPL induce a proinflammatory and procoagulant
phenotype in endothelial cells, monocytes and platelets. It is also well documented that
activated complement components are able to bind and activate inflammatory cells and
endothelial cells, either directly through C5b-9 membrane attack complex complex (MAC),
or through effects mediated by C5a receptor. Furthermore, endothelial cells release TF upon
activation by anaphylatoxin Cba. In an in vivo model of surgically induced thrombosis in
mice prior to aPL injections, Pierangeli et al. demonstrated that complement activation plays
an important role in the induction and stabilization of thrombosis and adhesion of
leukocytes to endothelial cells. Mice with genetic deletion of the complement components
C3, C5, or Cba receptor were resistant to aPL-induced thrombophilia [7512112]. Another in
vivo study, with rats pretreated by intraperitoneal injection of bacterial LPS and later(after a
few hours) injected with polyclonal IgG antibodies from patients with APS, concludes that
thrombotic manifestations were mainly depended on the activation of factors C5 and C6 [74].
Therefore, it turns out that complement activation significantly participates in the
pathophysiology of thrombosis in APS.

It remains unclear why only some people with aPL develop clinical manifestations of
disease. It has been argued by several researchers that the activation of innate immunity
plays a critical role in two separate stages: a) the "immune" phase, critical for aPL
production and b) the "pathological "phase, in which autoantibodies become involved in the
induction of thrombosis [123]. According to this model, aPL alone is insufficient to cause
thrombosis and thus requires the concomitant triggering of innate immunity (e.g., a ligand
for TLRs). During those two phases, the innate immunity can be triggered by various stimuli
such as trauma, infection, inflammation or ischemia.
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5.4 Controversial issues in the thrombogenic properties of aPL- A novel mechanism
for platelet activation involving B2GPI/PF4 complexes

Despite the clinical diversity (several manifestations with thrombotic or non-thrombotic
etiology) and laboratory heterogeneity (autoantibodies recognizing many different proteins)
of APS, it is accepted that only anti-B2GPI antibodies are responsible for the clinical
presentation of the syndrome [1¢]. More specifically, a subpopulation of anti-p2GPI antibody
against a cryptic epitope (Arg39-Arg43) in domain I of B2GPI, which is highly correlated
with clinical symptoms and prognosis of the syndrome, has been identified [17].
Undoubtedly, f2GPI has an important role in the pathophysiology of APS, yet not entirely
clear even after 30 years of intensive research [124]. So far, the best explanation for the role of
B2GPl is that anti-B2GPI in APS induce new functions to the glycoprotein.

The newest trend in the study of B2GP], oriented to reveal conformational changes and / or
post-translational modifications of the molecule, which are induced by specific conditions
and appear to be associated with the pathogenesis of APS. Therefore, while monomeric
B2GPI (due to lack of specific cellular receptor) binds with low affinity to cell membranes, in
the presence of anti-B2GPI autoantibodies and upon induction of conformational changes,
becomes a "sticky" protein that can easily bind to different cellular receptors. So far, two
responsible factors for such tertiary variations have been suggested: the anionic
phospholipids and anti-p2GPI antibodies. Very recently, it has been demonstrated that
B2GPI can exist in two different conformations, a circular and a stretched one. In circulation,
the glycoprotein lies with the circular conformation and adopts a stretched structure after
interaction with autoantibodies [125]. The researchers propose that this change could lead to
the exposure of a "recognition pattern", which explains why the protein interacts with many
different protein receptors. On post-translational modifications of B2GP]I, a large multicenter
retrospective study was recently published, which concludes that in plasma of APS patients
the proportion of oxidized form of P2GPI predominates [126]. It becomes clear that f2GPI is
an enigmatic protein with significant "reserve" of new structures and functions that are
induced after specific stimuli.

An important indication about the biology of p2GPI and the mechanisms of action of anti-
B2GPI is the observation that the dimerization of the molecule on the surface of cell
membranes is a critical step to initiate cellular activation. It was shown that the chimeric
dimers of B2GPI have the ability to bind and activate platelets, even in the absence of anti-
B2GPI antibodies [84]. Of course, the dimerization of ligands occurs in many known
interactions with cellular transmembrane receptors. In most cases however, the dimerization
of the ligand is induced by the transmembrane receptor, which has not been proven in the
case of B2GPL

In vivo models of passive or active immunization with purified antibodies or 2GPI from
APS patients have demonstrated a clear direct relationship between aPL and the increased
risk of thrombosis and fetal abortion [51.127.128]. Although the exact pathogenetic mechanisms
have not been clarified, the involvement of cellular activation (EC, platelets and monocytes)
is now well-documented. One of the most critical questions in the literature is to identify the
main cellular receptors through which anti-p2GPI/32GPI complexes exert their pathogenic
effects. As presented in this review, several possible receptors have been proposed and
nowadays, the research is evolving towards the identification of important ones and their
exact role.

Our research towards this objective was based to a null hypothesis: platelet membrane
proteins, which selectively bind to a f2GPI-affinity column, will be those that potentially
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interact with B2GPI in vivo®. Attempt was made to minimize nonspecific interactions: on
the one hand, by the effect of neuraminidase on platelets, to remove large sialic groups
from surface glycoproteins and on the other hand, by the purification of platelet
membranes and subsequent extraction of membrane proteins. The study highlighted
platelet factor 4 (PF4) as the dominant p2GPI-binding protein, after protein identification
by mass spectroscopy. The interaction was studied by analytical methodology and
confirmed by size exclusion chromatography, which illustrates the composition and
stoichiometry of complexes. The important point of interaction is that PF4 contributes to
the natural dimerization of p2GPI, enhancing the recognition of low-affinity anti-B2GPI
antibodies, which in turn further stabilize the entire complex. With in silico approach,
molecular dynamics interface suggested that the interaction consists of electrostatic
interactions between the positively charged surface of the PF4 tetramers and negative
amino acids in domains III-V of B2GPI, enhanced by the formation of hydrogen bonds. It
is worth noting that in the proposed structure of the complex, the critical epitopes in
subunit I of p2GPI are arranged in such a geometric conformation that fits perfectly with
the geometry of two F(ab') fragments of an antibody.

The functional significance of the formed p2GPI/PF4 complexes studied both at the level of
recognition by anti-B2GPI antibodies, and in the induction of platelet activation. The study
of the antigenicity of P2GPI indicates that the sera of patients with APS recognize
2GPI/PF4 complexes more powerful than B2GPI alone. Moreover, the results of this study
support the phosphorylation of platelet p3SMAPK and production of thromboxane B2
(TXB2) by anti-p2GPI/B2GPI/PF4 complexes, after pretreatment of platelets with
suboptimal doses of thrombin. The coexistence of anti-B2GPI and P2GPI seemed to be a
prerequisite for p38MAPK phosphorylation, while the anti-B2GPI/B2GPI/PF4 complexes
significantly enhance this effect.

These experimental data combined with literature information, on the importance of
conformational changes of p2GPI and on the necessity of p2GPI dimerization, leads to the
following logical model: the binding of P2GPI by PF4 tetramers result to the natural
dimerization of B2GPI, which is crucial for interaction with phospholipid surfaces and could
also contribute to the induction of conformational changes, thereby revealing cryptic
epitopes of domain I. The latter is consistent with the finding of the stronger recognition of
complexes from patients” antibodies.

An interesting observation that arose while guided the study was the known involvement of
PF4 in the pathogenesis of heparin-induced thrombocytopenia and thrombosis syndrome
(HITT) [29130]. Given the clinical similarities of two immunologically-mediated
thrombophilic conditions, APS and HITT, we recommend PF4 as a "common denominator"
of their pathogenesis. One distinguishing point that emerged from this work is that while in
HITT, platelet activation induced by heparin/PF4/HITT-antibodies complexes is mediated
primarily by Fc fragments of antibodies and stimulation of FcgRlIla receptor, unlike in APS
the effects of B2GPI/PF4/anti-B2GPI complexes on platelet activation is independent of the
Fc fragments of the antibodies [33].

In summary, our study describes for the first time a new interaction between p2GPI and
PF4. The main significance of this interaction is the stabilization of dimeric structures of
B2GPI upon interaction with PF4, which facilitates the recognition by specific antibodies.
The formation of anti-B2GPI/P2GPI/PF4 complexes induces platelet activation, mainly
through the F (ab ') 2 fragments of specific antibodies.
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5.5 Conclusions

APS is an autoantibody mediated thrombophilia induced by antibodies recognizing
phospholipid binding proteins, mainly B2GPI and prothrombin. The mechanisms by which
these antibodies induce thrombosis are now beginning to be understood and involve
imbalance of coagulation-fibrinolysis, as well as platelet, endothelial cell and monocyte
activation towards coagulation. The cellular activation requires dimerization of p2GPI as
well as intracellular domains possessing adaptor proteins on the cell surface. The most well
characterized ones are the apoER2" and the GPIba (subunit of the platelet receptor
GPIb/V/IX), while Annexin A2 and the receptors TLR-2 and -4 have also been implicated in
the procoagulant process by some researchers. PF4 is a CXC-chemokine produced by
platelets and monocytes; PF4 spontaneously forms tetramers in solution and these tetramers
possess sites available for binding of 2 molecules of B2GPI in a way that PF4 favors a natural
dimerization of P2GPI, which is then rather accessible for binding by the anti-p2GPI
antibodies. The anti-B2GPI/B2GPl/PF4 complexes are immunogenic and thrombogenic, at
least by activating platelets.
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1. Introduction

The term antiphospholipid antibodies syndrome (APS) defines an autoantibody induced
thrombophilia, associated to recurrent thrombosis and pregnancy complications (Hughes,
1993). Diagnosis of APS requires both serological positivity for antiphospholipid antibodies
(aPL), a heterogeneous family of autoantibodies directed against protein phospholipid
complexes, and the onset of the diagnostic clinical manifestations (see more below). Indeed,
it has been widely shown that aPL are not sufficient per se to determine clinical
manifestations of APS and that the likelihood that aPL may contribute to the pathogenesis of
thrombosis or pregnancy complications, or both, varies between clinical settings (Meroni et
al., 2004).

To better define this complex syndrome, it must clarify that APS is commonly distinguished
between “primary APS”, not associated to other autoimmune diseases, and “secondary
APS”, when aPL serological positivity and clinical features of APS occur in the context of a
known autoimmune disease. The majority of patients with secondary APS are affected from
Systemic Lupus Erythematosus (SLE) and develop aPL serological positivity. About 40% of
patients with SLE have aPL positivity (Mok et al.,, 2005) but less than 40% of them will
eventually have thrombotic events (Ruiz-Irastorza et al., 2004; Tektonidou et al., 2009).
Actually, it is still unknown if APS and SLE are two manifestations of the same disease or if
underlying SLE could favour the development of APS (Miyakis et al., 2006). Accordingly,
distinction between primary or secondary APS it is not so easy and have to be made
carefully (Miyakis et al., 2006).

2. Clinical manifestations of APS

2.1 Systemic features

Venous thrombosis, or embolism, are the most frequent manifestations of APS and might
occur in any vascular vessel while, in congenital thrombophilias, mostly involve venous bed
(Cervera, 2002). Among the arterial vessels, the central nervous system is the district most
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often affected, usually in the form of stroke or transient ischaemic attack (Cervera et al.,
2002). aPL have also been associated with venous sinus thrombosis, myelopathy, chorea,
migraine, and epilepsy (Sanna et al., 2003). Furthermore, in patients with SLE an association
between serum anticardiolipin antibodies and cognitive impairment has been found (Hanly
et al., 1999; Menon et al., 1999) as well as a mild cognitive dysfunction in more than 40% of
patients with APS (Tektonidou et al., 2006).

Cardiovascular features of APS include valvular disease, coronary artery disease,
intracardiac thrombus formation, pulmonary hypertension and dilated cardiomyopathy
(Koniari et al, 2010). Cardiac valvular pathology commonly affects the mitral valve,
followed by the aortic and tricuspid ones, determining irregular thickening of the valve
leaflets due to deposition of immune complexes that may lead to vegetations and valve
dysfunction. These lesions are almost frequent and may be a significant risk factor for stroke
(Khamashta et al., 1990; Koniari et al., 2010).

Renal manifestations of APS generally took place as hypertension with proteinuria and renal
insufficiency (Amigo et al, 1992; Tektonidou et al., 2004) with the most frequent renal
histopathological features associated being thrombotic microangiopathy or, less often, fibrous
intimal hyperplasia, focal cortical atrophy and arterial occlusions (Tektonidou et al., 2004).
Other clinical features associated to APS are haematological alterations, like
thrombocytopenia and haemolytic anaemia, skin ulcers, avascular bone necrosis and also
the endocrinologic manifestation of adrenal insufficiency (Cervera et al., 2002). Livedo
reticularis, found in about a quarter of patients with APS, represents a physical sign that
often suggests to the clinician the right diagnosis and, among patients with APS, it also
identifies those at a higher risk for arterial thrombosis (Ruiz-Irastorza et al., 2010; Frances et
al., 2005).

2.2 Adverse pregnancy outcomes associated to APS

Beyond thromboses, obstetric complications are the other main features of APS. Such
association is confirmed by several epidemiological studies and experimental models
showing that passive transfer of aPL IgG induces foetal loss and growth retardation in
pregnant naive mice, giving the proof that aPL are involved in determining the clinical
manifestations of the syndrome (Meroni et al., 2010).

The most common adverse pregnancy outcome associated to APS is recurrent miscarriage,
defined as three or more unexplained consecutive miscarriages before the 10th week of
gestation. Other obstetric features of APS are unexplained foetal deaths, occurring at or
beyond the 10th week of gestation, and premature births of a morphologically healthy
newborn baby before the 34th week of gestation because of eclampsia or severe pre-
eclampsia (Miyakis et al., 2006).

Recurrent miscarriage occurs in about 1% of the general population attempting to have
children (Stirrat, 1990) and about 10-15% of women with recurrent miscarriage are
diagnosed with APS (Rai et al., 1995; Yetman & Kutteh, 1996). Foetal death in the second or
third trimesters of pregnancy occurs in up to 5% of unselected pregnancies (Silver , 2007)
but it is less likely as pregnancy advances (Smith et al., 2004). Although foetal death occurs
significantly most often in APS (Oshiro et al, 1996), the overall contribution to the
pathogenesis of this syndrome is unknown, because of the effect of other possible
contributing factors such as underlying hypertension or pre-existing comorbidities, like SLE
or renal diseases.
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Pregnant women with diagnosis of APS are at increased risk for developing preeclampsia or
placental insufficiency, but it is still unknown the precise relationship between aPL and the
occurrence of such clinical manifestations (Clark et al., 2007). Furthermore, aPL seem to be
detectable in 11 - 29% of women with preeclampsia, compared with 7% or less in controls
and in 25% of women delivering growth restricted foetuses (Clark et al., 2007). Finally,
results from prospective cohort studies indicate that of pregnant women with high
concentrations of aPL, 10 - 50% develop preeclampsia, and more than 10% of these women
deliver infants who are small for gestational age (Clark et al., 2007).

3. Diagnostic criteria

According to the last International consensus statement for APS diagnostic criteria, in order
to make diagnosis of the syndrome the combination of at least one clinical and one
laboratory criterion is required (Miyakis et al., 2006) (Table 1).

Clinical criteria Laboratory criteria

Vascular thrombosis
¢ One or more clinical episodes of arterial, venous, or
small vessel thrombosis, in any tissue or organ.

¢ Lupus anticoagulant present in plasma,
on two or more occasions at least 12
weeks apart, detected according to
the guidelines of the International
Society on Thrombosis and
Hemostasis (Scientific Subcommittee

e Thrombosis should be supported by objective
validated criteria—ie, unequivocal findings of

appropriate imaging studies or histopathology.
For histopathological support, thrombosis should
be present without substantial evidence of
inflammation in the vessel wall.

on lupus anticoagulant/
phospholipid- dependent antibodies).

¢ Anticardiolipin antibody of IgG or IgM

isotype, or both, in serum or plasma,

present in medium or high titres (ie,
>40 GPL or MPL, or greater than the
99th percentile) on two or more
occasions, at least 12 weeks apart,
measured by a standardized ELISA.

o Anti-B2-gycoprotein 1 antibody of IgG
or IgM isotype, or both, in serum or
plasma (in titres greater than the 99th
percentile), present on two or more
occasions, at least 12 weeks apart,
measured by a standardized ELISA,
according to recommended
procedures.

Pregnancy morbidity, defined by one of the

following criteria:

¢ One or more unexplained deaths of a
morphologically healthy foetus at or beyond the
10th week of gestation, with healthy foetal
morphology documented by ultrasound or by
direct examination of the fetus.

¢ One or more premature births of a morphologically
healthy newborn baby before the 34th week of
gestation because of: eclampsia or severe
preeclampsia defined according to standard
definitions or recognized features of placental
failure.

e Three or more unexplained consecutive
spontaneous abortions before the 10th week of
gestation, with maternal anatomical or hormonal
abnormalities and paternal and maternal
chromosomal causes excluded. In studies of
populations of patients who have more than one
type of pregnancy morbidity, investigators are
strongly encouraged to stratify groups of patients
according to one of the three criteria.

Table 1. Revised diagnostic criteria of APS (Miyakis et al., 2006).
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4. Pathogenetic mechanisms mediated by aPL

4.1 Vascular thrombosis

The molecular mechanisms underlying thrombosis and foetal death in APS have long been
investigated. The main target antigens reported in patients with APS include beta-2-
glycoprotein-1 (B2GPI), prothrombin and annexin V (Galli et al., 2003). Other putative
antigens are thrombin, protein C, protein S, thrombomodulin, tissue plasminogen activator,
kininogens (high or low molecular), prekallikrein, factor VII/VIla, factor XI, factor XII,
complement component C4, heparan sulfate proteoglycan, heparin, oxidised low-density
lipoproteins (Galli et al., 2003; Rand et al., 2010). The main autoantigens are attracted to
negatively charged phospholipids exposed on the outer side of cell membranes in great
amounts only under special circumstances such as damage or apoptosis (e.g. endothelial
cell) or after activation (e.g. platelets) (Galli et al., 2003).

Endothelial cells, activated by aPL with anti-B2GPI activity, express adhesion molecules
such as intercellular cell adhesion molecule-1, vascular cell adhesion molecule-1, E-selectin,
and both endothelial cells and monocytes upregulate the production of tissue factor (TF)
(Pierangeli et al., 2008). All at once, activated platelets increase expression of glycoprotein
IIb-Illa and synthesis of thromboxane A2, determining a procoagulant state (Figure 1).
(Pierangeli et al., 2006; Pierangeli et al., 2008; Lopez-Pedrera et al., 2008; Montiel-Manzano et
al., 2007; Vega-Ostertag et al., 2005). Additional mechanisms promoting clot formation could
be represented by interaction of aPL with proteins implicated in clotting regulation; such as
annexin A5, prothrombin, factor X, protein C and plasmin (de Groot & Derksen, 2005;
Pierangeli et al., 2008; Rand et al., 2010).

1 Platelet

GPllb-llla

VEGF
E-selectin
VCAM-1

ICAM-1

Maternal Endothelial cells

Fig. 1. aPL-mediated mechanism of trombosis.
aPL are able to activate endothelial cells and platelets leading to a procoagulant state (first
hit). The occurrence of a second hit, like inflammation, can lead to clot formation.

Recent results from studies in mice highlight the role of inflammation in the pathogenesis of
APS, showing a central role for complement activation in thrombosis and foetal loss induced
by aPL (Pierangeli et al., 2005; Girardi et al., 2004). Because many individuals with high aPL
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antibody titers remain asymptomatic, a second hit hypothesis have been proposed. It is
likely that in the aPL-induced vascular procoagulant state, activation of the complement
cascade might close the loop and provoke thrombosis, often in the presence of a second hit,
like tobacco, inflammation, or oestrogens (Meroni et al., 2004; de Groot & Derksen, 2005;
Ruiz-Irastorza et al., 2010).

4.2 Placental thrombosis

Based on the knowledge of the process of intravascular aPL-mediate clot formation (Figure 1),
initially intraplacental thrombosis was considered the main pathogenic mechanism mediating
foetal loss in APS. This hypothesis of placental damage was supported by the finding of
thrombosis and infarction in placentas from women with APS and by the demonstration of
aPL capability to induce a procoagulant state in vitro through several mechanisms including
the ability of the aPL antibodies (specifically, anti-B2GPl antibodies) to disrupt the
anticoagulant annexin A5 shield on trophoblast and endothelial cell monolayers (Peaceman &
Rehnberg, 1993; Nayar & Lage, 1996; Rand et al., 2010). Supporting the in vitro findings, a
significantly lower distribution of annexin A5 covering the intervillous surfaces was found in
the placentas of aPL-positive women in comparison with normal controls (Rand et al., 1994).
Nevertheless, thrombotic events cannot account for all of the histopathologic findings in
placentae from women with APS and other mechanisms of reproductive impairment are likely
to be involved (Out et al., 1991; Park, 2006).

4.3 Defective placentation

4.3.1 Trophoblast invasiveness impairment

New aPL-mediated pathogenic mechanisms have been proposed during the last ten years:
anti-p2GPI antibodies seem to bind directly the maternal decidua and the invading
trophoblast, determining defective placentation.

On the foetal side, p2GPI has been shown to be expressed on trophoblast cell membranes,
explaining the placental tropism of anti-32GPI antibodies. Being a cationic plasma protein,
B2GPI has been suggested to bind to exposed phosphatidylserine on the external cell
membranes of trophoblasts undergoing syncitium formation (Meroni et al., 2010).
2GPI-dependent antibodies can adhere to human trophoblast cells in vitro (Di Simone et al.,
2000), consistently with the hypothesis that the visibility of anionic PLs on the external cell
surface during intertrophoblastic fusion might offer a useful substrate for the cation PL-
binding site (Katsuragawa et al., 1997; Rote et al.,, 1998). The binding to anionic structures
induces the expression of new cryptic epitopes and/or increases the antigenic density, two
events that are apparently pivotal for the antibody binding (Wang S.X. et al., 2000). In vitro
studies with both murine and human monoclonal antibodies as well as with polyclonal IgG
antibodies from APS patients have clearly demonstrated a binding to trophoblast monolayers
(Lyden et al., 1992; Di Simone et al., 2000). Interestingly, once bound antibodies obtained from
patients with APS can affect the trophoblast functions in vitro, inducing cell injury and apop-
tosis, inhibition of proliferation and syncitia formation, decreased production of human
chorionic gonadotrophin, defective secretion of growth factors and impaired invasiveness
(Figure 2) (Di Simone et al., 2000). B2GPI-dependent aPL seem, therefore, to represent the main
pathogenic autoantibodies in obstetrical APS. Accordingly, it has been hypothesized that most
of these potentially pathogenic autoantibodies should be absorbed at the placental level, where
B2GPl is expressed, and should not be transferred to the fetus.
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Fig. 2. aPL-mediated inhibition of trophoblast invasiveness and endometrial angiogenesis.
Placental development has been proposed to be impaired by aPL direct binding to
trophoblast cells, reducing its invasiveness and inhibiting cell proliferation, syncitia
formation, secretion of human chorionic gonadotrophin and growth factors. Furthermore,
aPL have also been suggested to inhibit maternal decidual angiogenesis, providing an
additional mechanism able to explain placental failure associated to APS.

Recent findings have underlined a further mechanism by which aPL binding to human
trophoblast could affect its functions: the aPL-mediated reduction of placental Heparin-
Binding Epidermal Growth Factor-like growth factor (HB-EGF) expression. HB-EGF is a
member of the EGF family (Raab & Klagsbrun, 1997; Iwamoto & Mekada, 2000). It has been
shown to induce an invasive trophoblast phenotype in human and mouse blastocysts
(Martin et al., 1998; Wang J., 2000) and to initiate molecular and cellular changes
characteristic of decidualization in mice (Paria et al.,, 2001). HB-EGF is expressed in the
human placenta during the first trimester, primarily within the villous trophoblast, but also
in the extravillous cytotrophoblast, predominantly at the sites of cytotrophoblast
extravillous invasion (Leach et al., 1999). Women with preeclampsia and infants small for
gestational age display decreased placental expression of HB-EGF (Leach et al., 2002),
strongly suggesting an association between HB-EGF down-regulation, poor trophoblast
invasion, and failed physiologic transformation of the spiral arteries occurring in these
disorders.

Interestingly, also in placental tissue obtained from women with APS, reduced expression of
HB-EGF has been found (Di Simone et al., 2010a). Furthermore, polyclonal and monoclonal
aPL have been shown to bind trophoblast monolayers in vitro significantly reducing the
synthesis and the secretion of HB-EGF (Di Simone et al., 2010a). The ability of exogenous
recombinant HB-EGF to reduce the aPL mediated effects on trophoblast cells supports the
hypothesis of a key pathogenic role of this molecule in mediating APS-related adverse
pregnancy outcomes. The experimental conditions did not involve complement activation,
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indicating that aPL may also affect placental tissue through direct, complement-
independent effects, as previously suggested (Pierangeli et al., 2008).

4.3.2 Endometrial angiogenesis inhibition

On the maternal side, endometrial endothelial angiogenesis inhibition has been suggested
to be an additional aPL-mediated mechanism of placental damage (Figure 2). aPL seem to
selectively bind in vitro to endothelial cells isolated from human endometrium (HEEC)
and to inhibit endothelial cell differentiation into capillary-like tubular structures, by
reducing MMP-2 activity and VEGF secretion, via a suppression of NFKB DNA binding
activity. Such an aPL-mediated inhibition of angiogenesis has also been confirmed in vivo
in murine models showing a reduced angiogenesis in subcutaneous implanted
angioreactors in aPL-inoculated mice (Di Simone et al., 2010b). Since it is well known that
endometrial angiogenesis and decidualization, as well as trophoblast invasion, are
fundamental prerequisites for successful implantation and the beginning of pregnancy,
aPL-inhibition of such a central process in human placental development provides an
important additional mechanism able to explain the association between APS and
pregnancy complications associated to placental failure, like miscarriage, foetal growth
restriction and preeclampsia.

4.4 Inflammation

It is widely accepted that a physiological pregnancy development requires a fine regulation
of the maternal immune response during embryo implantation. Acute inflammatory events
are recognized causes of a negative pregnancy outcome, and proinflammatory mediators,
such as complement, tumor necrosis factor (TNF), and CC chemokines, have been shown to
play a role in animal models of aPL-induced foetal loss (Chaouat, 2007). Intraperitoneal
injections of large amounts of human IgG with aPL activity to pregnant naive mice after
embryo implantation induce considerable placental inflammatory damage that results in
foetal loss and growth retardation. An inflammation-mediated aPL damage has also been
demonstrated by immunohistochemical and histological examination of murine deciduas,
showing deposition of human IgG and mouse complement, neutrophil infiltration and local
TNF secretion, in association with a transient but significant increase in blood TNF levels
(Holers et al., 2002; Girardi et al., 2003; Berman et al., 2005). Furthermore, it has been
demonstrated that in response to aPL-generated C5a, neutrophils express TF potentiating
inflammation in the deciduas and leading to miscarriages in mice (Figure 3). Importantly,
TF in myeloid cells, but not trophoblasts, seem to be associated with foetal injury,
suggesting that the site for pathologic TF expression is neutrophils (Redecha et al., 2007).
The pathogenic mechanism of complement-mediated foetal loss induced by aPL is also
supported by the protection that deficiency in complement components confers on the
animals, or that follows from in vivo inhibition of complement (Thurman et al., 2005; Girardi
et al., 2006).

In another experimental model of foetal loss, mice deficient in chemokine-binding protein
D6, a placental receptor that recognizes the majority of inflammatory CC chemokines and
targets them for degradation, were more susceptible to foetal loss when passively infused
with a small amount of human aPL IgG than wild-type mice or mice infused with normal
IgG (Martinez de la Torre et al., 2007). Altogether, these findings suggest that a local acute
inflammatory response might have a role in experimental aPL-mediated foetal loss.
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Although C4d and C3b fragments have been shown to be deposited in the placentas of
patients with APS, analysis of abortive material or full-term placentae from women with
APS has not provided conclusive information about the pathogenic contributions of acute
local inflammatory events and complement deposition (Park, 2006; Shamondki et al., 2007). In
order to confirm this hypothesis more studies on human placentas are required.
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Fig. 3. aPL-mediated activation of complement system and foetal loss.

Endothelial cells, activated by aPL, express adhesion molecules and activated platelets
increase expression of glycoprotein IIb-Illa and synthesis of thromboxane A2, determining a
procoagulant state (first hit). The occurrence of a second hit, like inflammation, can lead to
clot formation.

5. Pregnancy management

Women with APS should be carefully managed by the physician during pregnancy. A
clinical manifestations of APS associated to a high risk for maternal health in pregnancy is
severe pulmonary hypertension, representing a contraindication to pregnancy. Furthermore,
women with APS should be suggested to delay pregnancy when uncontrolled increase of
blood pressure or recent thrombotic events have occurred (Ruiz-Irastorza et al., 2008, 2010).

More than 70% of pregnant women with APS properly managed will have a good
pregnancy outcome (Bramhan et al., 2010). However, a complete profile of aPL should be
performed before planning of pregnancy. These tests do not need to be repeated during
pregnancy, since subsequent negative results after diagnosis do not eliminate the risk of
complications (Ruiz-Irastorzaet al., 2008, 2010). Frequent prenatal visits and obstetric
ultrasound, every 2-4 weeks, should be done in order to early detect pregnancy
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complications like maternal hypertension, proteinuria and other features of preeclampsia,
placental insufficiency, foetal loss, foetal growth restriction and the need for iatrogenic
preterm birth (Branch & Khamashta, 2003). Surveillance testing should begin at 32 weeks’
gestation, or earlier if placental insufficiency is suspected, and should continue at least every
week until delivery. Uterine and umbilical artery Doppler assessments are used for the high
risk for preeclampsia, placental insufficiency, and foetal growth restriction after the 24th
week of gestation in this category of patients and normal examinations have high negative
predictive values (Le Thi Huong et al., 2006).

Nowadays, despite the controversies raised by clinical trials (Kutteh, 1996; Rai et al., 1997;
Farquharson et al., 2002; Laskin et al., 2009; Noble et al., 2005; Stephenson et al., 2004), the
gold standard treatment of patients with APS and history of recurrent early miscarriage is a
combination of either low-dose heparin or low-molecular weight heparin and low-dose
aspirin (Empson et al., 2005, Bates et al., 2008). Best pregnancy outcomes are achieved with
heparin started in the early first trimester when a live embryo is detectable by ultrasound.
For pregnant women with APS who have had a previous thrombotic event, low-dose aspirin
and therapeutic dose heparin or low-molecular weight heparin anticoagulation are
recommended (Bates et al., 2008).

Results from randomised trials do not define optimum treatment for women with foetal
death (>10 weeks’gestation) or previous early delivery (<34 weeks’gestation) due to severe
preeclampsia or placental insufficiency. Most experts recommend low-dose aspirin and
either prophylactic or intermediate-dose heparin (Branch & Khamashta, 2003; Empson et al.,
2005; Bates et al., 2008).

Use of glucocorticoids to treat pregnant women with APS have been shown to be less
effective than heparin plus aspirin (Silver et al., 1993; Cowchock et al., 1992) as well as
administration of intravenous immunoglobulins, either when added to heparin or used
alone, do not ameliorate pregnancy outcome. However, intravenous immunoglobulins
treatment should be considered whether classic treatment with aspirin plus heparin is not
effective (Triolo et al., 2003; Branch et al., 2000; Vaquero et al., 2001), although it has been
associated to an increased risk of pregnancy loss or premature birth, compared with heparin
and low-dose aspirin (Empson et al., 2005).

Vitamin K antagonists (warfarin) are the gold standard treatment of APS clinically
manifested with thromboses but, because of teratogenic risk, should be avoided between 6
and 12 weeks of gestation. To avoid risk of foetal bleeding, warfarin after 12 weeks’
gestation should be given only in exceptional circumstances (Bates et al., 2008; Jstensen et
al., 2004). Furthermore, women with APS should be treated with antithrombotic drug also
during the post-partum period (Bates et al., 2008). Women with history of thrombosis need
long-term anticoagulation, and it would be better to switch the treatment to warfarin, as
soon as possible after delivery. In patients with no previous thrombosis, prophylactic dose
heparin or low-molecular-weight heparin therapy for 6 weeks after delivery are
recommended (Bates et al, 2008). Finally, both heparin and warfarin are safe for
breastfeeding mothers (Jstensen et al., 2004).

6. Conclusions

Although modern management and treatment of APS in pregnancy significantly ameliorate
pregnancy outcome, more efforts are needed in order to unravel aPL-mediated pathogenic
mechanisms still not understood and to open new perspective of therapies of this complex
and multifactorial syndrome.
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1. Introduction

Pregnancy is physiologically characterized by an increased procoagulant activity; in fact,
pregnant women have two- to fivefold higher risk for venous thromboembolism compared
with nonpregnant women (Grandone et al., 1998). Coagulation factors VII, X, VIII,
fibrinogen, von Willebrand factor, prothrombin fragment 1 and 2, and thrombin-
antithrombin complexes increase (Bremme, 2003). In parallel, there is a decrease of
physiologic anticoagulants such as protein S and the acquisition of activated protein C
resistance. These physiologic changes appear to relate to the development of an adequate
placental perfusion and provide a protective mechanism for hemostasis during delivery. A
hypercoagulable state may expose, however, the pregnant women to thrombotic risk during
pregnancy and the immediate postpartum period. This risk is higher in women with
multiple thrombophilic defects (Tranquilli et al., 2004). Congenital thrombophilia includes
deficiency or defects of some factors such as antithrombin, protein C and S, and in the case
of genetic specific mutations of one or more genes among these indicated:
methylenetetrahydrofolate reductase (MTHFR C677 T), Prothrombin (FII G20210A), Factor
V (FV G1691A), and Plasminogen activator inhibitor-1 (PAI-1 4G/5G). In the literature,
thrombophilia has been reported as related to obstetric pathology; in particular, the
association with intrauterine fetal death (IUFD), a complication that ranged from 4.9 to 10.4
babies in each 1,000, and where in the 12% to 50% of cases the cause remains unknown, has
been confirmed (Martinelli et al., 2003, Kupferminc et al., 1999; Preston et al. 1996) or not
confirmed (Gonen et al., 2005). Although thrombophilia is extensively studied for its
implications in pregnancy complications, the role of different factors, the gestational age at
which those factors may intervene, has not been completely elucidated, nor has it been
given enough relevance to the weight of fetal thrombophilia in the origin of some specific
form of those obstetric complications (Tranquilli et al., 2006). Most of the actual studies in
the literature have focused their attention on maternal biologic samples and considering
exclusively the genetic contribution of the mother.

2. Placental genetics and biology

The placenta is the highly specialised organ of pregnancy that supports the normal growth
and development of the fetus. Changes in placental development and function have
dramatic effects on the fetus and its ability to cope with the intrauterine environment.
Implantation and the formation of the placenta is a highly coordinated process involving
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interaction between maternal and embryonic cells. Trophoblast cell invasion of uterine
tissues and remodelling of uterine spiral arterial walls ensures that the developing feto-
placental unit receives the necessary supply of blood and that efficient transfer of nutrients
and gases and the removal of wastes can take place. Different types of placentation are
categorised according to the number and types of layers between the maternal and fetal
circulations, the human placenta is defined as a “haemochorial” villous organ, In the
hemochorial placentation the wall of maternal blood vessels going towards the implantation
site is breached and maternal blood bathes placental cells. In this process, maternal blood
passes through channels that are lined by placental trophoblast cells (Georgiades et al.,
2002). This situation contrasts with all other vascular beds where the blood vessel
endothelium lies at the blood tissue interface. The human trophoblast cells express a range
of gene products that are expressed normally by the endothelium and that regulate the
hemostatic function. These include molecules that regulate thrombin activity
(thrombomodulin, endothelial protein C receptor, tissue factor pathway inhibitor),
regulators of vasodilation and platelet function (nitric oxide synthase 2, cyclooxygenase 2
and prostacyclin synthase) and some regulators of fibrinolysis (plasminogen activator
inhibitor, tissue plasminogen activator). These findings suggest that, although derived from
a distinct developmental lineage, trophoblast cells mimic endothelial cells in their ability to
partake in anticoagulant and fibrinolytic activities. Trophoblast cells are derived from the
zygote and are genetically identical to the fetus (Sood, 2009). The development of gene
“knock-out” and transgenic animal models indicate that complete absence of tissue factor,
tissue factor pathway inhibitor or prothrombin is lethal in the developing mouse embryo.
Placental thrombi resulting in placental infarction may also occur on either side of the
maternal-fetal interface and may have serious implications for the mother or her fetus,
including an increased risk for perinatal morbidity and mortality (Fuke et al., 1994; Redline
et al., 1995). A placental infarct is an area of placental parenchyma that has undergone
ischemic necrosis; it may occur on either side of the maternal-fetal interface. Development of
the fetal arterial blood supply to the placenta begins as early as 18 to 20 days after
conception. The fetal placental vessels vary little from vessels of other organs and are lined
by endothelial cells. Endothelium-lined vessels are dependent on the normal balance of
procoagulant and anticoagulant mechanisms for damage repair and maintaining blood
fluidity. Failure to maintain this delicate balance in the presence of a fetal hypercoagulable
state may result in placental infarction in the distribution of fetal vessels and may even
result in early spontaneous miscarriage. Furthermore placental infarction is more common
in women with severe preeclampsia (Salafia et al., 1995) but it is not known whether it
precedes the onset of disease or develops as a consequence. Because vascular features of the
placenta seem to be involved, and because the placenta is of fetal origin, fetal genes related
to vascular conditions could be relevant. In cases of maternal thrombophilia associated with
fetal growth restriction (FGR), maternal floor infarction of the placenta, which is
characterized by deposition of fibrinoid material, could be found not only in the maternal
surface but also in intervillous spaces of the placenta (Adams-Chapman et al., 2002). Thus,
both maternal thrombophilia and infarction of intervillous spaces of the placenta could be
causes of fetal growth restriction. Antiphospholipid antibodies syndrome (APS) represents a
singular case of maternal and fetal thrombophilia since the antiphospholipid antibodies
cross the placental wall. The hypothesis that hypercoagulability of APS was in some way
impacting the utero-placental circulation is supported by the finding of intervillous
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thrombosis, extensive villous fibrosis, or rather marked infarction in some placentas of APS
pregnancies. Numerous possible mechanisms of thrombosis in the intervillous space have
been considered such as increased tissue factor (Branch et al., 1993; Dobado-Berrios et al.,
1999) or prostacyclin-thromboxane pathway (Peaceman et al, 1993). If the thrombotic
tendency may explain the later placental insufficiency, a particularly attractive candidate
mechanism for early pregnancy loss as well as placental insufficiency in later pregnancy is
aPL-mediated inhibition of trophoblast invasion (Di Simone et al., 2000).

3. Fetal and neonatal genetics

Despite the number of studies that have confirmed or not confirmed an association between
inherited thrombophilias and pregnancy complications, it remains difficult to establish the
exact risk figures for particular adverse events in the presence of genetic thrombophilic
mutations. The complexity of the placental disorders of pregnancy has led more Authors to
speculate that a feto-maternal genome interaction is plausible (Lie et al., 1998). When the
fetus itself has an inherited risk of thrombosis, pregnancy is also more prone to placental
infarction at the maternal-fetal interface resulting in an increased risk for intrauterine death
as compared with fetuses from uncomplicated pregnancies. This is consistent with the
observation that women who are homozygous of factor V Leiden mutation, an inherited risk
for thrombosis, are even more prone to fetal loss (Meinardi et al., 1999). A higher prevalence
of fetal genetic risk factors for thrombosis (factor V Leiden or prothrombin 20210A allele)
was found in fetuses born from a pregnancy complicated with intrauterine fetal death as
compared with the prevalence of a historic control group (Dekker et al., 2004). It has been
speculated that the Factor V Leiden mutation could contribute to the development of
obstetric complications by promoting the formation of microthrombi in the placenta, thus
compromising fetomaternal circulation (Younis et al., 1997). By the results of Tranquilli et al.
(Tranquilli et al. 2010) no higher risk was observed when a singular gene mutation occurs.
On the contrary, the mutation of Factor V is significantly more frequent when an
intrauterine fetal demise occurs. The results obtained by the PAI-1 and MTHFR gene
analysis are particularly interesting because was observed a cumulative higher risk for
intrauterine fetal demise when a double condition of homozigosity occurs relative to the two
genes, according to other investigators (Alonso et al., 2002; Pickering et al., 2001). The
association between homozygosity for polymorphism of MTHFR and PAI-1 with the
thrombotic phenomenons is controversial, but seem to be in accord with Nelen et al. (Nelen
et al., 1997), who described the double condition of homozygosity MTHFRT/Tand PAI-1 4
G/4 G as a cause contributing to the pregnancy loss. The common mutation analyzed in the
MTHEFR gene has been reported to reduce the enzymatic activity. This variant is responsible
of elevated plasmatic levels of homocysteine mainly after an oral load of methionine: the
condition of homozygosity for MTHFR T/T predisposes to the onset of blood
hyperomocisteine (Jacques et al., 1996). PAI-1 is the main factor of the regulation of the
Plasminogen activators, and homozigosity for PAI 4 G/4 G is associated with increased
PAI-1 levels and decrease fibrinolitic activity, which lead to a reduction of the trophoblast’s
ability to invade into the endometrium and compromise the successful placentation. The
underling hypothesis is that thrombophilia mediated by the physiologic hyperestrogenemia
of pregnancy may be synergistic, with a genetic thrombophilic pattern promoting thrombus
formation in the spiral arteries of the placenta, placental insufficiency, and pregnancy loss
(Paidas et al., 2004). Jivraj et al. (16) reported that only multiple thrombophilic mutations in
either partner of recurrent miscarriage couples increased the risk of miscarriages in
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subsequent pregnancies 1.9-fold. Evidence suggests that preeclampsia has a maternal
genetic component. Preeclampsia is more common in mothers, daughters, and sisters of
women who experience preeclampsia, suggesting a role of inherited susceptibility of
preeclampsia through maternal genes (Lie et al, 1998). Men who have fathered one
preeclamptic pregnancy are nearly twice as likely to father a preeclamptic pregnancy in a
different woman (Lie et al., 1998). Fathers who themselves came from a preeclamptic
pregnancy are also at increased risk of fathering a preeclamptic pregnancy (Esplin et al.,
2001). Numerous casecontrol studies of affected and unaffected mothers indicate an
association between genes expressing thrombophilia and genes expressing preeclampsia
(Powers et al., 1999; van Pampus et al., 1999; Kupferminc et al., 2000; Kim et al., 2001), but
none of the 27 such studies covered in a recent review (Alfirevic et al., 2002) assessed or
adjusted for possible effects of fetal alleles. In fact compared with controls, preeclamptic
women from 16 studies were more heterozygous for the FVL (RR=1.6; CI=1.2 to 2.1) or
homozygous for the MTHFR variant (RR=1.7; CI=1.2 to 2.3) Because mothers with variant
alleles also more often have children with variant alleles, adjustment for fetal alleles could
be essential for correct estimation of the effects of maternal alleles (Vefring et al., 2004).
Small case series suggest concordance for preeclampsia in identical twins (Lachmeijer et al.,
1998; O’Shaughnessey et al., 2000), but a large cohort study found no evidence of
concordance (Thornton & Macdonald, 1999). Thus, it is clear that maternal genes alone do
not determine the risk. Changing paternity, and thus changing maternal-paternal genomic
expression in the fetus, is associated with an increased risk of preeclampsia (Lie et al., 1998).
Kajantie et al. reported that people born after pregnancies complicated by preeclampsia are
at increased risk of stroke in adult life (Kajantie et al., 2009). Fetal thrombophilia may result
from low birth weight. In a retrospective analysis, von-Kries and colleagues (Von-Kries et
al., 2001) stated that a higher odds ratio for birth weight in the lowest quartile was observed
among children carrying prothrombotic risk factors. This conclusion was not supported by
Rivard and colleagues (Infante-Rivard et al.,, 2002) in a large case-controlled study. The
placenta, which has its own hemostatic mechanisms, is probably an important locus of
pathology in perinatal arterial ischemic stroke (PAS). Association between thrombosis and
infarction in the placenta and peri- and neonatal infarction, the most commonly presumed
mechanism being embolization to the fetus, has been reported in literature (Adams-
Chapman et al, 2002). Pregnancy itself is a prothrombotic state as shift toward
prothrombotic reactions is seen in women as gestation progresses through the second and
third trimesters and just after gestation (Clark et al., 2003). In cases reviewed for litigation
because of cerebral palsy in the child, thrombotic lesions were the most common pathology
found in the placenta (Kraus et al., 1999). In a study in a national inpatient sample (James et
al., 2005) reported risk factors for pregnancy-related stroke to include postnatally identified
infection (OR 25); migraine (OR 16.9); thrombophilia, including history of thrombosis and
the antiphospholipid syndrome (OR 16.0); systemic lupus (OR 15.2); heart disease (OR 13.2);
preeclampsia (OR 4.4); diabetes (OR 2.5); and smoking (OR 1.9). A number of reports
describe acquired thrombophilias in women whose pregnancies resulted in the birth of a
child with perinatal stroke (Nelson, 2007). Antiphospholipid antibodies can pass from
mother to child via the placenta and can alter the placenta itself, changing its function. In
one of the few studies limited to perinatal arterial ischemic stroke, Gunther and colleagues
(Gunther et al., 2000) found at least 1 of the 6 examined prothrombotic risk factors in 68% of
affected children and in 24% of controls. Factor V Leiden mutation, the prothrombin
mutation, hyperhomocystinemia, and elevated lipoprotein (a) levels have been described
with increased frequency in infants who have PAS when compared with healthy control
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subjects (Hogeveen et al., 2003; Golomb, 2003) . In a cohort study from the UK of Mercuri
and coll. (Mercuri et al., 2001). among 24 infants with perinatal cerebral infarction confirmed
by neonatal magnetic resonance imaging, 10 (42%) had at least one prothrombotic risk
factor. There are some reports on an increased incidence of thrombophilic risk factors in
selective cohorts of neonates who have vascular complications, such as intraventricular
hemorrhage (Pet et al., 2001), retinopathy of prematurity, and necrotizing enterocolitis.
Hypercoagulability may also be associated with late neurologic sequelae (Smith et al., 1976).
Necrotizing enterocolitis (NEC) is associated to hematologic abnormalities, including
evidence for intravascular coagulation (Hutter et al, 1976). Nonetheless, whether
thrombophilic risk factors promote the occurrence of NEC or its severity remains to be
proven (Kenet et al., 2006). Furthermore, neonatal posthemorrhagic ventriculomegaly,
following fetal germinal matrix-intraventricular hemorrhage (GMH-IVH) diagnosed in
utero by means of NMR, was recently described in a neonate found to be heterozygous for
two thrombophilic patterns, factor V Leiden and methylenetetrahydrofolate reductase
mutation (Ramenghi et al., 2005). The possible pathogenesis of intraventricular hemorrhage
(IVH)may be vessel occlusion triggering high-pressure bleeding. The incidence of Factor V
of Leiden was increased among infants reported in two case-series with IVH and as
hydrocephalus (Aronis et al., 1998); however, the occurrence of periventricular leukomalacia
(PVL) in patients who had IVH was not increased among FVL-heterozygous patients
(Aronis et al., 1998). In a series of 29 cases Redline and Pappin demonstrated that neonatal
death, intrauterine growth restriction, birth asphyxia, major thrombotic events and
thrombocytopenia were the major neonatal complications associated with avascular villi
(Redline et al., 1995). Retinopathy of prematurity (ROP) is considered as a multifactorial
disease and was reported to be associated with hypoxia-induced angiogenesis. Since
vasculogenesis may be influenced by the presence of thrombophilic risk factors Kenet et al.
(Kenet et al., 2003) studied the incidence and severity of ROP was similar among premature
infants who had thrombophilia as compared with nonthrombophilic infants of the study
group. The prevalence of genetic prothrombotic markers (FVL, MTHFR, FII20210A) and
plasma omocysteine levels were assayed in 166 premature and low-birth-weight infants but
the prevalence of perinatal complications and the severity of diseases were similar among
infants with or without thrombophilia, although the numbers of patients within any
subgroup of complications was small.

4. Therapy

A successful pregnancy requires the development of adequate placental circulation,
thrombophilia may be hypothesised to be a risk factor for the placenta mediated pregnancy
complications and anticoagulants (heparin and aspirin) may be of interest to prevent these
complications. In clinical trials the effects of some of these drugs on the development of
preeclampsia have already been investigated in pregnant women. Low-molecular-weight
heparins, fractions of crude heparin with high bioavailability and a relatively long half-life,
are produced by the enzymatic or chemical breakdown of unfractionated heparin and have
been widely used during the last decade. It has been shown that they do not cross the
human placenta in vivo. Two general hypotheses have been proposed to explain how
heparin and aspirin attenuate miscarriage rates: The first involves prevention of aberrant
coagulation, reducing placental ischemia and the second involves direct modulation of cell
biology, preventing apoptosis and maintaining trophoblast proliferation (Yacobi et al.,
2002). Since the aspirin cross the placental wall its effect may act also on the fetal side. In
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randomized placebo-controlled studies, administration of aspirin throughout the first
trimester, but not later than 16 weeks, or of LMWH starting at 10-11 weeks of gestation or
even before conception, lowered the risk of developing hypertensive disorders and
intrauterine growth restriction in pregnancy (Rey et al., 2009; Duley et al.,, 2007). The
potential effect of aspirin in improving pregnancy outcomes is due to the selective inhibition
of thromboxane synthesis without impairing prostacyclin synthesis. However the placenta
effect of aspirin can vary between individuals because liver metabolism, adding a reason to
the why aspirin may not be good for all patients. The interplay between the coagulation
system and the placenta mediated pregnancy complications may not be isolated to
thrombotic effects at a vascular level leading to placental insufficiency. Recent evidence
demonstrates that coagulation activation may directly impact on trophoblast cell growth
and differentiation at a cellular level without thrombosis at a vascular level as an
intermediary. That is, coagulation activation may play a role in the development of placental
insufficiency through abnormal placental development rather than placental vascular
thrombosis. The anticoagulant activity of heparin is mediated by both antithrombin
dependent and independent pathways, but the role of heparin as an anti-inflammatory
agent has been the subject of much investigation. Inflammation is known to play a key role
in pathogenesis of preeclampsia and other obstetric complications. The immunological
mechanism involves the regulation of Thl/ Th2 balance, production of inflammatory
cytokines and leuckocyte activation. Animal models have shown that heparin disacchrides
inhibit TNF a production by macrophages, and hence decrease immune mediated
inflammation (Tyrell et al., 1995). The anti inflammatory effect is mediated by antithrombin
and a TFPI independent pathway, by inhibition of matrix degrading enzymes, proteases and
also by Selectin modulation. Mello et al. reported that the absolute risk of pre-eclampsia was
reduced from 28.2% (11/39) in the no drug intervention group to 7.3% (3/41) in the
dalteparin group. The absolute risk of early onset preeclampsia (<34 weeks gestation) was
similarly reduced from 20.5% (8/39) in the no drug intervention group to 2.4% (1/41) as was
fetal growth restriction from 43.6% (17/39) in the no drug intervention group to 9.8% (4/41)
in the dalteparin group (Mello et al., 2005). Further prospective studies are needed to assess
whether inherited or acquired thrombophilia increases the risk of development and
recurrence Placental mediated disorders of pregnancy. The administration of prophilactic
doses of low-molecular weight heparin from the beginning of pregnancy may reduce the
recurrence rate of these disorders. If the use of antithrombotic therapy will be proven to be
effective in reducing maternal and perinatal morbidity and mortality, acceptable, and cost
effective, then a screening program should be planned to identify women and fetus with
thrombophilia and a past history of severe complications of pregnancy.

5. Conclusions

Inherited and acquired factors may determine thrombophilia. Given that some
complications of pregnancy are not always associated with maternal thrombophilia,
controversy still exists on the exact impact of the disorders with the adverse pregnancy
outcomes. While we are convinced that thrombophilias are extensively implicated in
pregnancy complications, we feel that there has not been completely elucidated the role of
the different factors, the gestational age at which those factors may intervene, nor has been
given enough relevance to the weight of fetal thrombophilias in the origin of some specific
form of those obstetric complications. The homozygosity of polymorphism in placental
tissue necessarily includes a role of the father’s genetic pattern in pregnancy destiny, and
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may identify a “fetal thrombophilic status” inherited from both parents. Maternal
thrombophilias may be responsible for venous thromboembolism, preeclampsia HELLP
syndrome and eclampsia, whereas fetal thrombophilia, may account for fetal growth
restriction or stillbirth. This last would also explain some stillbirth or repeated late
miscarriage observed in non-thrombophilic mothers. The two sides of thrombophilia may,
of course, concur, resulting in the more severe clinical presentations. The clinical
implications of these hypothesis need to be addressed in future research to answer the
question of whether or not maternal/paternal/fetal thrombophilia should be treated with
low molecular-weight heparin and/or low dose aspirin.
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Edited by Andrea Luigi Tranquilli

Thrombophilia(s) is a condition of increased tendency to form blood clots. This
condition may be inherited or acquired, and this is why the term is often used in
plural. People who have thrombophilia are at greater risk of having thromboembolic
complications, such as deep venous thrombosis, pulmonary embolism or
cardiovascular complications, like stroke or myocardial infarction, nevertheless those
complications are rare and it is possible that those individuals will never encounter
clotting problems in their whole life. The enhanced blood coagulability is exacerbated
under conditions of prolonged immobility, surgical interventions and most of all
during pregnancy and puerperium, and the use of estrogen contraception. This is the
reason why many obstetricians-gynecologysts became involved in this field aside the
hematologists: women are more frequently at risk. The availability of new lab tests for
hereditary thrombophilia(s) has opened a new era with reflections on epidemiology,
primary healthcare, prevention and prophylaxis, so that thrombophilia is one of the
hottest topics in contemporary medicine.
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