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FXIII polymorphisms, fibrin clot structure and thrombotic risk
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Abstract

Fibrin clot structure is highly dependent on factor XIII activity. Activated FXIII catalyzes the formation of the peptide bonds between the
v and «a chains in noncovalently bound fibrin polymers and incorporates various adhesive and antifibrinolytic proteins into the final fibrin
clot. In the absence of activated FXIII, clots are unstable and susceptible to fibrinolysis. Several studies have examined the effects of FXIII
polymorphisms on final fibrin clot structure and clinical thrombotic risk. The Val34Leu FXIII polymorphism is associated with increased
activation by thrombin. In the presence of saturating thrombin concentrations, however, FXIIla specific enzyme activity is not affected by
genetic polymorphisms. Fibrin clots formed in the presence of the FXIII 34Leu polymorphisms do tend to be thinner and less porous,
however. The effects of prothrombin concentrations on clot structure have suggested that thinner clots are more resistant to fibrinolysis and
associated with increased thrombotic risk. Most clinical studies of 34Leu FXIII carriers, however, have demonstrated a lower incidence of
both venous and arterial thrombosis in carriers of the mutant allele compared to Val/Val carriers. One recent study has suggested that the

interactions between FXIII phenotype and plasma fibrinogen concentrations significantly influence clinical thrombotic risk.

© 2004 Elsevier B.V. All rights reserved.
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1. Role of FXIII in normal hemostasis

Factor XIIII (FXIII) is a protransglutaminase that circu-
lates as a heterotetramer composed of two A and two B
subunits. The 731 amino acid A subunits contain the active
site cysteine, while the 661 amino acid B units serve as carrier
proteins. A cellular form of FXIII that contains only two A
chains exists in platelets, monocytes and macrophages. FXIII
is activated by thrombin, which cleaves the peptide bond
between Arg37 and Gly38 of the A subunit and releases a 37
amino acid amino-terminal activation peptide. The presence
of fibrin accelerates the activation of FXIII by thrombin. In
the presence of calcium, the A subunit dimer then dissociates
from the B subunits and undergoes a conformational change
that exposes the active site. Activated factor XIII (FXIIla)
catalyzes the formation of the y-glutamyl-e-lysine peptide
bonds between the v and « chains in noncovalently bound
fibrin polymers. FXIIla also incorporates the adhesive
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proteins, fibronectin and thrombospondin, and the antifibri-
nolytic protein, a-2-antiplasmin, into the fibrin clot via
similar linkages. The net result is a stable clot that is relatively
resistant to shear forces and fibrinolysis. In addition to its role
in blood coagulation, FXIII also contributes to extracellular
matrix remodeling, tissue repair, and cell adhesion and
migration [1-3]. A recent study suggested that “unactivated”
FXIII is capable of crosslinking both fibrin and fibrinogen.
While the physiological implications of these findings are not
clear, it is possible that uncleaved FXIII may contribute to
crosslinking in the early phases of fibrin clot formation [38].

Normal blood coagulation requires a precise balance
between procoagulant and anticoagulant factors. Minor
changes in the amount or function of any of these proteins
can result in fibrin clots with altered susceptibility to
fibrinolysis. For example, higher levels of prothrombin
increase the initial rate, peak and total amount of thrombin
generated, resulting in formation of a fibrin clot with
decreased mass-to-length ratio and thinner fibers that are
more resistant to fibrinolysis. Conversely, clots formed in the
presence of low levels of prothrombin have thicker fibers that
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are more easily degraded [4]. Because plasma factors such as
fibronectin affect the thickness of fibrin fibers, fibrin gels
formed from citrated plasma after recalcification or thrombin
activation contain thicker fibers than those formed from
isolated fibrinogen [5]. Neither fibronectin or FXIIla alone
affect the mass-to-length ratio of fibrin. When both fibro-
nectin and FXIIla are present, however, the mass-to-length
ratio of fibrin fibers increases in proportion to the fibronectin
concentration. This suggests that the incorporation of
fibronectin into fibrin clots by FXIIla increases both fibrin
fiber size and density [6]. Gabriel et al. modified fibrin fibers
in vitro both by altering the rate of assembly and by adding an
assembly inhibitor, iopamidol. Fibrin assembly and fibrinol-
ysis were measured turbidometrically and the fiber mass-to-
length ratios were calculated. In these experiments, decreased
thrombin concentrations caused slower fibrin fiber assembly
with thicker fiber formation and increased fibrinolysis.
Plasmin formation was slower in the presence of thinner
fibers, and subsequent fiber degradation by plasmin was also
decreased [7]. The mechanistic basis for these findings is
unknown, but it is possible that thinner fibers provide a less
favorable surface for catalyzing activation of plasminogen by
plasmin.

Plasma FXIIIa plays an important role in hemostasis in
vivo. Individuals with congenital complete deficiency of
FXIII (plasma activity <1% of normal) have a severe
bleeding tendency characterized by formation of hemato-
mas, soft-tissue hemorrhage and poor wound healing in the
neonatal period [8—10]. Women with FXIII deficiency have
an increased risk of spontaneous miscarriages. FXIIT A
subunit knockout mice can become pregnant, but the
majority die from uterine hemorrhage during gestation
[11]. In addition, inhibition of FXIIla during fibrin clot
formation enhanced the subsequent lysis of pulmonary
emboli (PE) in an animal model [12].

2. Alterations in plasma FXIII level in thrombotic
disorders

Kucher et al. studied 168 consecutive patients who were
evaluated in an emergency department for suspected PE. In
this case-control study, FXIII A-subunit levels were lower in
patients with more extensive pulmonary artery occlusion, and
the likelihood of PE was seven-fold higher in patients with A-
subunit levels less than 60% of normal. The decreased FXIII
A-subunit levels in patients with massive PE may simply
have reflected coagulation factor consumption during exten-
sive thrombus formation. In a subset of 12 patients in whom
clot firmness was measured by thromboelastography, those
with low FXIII levels had decreased clot firmness compared
to patients with normal or high levels [13].

Mills et al. studied fibrin clot formation in 100 healthy
male first degree relatives of patients with premature
coronary artery disease (CAD), and compared the results to
those from 100 age-matched controls with similar conven-

tional cardiovascular risk factor profiles, but no family
history of coronary disease. FXIII A,B, and B-subunit levels
were determined by sandwich ELISAs. Rates of fibrin
formation and fibrin mass-to-length ratios were measured
turbidometrically, and fibrin porosity was determined by
measuring buffer flow rates through tubes containing clots.
In a subset of subjects, scanning electron microscopy was
used to assess fiber thickness. The subjects formed clots
more quickly than the controls (lag phase 39+2 s versus
4743 s). They also had larger clots with thicker fibers (mass-
to-length ratios 8.5x10'® Da/ecm versus 9.7x10"* Da/cm)
and smaller pores (12.2x 10 versus 152107 cm?). Only
the larger clot size could be fully explained by differences in
fibrinogen levels using linear regression, suggesting that
other factors were contributing to the alterations in clot
structure. There was a nonsignificant trend toward increased
FXIII A,B; levels in the relatives of CAD patients compared
to the controls. There was no difference in the frequency of
the FXIII Val34Leu polymorphism (see below) between the
subjects and the controls [14].

3. Effect of FXIII polymorphisms on FXIII activation
and activity

FXIII antigen and activity levels are normally distributed
in the general population, and protein levels do not correlate
to activity levels [15—17]. A common FXIII polymorphism is
caused by a G to T point mutation in codon 34 of exon 2 that
results in the replacement of valine by leucine at position 34
(Val34Leu) in the activation peptide, three amino acids from
the thrombin cleavage site. There is a wide variation in the
prevalence of the Val34Leu mutation in different ethnic
groups. In one study, the Val34Leu polymorphism was
present in 2.5% of Asians, 28.9% of Blacks, 44.3% of
Caucasians and 51.2% of Amerindians [18]. The 34Leu
allele is virtually absent in the Japanese population and
present in 11-27% in Australian Caucasians [19].

The presence of the Val34Leu polymorphism increases
the rate of FXIII activation by thrombin. In synthetic
peptides, a significant variation in rates of activation has
been demonstrated among different FXIII structures [20].
Using both purified platelet derived and recombinant FXIII,
Wartiovaara et al. demonstrated that thrombin cleaves the
activation peptide from Val34Leu FXIII more rapidly than
from wild type FXIIL. In this study, the accumulation of a
truncated FXIITA was measured by Western blotting after
activation by low concentrations of thrombin. At 2.5 min,
12% of wild type FXIII had lost the activation peptide
compared to 33% of homozygous mutants. The addition of
fibrinogen increased the rate of cleavage in both wild type
and 34Leu mutants proportionately. Measurement of acti-
vation peptide release by HPLC confirmed that the rate of
thrombin cleavage in the homozygous mutant was twice that
of wild type FXIII. This difference disappeared when a
higher concentration of thrombin was used, however.
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Platelet Val 34 Leu FXIII which does not possess the B
subunits was also activated more efficiently by thrombin,
suggesting that the more rapid activation of 34Leu FXIII is
not due to enhanced dissociation of the B subunits [21].
Similar results were reported by Balogh et al. [17], Ariéns et
al., using mass spectrometry, showed that the Val34Leu
polymorphism does not alter the actual thrombin cleavage
site. Analysis of FXIII subunit proteolysis by SDS-PAGE
and HPLC showed that FXIII 34Leu is cleaved more
rapidly, and at lower concentrations of thrombin, than FXIII
34Val. The catalytic efficiency of thrombin was 0.5+0.09
pmol/l/s for FXIII 34Leu and 0.240.02 pmol/l/s for 34Val.
In the presence of fibrinogen, the catalytic efficiency
increased to 4.81 and 2.15 pmol/l/s, respectively [1].

If the peptide containing theVal34Leu polymorphism is
released from FXIII upon thrombin cleavage, the poly-
morphism would not affect the specific activity of FXIIIa.
However, there is crystallographic data suggesting that the
activation peptide remains bound to FXIIIa after thrombin
cleavage [22]. Thus, it is possible that the polymorphism
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could affect FXIIla specific activity. Several studies have
demonstrated higher specific enzyme activity in carriers of
one or more 34Leu alleles compared to noncarriers
[15,19,16]. Two recent studies have also demonstrated a
difference in FXIII specific activity across genotypes (Val/
Val, Leu/Leu or Val/Leu) at low thrombin levels, but the
difference was abolished at saturating thrombin concentra-
tions [21,17]. In conclusion, while several studies have
suggested that the enzymatic activity of Val34Leu FXIlla is
higher than that of the wild type enzyme, it is possible that the
observed differences were entirely due to incomplete
activation of wild type FXIII by low concentrations of
thrombin.

4. Effect of FXIII Val34Leu polymorphism on fibrin clot
structure

The presence of the FXIII Val34Leu polymorphism has
a significant effect on fibrin clot structure. Wartiovaara et
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Fig. 1. Scanning electron micrographs of fibrin clots prepared from purified fibrinogen free from factor XIII and factor XIII Val (B, D, F) and Leu (A, C, E)
variants at different fibrinogen concentrations (A and B=2.9, C and D=8.8, E and F=14.7 umol/l). At low fibrinogen concentrations, fibrin clot structures in
samples with the Leu variants (A) had fibers that were thinner (96 nm) and more tightly packed than those in the samples with Val variants (B) (227 nm,
»<0.0001). At intermediate fibrinogen concentrations, the fibrin-fiber diameters approached similar values in the Val/Val and the Leu/Leu samples (D and C,
165nm and 152nm, respectively, p<0.0001). At high fibrinogen concentrations, the Leu/Leu clots (E) had thicker and more loosely packed fibers than did those
in the samples with the Val variants (F) (286 vs. 93 nm, p<0.0001). Electron micrograph magnification X9750. Reprinted with permission from Elsevier (The

Lancet, 2003, vol. 361, p. 1428).
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al. have shown that fibrin y-chain dimerization and «-
polymerization are enhanced in the presence of FXIII
Val34Leu. In these experiments using low thrombin
concentrations (0.5 U/mL), y—y dimers were present at
2.5 min in the presence of all polymorphisms, but the
FXIII 34Leu mutants accumulated the dimers faster and
the y-monomers disappeared faster compared to wild type
controls [21]. Ariéns et al. also demonstrated that the
cross-linking activities of both FXIIla 34Leu and 34Val
were similar, but the increased sensitivity the 34Leu
isoform to thrombin activation resulted in more rapid
cross-linking of fibrin y- and «-chains in the presence of
the polymorphism. Turbidometric measurements demon-
strated that clots formed from plasma in the presence of
FXIII 34Leu had a shorter lag phase (1.08 versus 1.55
min) and a lower maximum absorbency after 5 min,
indicating the presence of thinner fibers. The fibers formed
in the presence of FXIII 34Leu were less porous, with a
permeation coefficient of 3.6+0.5x10~° ¢cm?® for 34Leu
compared to 8.7+4.4x107° cm? for 34Val. Electron
microscopy confirmed the presence of thinner fibrin fibers
and decreased porosity in the presence of 34Leu [1].

Lim et al. have shown that the fibrinogen concentration
is an important determinant of the effect of FXIII
Val34Leu on clot structure. Using plasma samples from
homozygotes for FXIII 34Val/Val and Leu/Leu, they
demonstrated that clots prepared from Leu/Leu samples
were less permeable at lower fibrinogen concentrations and
more permeable at higher fibrinogen levels when com-
pared to Val/Val samples (Fig. 1). At intermediate
fibrinogen concentrations, the fibrin fiber diameters were
similar across genotypes [23].

5. FXIII polymorphisms and thrombotic risk
5.1. Myocardial infarction

Two studies have suggested that the Val34Leu FXIII
polymorphism is associated with a decreased risk of
myocardial infarction (MI). In a case-control study, 398
patients being evaluated for possible coronary artery disease
were compared to age-matched controls. About one-third of
patients with a history of MI were either heterozygous or
homozygous for the Val34 Leu polymorphism, compared to
50% of patients without a history of MI and 48% of healthy
controls. Wartiovaara et al. performed genotype analysis on
a series of autopsy cases and on hospitalized patients in
Finland. In 286 consecutive autopsies of patients who
experienced sudden death, the Val34Leu polymorphism was
present in 29% of those who had evidence of previous MI,
compared to 43% of those who did not have evidence of MI
(adjusted OR 0.5, 95% CI 0.26-0.94). In 184 hospitalized
patients undergoing coronary angiography, 33% of those
with MI had the 34Leu polymorphism versus 45% of those
without MI (adjusted OR 0.61, 95% CI 0.31-1.23). Overall,

the FXIII Val34Leu allele was present in 31% of patients
with a history of MI and 43% of those without such a
history (p=0.009) [24].

In a population-based case-control study of young
women, the Val34Leu allele frequency was not significantly
different between those with a history of MI and controls. In
the subset of obese women, however, the risk of MI was
lower in those carrying at least one 34Leu allele, with an
age-adjusted OR of 0.33 (95% CI 0.13-0.83). This suggests
that in young women, the protective effect of the 34Leu
allele may be confined to those with other specific risk
factors for MI [25]. In two other studies, investigators were
unable to demonstrate and association between the Val34-
Leu polymorphism and MI risk in men, but neither of these
studies stratified patients by other cardiovascular risk factors
[26,27]. Similarly, a study of Asian patients undergoing
coronary angiography in the United Kingdom did not
demonstrate an association between the Val34Leu FXIII
polymorphism and a history of myocardial infarction [28].

5.2. Stroke

There is conflicting evidence regarding an association
between stroke risk and the FXIII Val34Leu polymorphism.
In a study of women less than 45 years old, homozygosity
and heterozygosity for the 34Leu polymorphism were
associated with a small, non-significant decrease in hemor-
rhagic stroke risk [29]. Another study, however, found a
slightly higher incidence of the Val34Leu polymorphism in
a subset of 62 older patients with primary intracerebral
hemorrhage compared to control subjects or those with
cerebral infarction [30]. Studies of patients with ischemic
stroke have also produced conflicting results. In one study,
homozygotes for the FXIII Val34Leu polymorphism had a
nearly four-fold increased risk of ischemic stroke compared
to non-carriers of the 34Leu allele [25]. However, another
case-control study of 456 consecutive patients with ischemic
stroke found that carrying at least one copy of the 34Leu
allele was associated with a decreased risk of stroke (OR
0.58, 95% CI 0.44-0.75) [31].

5.3. Venous thromboembolism

The FXIII Val34Leu polymorphism has been associated
with a decreased risk of PE and deep venous thrombosis
(DVT). While Franco et al. did not find a statistically
significant difference in the frequency of the FXIII
Val34Leu polymorphism in 189 patients with DVT com-
pared to matched controls, the frequency of homozygosity
for the 34Leu allele was 1.6% in cases versus 9.6% in
controls (OR 0.16, 95% CI 0.05-0.5), suggesting a
protective effect of the leucine allele [32]. Zidane et al.
studied 441 consecutive patients presenting to the emer-
gency department with suspected PE. 214 of these patients
with a confirmed first episode of PE were compared to a
control group of 148 patients who presented with signs and
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symptoms of PE but had thrombus effectively ruled out by
laboratory and radiographic data. The frequency of homo-
zygosity for the 34Leu allele was 4.5% in patients with PE
and 8.8% in those without PE (OR 0.5, 95% CI 0.1-0.9)
[33]. Catto et al. performed a case-control study of 221
patients with a history of DVT or PE. The FXIII Val/Val
genotype was present in 63% of patients with thrombosis
compared to 49% of controls, whereas the Val/Leu genotype
was found in 31% of patients and 42% of controls [34]. In
another comparison of 354 patients with thrombosis to 1229
controls, the Val/Leu and Leu/Leu genotypes were associ-
ated with OR of 0.81 and 0.69, neither of which were
statistically significant [35].

5.4. Summary

The Val34Leu polymorphism has been associated with a
decreased risk of myocardial infarction in some, but not
all, studies that addressed this question. The data on both
hemorrhagic and ischemic stroke risk is too variable to
draw any firm conclusions about the effect of FXIII
polymorphisms. Several studies have demonstrated a
decreased risk of venous thrombosis, both DVT and PE,
in homozygous and heterozygous carriers of the Val34Leu
polymorphism.

5.5. Interactions with other thrombotic risk factors

Several factors appear to modify the effects of the FXIII
Val34Leu polymorphism on thrombotic risk. The
His95Arg polymorphism is a variant allele of the FXIII
B subunit gene that is associated with an increased
dissociation rate of the A,B, tetramer after thrombin
activation. In a case-control study of 955 postmenopausal
women with a first nonfatal MI, the Val34Leu allele was
associated with an OR of 0.7 (95% CI 0.51-0.95) for MI.
The His95Arg polymorphism alone did not affect risk of
MI. However, co-inheritance of both the His95Arg and
Val34Leu alleles decreased the risk for MI significantly,
with an OR 0.36 (95% CI 0.17-0.75) [36]. A variant allele
(4G/4G) of plasminogen activator inhibitor I (PAI-1) that
results in higher PAI-1 levels may counteract the protective
effects of the FXIII Val34Leu allele. In the Finnish study
of 396 patients undergoing coronary angiography describe
above, the individuals with the FXIII Val34Leu who had
experienced MI had higher PAI-1 levels and an increased
frequency of the variant 4G/4G genotype [37]. Carriers of
the Val34Leu FXIII allele have a higher rate of alpha-2-
antiplasmin incorporation into fibrin [39]. Theoretically,
this should increase clot resistance to lysis. There is no
evidence, however, that this actually occurs. Environmental
factors may also alter the thrombotic risk in carriers of
FXIII polymorphisms. For example, in a subset of women
with two copies of variant FXIII alleles (34Leu or 95Arg)
who were taking estrogen, the risk of MI was substantially
lower compared to women who were not taking estrogen

[36]. Other FXIII polymorphisms, such as Tyr204Phe and
Pro564Leu, are associated with decreased FXIII levels and
increased hemorrhagic stroke risk, but their effect on fibrin
clot structure has not yet been clarified [29].

6. Conclusions

The Val34Leu FXIII polymorphism has been consis-
tently associated with increased activation by thrombin in
vitro. Increased FXIII activation, however, has not always
translated into increased FXIIla specific activity. Most
studies have established a higher specific activity in
34Leu FXIII mutants at low levels of thrombin, but the
differences across genotypes vanish with higher thrombin
concentrations. The effect of the FXIII 34Leu polymor-
phism on final fibrin clot structure has also not been well
defined, but most data suggest that the clots formed in the
presence of the FXIII 34Leu polymorphism are thinner and
less porous. Thinner fibers are more resistant to fibrinolysis
in vitro and should theoretically increase clinical thrombotic
risk. For example, the prothrombin G20210A gene muta-
tion, a known thrombophilic risk factor, causes increased
thrombin generation, which results in thinner clots that are
more resistant to fibrinolysis [4]. Most clinical studies have
actually demonstrated decreased venous and arterial throm-
botic risk in carriers of the FXIII Val34Leu polymorphism,
however. The recent study by Lim et al. described above
offers an explanation for this apparent paradox. At low
fibrinogen concentration, fibrin clots prepared from homo-
zygous 34Leu samples had decreased permeability com-
pared to those from 34Val homozygotes, similar to results
from previous studies. However, at higher fibrinogen
concentrations clots prepared from 34Leu homozygotes
had higher permeability than those from 34Val homozy-
gotes. Therefore, the FXIII 34Leu polymorphism may
protect against thrombosis specifically in patients with high
fibrinogen levels, who are known to be at higher risk for
thrombotic complications [23]. Further epidemiologic stud-
ies are needed to confirm this hypothesis.
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