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A demonstration of factor Xl contributing to hemostasis in the

absence of factor Xll

Factor Xla (FXla), the activated form of the plasma zymogen FXl, is
a trypsin-like protease that contributes to thrombin generation and
hemostasis primarily by activating factor IX (FIX).X In humans, se-
vere FXI deficiency may cause excessive bleeding with trauma or
surgery, particularly when injury involves the mouth, nasopharynx,
or urinary tract.?® Bleeding severity varies, and many individuals
who are FXI deficient do not experience abnormal hemostasis. A
variable trauma-induced bleeding disorder has also been reported
in FXI-deficient dogs,® cats,® and cattle.® Bleeding associated with
FXI deficiency is considerably milder than with FIX deficiency (he-
mophilia B), supporting the premise that FIX is primarily activated
by the factor Vlla/tissue factor complex in vivo.”® In the cascade/
waterfall hypotheses of thrombin generation, FXl is activated by the
protease factor Xlla (FXIla).! However, the absence of an obvious he-
mostatic abnormality in humans and other animals lacking FXII (the
zymogen of FXlla) implies that other proteases activate FXI during
hemostasis.® For example, thrombin activates FXI in purified protein
and plasma-based systems.” 2 However, to our knowledge, there
has not been a demonstration of FXI contributing to hemostasis in
the absence of FXII.

Mice lacking FXI (F117" mice), in contrast to humans who are
FXI deficient, do not appear to bleed excessively with trauma.*>'*
Furthermore, murine FXI is primarily bound to blood vessel endo-
thelium rather than circulating in plasma, as in humans.?® These fea-
tures would seem to make mice unsuitable for studying the impact
of FXI on hemostasis. However, we showed that intravenous infu-
sion of human FXI, or inducing expression of human FXI by hydro-
dynamic tail vein injection (HTI), decreased the severity of bleeding
in male mice lacking FIX (F97) in a saphenous vein bleeding (SVB)
model.** Human FXla, in addition to activating FIX, activates factors
V, VIII, and X, which may explain the beneficial effect in the absence
of FIX 1617 Now, using mice deficient in both FIX and FXII, this model
provides us with a system to specifically address the hypothesis that
FXI can contribute to hemostasis in vivo in the absence of FXII.

C57BI/6 F97~ female mice'® were crossed with C57BI/6 male
mice lacking FXII (F127).Y Female offspring were heterozygous
for FIX and FXII null alleles (F9*/"/F12*"), while males were het-
erozygous null for FXII and null for FIX. F9*/"/F12*/~ females were
crossed with F9™/F12*~ males, and offspring homozygous null for

both genes (F9”"/F127/~ females and F9™/F127/~ males) were iden-
tified (Figure 1A). Western blots of plasma confirmed that the mice
with hemophilia also lack FXII (Figure 1B). The animals were crossed
to generate sufficient F97/F127~ males for testing. In the SVB model,
the saphenous vein is exposed and punctured with a needle.!#20:21
After bleeding stops, clot is gently removed to restart bleeding. The
number of clots forming over 30min and the duration of each bleed-
ing episode are recorded (Figure 1C). C57BIl/6 wild-type (WT) and
F127"~ mice formed 20.2+3.1 and 18.7+3.6 (p = 0.26) clots over
30min, with bleeding times of 75+14 and 79+19s (p = 0.65), re-
spectively. In contrast, F9™ mice formed 1.8+ 1.0 clots, with bleeding
times of 1333 +589s (p<0.001 for both parameters compared with
WT mice), demonstrating the severe hemostatic defect caused by
FIX deficiency. Results with F9™/F127~ mice were comparable to F9~
mice (2.0+ 1.5 clots, bleeding times 1165+ 6225s).

Human FXI was infused into F9"/F12™ mice through a tail vein
to achieve plasma concentrations twice the normal level in human
plasma (approximately 60nM).** As in our prior work with F9™ mice,
human FXI was superimposed on endogenous murine FXI in all
mouse lines. The infusions resulted in an increase in the number
of clots formed over 30min (5.8 +3.3) and a decrease in bleeding
time (393+233s) compared to F9/F127~ control mice (Figure 1C,
p<0.01 for both parameters), consistent with our earlier experience
with F9™ mice.'* Because infused FXI could contain FXla that may
influence hemostasis, we expressed human FXI in F97/F12™"~ mice by
HTL.} HTI resulted in sustained expression of human FXI for at least
6weeks, with an average plasma concentration approximately 65%
of that achieved with FXI infusion (a concentration slightly above
the upper end of the normal plasma FXI concentration range in hu-
mans). The number of clots in mice expressing human FXI (7.2 +4.5)
was significantly greater, and the bleeding times (380 307 s) signifi-
cantly shorter, than for untreated F9"/F127" mice (p<0.01 for both
parameters).

Some comments on the model used in these experiments are
required. Human FXI was used rather than increasing endogenous
expression of murine FXI for two reasons. First, most mouse FXI
is bound to blood vessel endothelium, making it difficult to de-
termine the effect of infusing or expressing additional protein.®
Second, given the absence of a bleeding disorder in FXI-deficient
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FIGURE 1 The effects of human FXI on hemostasis in mice lacking FIX and FXII. (A) PCR analysis of the F9 (upper row) and F12 (lower
row) alleles in C57BI/6 mice. Genomic DNA was prepared from ear punches for wild type (WT) mice, mice lacking fIX (IX) or £XII (XIl), or
mice lacking both fIX and fXII (IX/XIl). Descriptions of the oligonucleotides used to copy the WT (left column) or disrupted null alleles

(right column) for the F9 and F12 genes are described in references 18 and 19, respectively. The positions of bands specific for the relevant
alleles are indicated by the white arrow heads. M indicates lanes containing molecular mass standards. (B) Western blot for FXII in plasma.
One-microliter plasma samples from mice were size fractionated by SDS-PAGE under nonreducing conditions. Proteins were transferred

to nitrocellulose membranes and incubated with an antihuman FXII IgG conjugated to horseradish peroxidase. Detection was with
chemiluminescence. The position of bands representing mouse FXIl is indicated by the white arrowhead. (C) Saphenous vein bleeding model.
Shown are results for numbers of clots formed (left column) and average bleeding times (right column) for WT (N = 10), FIX-deficient (IX,

N = 9), FXIlI-deficient (XIl, N = 10), or FIX and FXII-deficient (IX/XIl) C57BI/6 mice. Mice with combined FIX and FXII deficiency were tested
without supplementation (C, N = 9), after infusion of human FXI (+XI, N = 10) or after induction of human FXI expression by hydrodynamic
tail vein injection (HTI, N = 13). In the graphs in the top row, symbols each represent the results for one mouse, and horizontal bars are
averages for the group. The bar graphs in the bottom row show averages for each group + 1 standard deviation. Pairs of groups were
compared with Welch's t-test (two-tailed, unequal variances). P-values are indicated by asterisks (*p <0.001, **p <0.01). NS indicates not
significant (p 2 0.05). The data set was evaluated for skewedness by Shapiro test and visual inspection. There was sufficient evidence to
assume normality for the data set as a whole. Groups were also compared with parametric one-way ANOVA testing, and Dunn's test with
Bonferroni adjustment for post hoc multiple comparison testing. The results supported those obtained with the Welch's t-test.

mice, murine FXI may not be a hemostatic protease.'®** Indeed, FXI

may not be involved in hemostasis in all mammal species. We also

used a relatively high plasma concentration of human FXI. This was

necessary to get a hemostatic signal in the absence of FIX. While
these features of the model raise legitimate concerns regarding the

physiologic relevance of FXla activating targets other than FIX, our
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sole purpose in this study was to demonstrate that FXI can have
an impact on hemostasis in the absence of FXII. The results shown
here imply that FXI is being converted to FXla in this model inde-
pendently of FXII.

The F11 gene arose early in the evolution of mammals from a dupli-
cation of the Klkb1 gene encoding the contact protease prekallikrein,
a substrate of FXlla.?? FXI combines features of prekallikrein with a
mechanism for efficient FIX activation, allowing it to form a bridge
between FXlla-initiated contact activation and thrombin genera-
tion.! This bridge is required for normal FXlI-initiated clotting in the
activated partial thromboplastin time assay used in clinical practice.
However, while complete deficiency of FXII does not compromise he-
mostasis in humans, FXI deficiency does.?® This suggests that there
are FXIll-independent mechanisms for FXI| activation operating in vivo.
The data shown here demonstrate that human FXI can contribute to
hemostasis in mice in the absence of FXII, supporting this hypothesis.
The findings are also in line with the observation that members of the
mammalian infraorder Cetacea (whales, porpoises, and dolphins) have
FXI in their plasmas, despite lacking FXI1.22

It is important to note that we have not demonstrated that
thrombin is the sole, or even the major, FXI activator in the SVB
model. In most placental mammals, the P2’ residing at the FXI
activation cleavage site is proline, which is a common feature in
thrombin substrates.?® FXI differs in this regard from prekallikrein,
which is not activated by thrombin.?®> However, it is possible that
proteases other than thrombin activate FXI in our system. On a
more controversial point, our observations should not be con-
strued as a demonstration that FXII does not contribute to hemo-
stasis. Patients who are FXII deficient and FXIl-deficient mice do

not bleed abnormally during surgery,3'19

which usually involves
clean wounds. However, Juang and coIIeagues24 showed that ex-
posing wounds to silicate-containing earth (as may occur often in
nature) shortens the duration of bleeding in WT mice but not in
FXIl-deficient mice. Thus, depending on circumstances, FXI may be
activated by different proteases, including FXlla, at a wound site,
consistent with FXI's dual nature as a contact factor and a hemo-

static protein.
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