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Abstract

Background: In humans, deficiency of coagulation factor X1 (FXI) may be associated with a
bleeding disorder, but until recently FXI-deficient mice did not appear to have a hemostatic defect.
A recent study, however, indicated that FXI-deficient mice display a moderate hemostatic defect in
a saphenous vein bleeding (SVB) model.

Objectives: To study the effect of FXI on bleeding in mice with normal levels of the FXI-
substrate factor 1X (FIX) and in mice lacking FIX (a murine model of hemophilia B).

Methods: Wild type mice and mice lacking either FIX (F9-) or FXI (F11-/-) were tested in the
SVB model. The plasma levels of FXI in £11-/-mice were manipulated by infusion of FXI or its
active form FXla, or by overexpressing FXI using hydrodynamic tail vein injection.

Results: F9- mice demonstrated a significant defect in the SVB model, while F11-/-mice and
wild type mice were indistinguishable. Intravenous infusion of FXI or FXla into, or
overexpression of FXI in, £9- mice improved hemostasis in the SVB model. Overexpression of a
FXI variant lacking a FIX binding site also improved hemostasis in ~9- mice.

Conclusions: While we were unable to demonstrate a hemostatic defect in £Z7-/-mice in the
SVB model, our results support the premise that supraphysiologic levels of FXI improve
hemostasis in F£9- mice through FIX-independent pathways.
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INTRODUCTION

Factor XI (FXI) is the precursor of a plasma protease (FXIla) that contributes to thrombin
generation primarily through activation of factor IX (FIX) [1]. FXI-deficiency was first
described in humans in 1953 as plasma thromboplastin antecedent deficiency, a condition
associated with a significant defect in surface-induced plasma coagulation, but a relatively
mild propensity for abnormal bleeding [2-4]. FXI deficient patients seldom experience
unprovoked hemorrhage, and excessive bleeding typically follows trauma to tissues with
high intrinsic fibrinolytic activity such as the mouth, nose or urinary tract. Experience with
FXI deficiency in humans indicates that the protein is required for hemostasis in some
individuals for certain types of hemostatic challenges. But, it is clear that some people with
severe FXI deficiency do not experience abnormal hemostasis, suggesting that variables
unrelated to the plasma FXI level contribute to bleeding in FXI-deficient individuals.

FXI-deficiency has been linked to abnormal hemostasis in domesticated animals (cattle,
dogs, and cats) [5-7], but not in several species commonly used in preclinical research.
Rodents, rabbits and primates treated with a variety of agents that inhibit FXI/FXIla activity
[8-10] or block FXI synthesis [11,12] do not exhibit an unusual bleeding propensity. We,
and others, did not observe abnormal hemostasis in FXI-deficient (F1Z-/-) mice after tail
transection [13,14]. These observations raise the possibility that FXI does not function as a
hemostatic protein in all species. Given this, we were interested in the recent report by Ay
and coworkers describing abnormal hemostasis in £211—/-mice after saphenous vein injury
[15]. Here we describe our experience with a saphenous vein bleeding (SVB) model, and
report that FXI can affect bleeding in mice with hemophilia B (FIX deficiency).

METHODS

Mice.

Studies with mice were approved by the Vanderbilt University Medical Center IACUC.
C57BI/6 male mice lacking FIX (F9-) or FXI (F11-/-) have been described [13,16]. The F9-
and F11-/-genotypes were back-crossed to wild type C57BI/6 mice (Jackson Laboratory)
through ten generations. Males age 12 to 16 weeks were used. Wild type mice used in these
studies were not littermates of F9- or F11-/-mice, and the investigators were not blinded to
genotype.

Saphenous vein bleeding model (SVB) [17,18].

Mice were anesthetized with pentobarbital, and the ventral surface of the right hind limb was
shaved. An incision was made along the length of the limb, and connective tissue was
removed from around the saphenous vein. An entry hole in the vein midway between the
femoral vein and distal saphenous branch was made with a 23-G needle. Blood was
absorbed with gauze. Immediately after initial bleeding stopped (1-2 min), one blade of a
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Student Vannas spring scissors was introduced through the original entry hole, creating an
incision in the vessel, and bleeding was observed for 30 min. Each time bleeding stopped,
the formed clot was disrupted by wiping with gauze in the direction of blood flow to restart
bleeding. Numbers of clots formed in 30 min and duration of bleeding episodes were
recorded. No animal was allowed to bleed more than 30 minutes. Mice were sacrificed 30
min after incision by intracardiac injection of pentobarbital.

Supplementing F9- mice with FXI or FXla.

F9-mice received infusions of human plasma-derived FXI or FXla (Haematologic
Technologies) in 50uL phosphate buffered saline (PBS) through the jugular vein to give an
estimated final plasma concentration of 60 nM. Mice were tested in the SVB model within 5
min of infusion.

Expressing human FXI in mice by hydrodynamic tail vein injection (HTI).

Expression of human FXI was induced in F9- mice by HTI. cDNAs for wild type FXI (FXI-
WT) [19] or FXI with alanine replacements for amino acids 183 to 185 (FXI-A183-185)
[20] were introduced into an EEV600A expression vector (System Biosciences). FXI/
EEV600A or empty vector (control) constructs (3.5ug) were diluted in 2 mL Lactated
Ringer Solution, and infused into tail veins of £9- mice over 30 seconds. Mice were tested in
the SVB model 72 hrs post-HTI. Blood was obtained at the completion of experiments to
assess FXI expression by western blot using a monoclonal 1gG (14E11) that recognizes
mouse and human FXI [21].

Carotid artery thrombosis model [21].

FXI-WT, FXI containing the prekallikrein A3 domain (FXI/PKA3) or FXI-A183-185 was
expressed in F11-/-or F9—/-mice using HTI. Twenty-four hrs post-HT]I, the right common
carotid artery of an anesthetized mouse was exposed and fitted with a Doppler probe (Model
0.5 VB, Transonic System). Two 1 x 1.5 mm filter papers (GB003, Schleicher & Schuell)
saturated with 3.5% FeClI3 were applied to opposite sides of the artery for 3 min, followed
by rinsing with PBS. Flow was monitored for 30 min. Blood was obtained at the completion
of the experiment for assessing FXI expression.

Clotting assay.

FIX-deficient human plasma (35uL, George King Biomedical) was mixed with 35uL Tris-
Buffered Saline containing 1% albumin with or without human TF (1pM, Innovin, Dade)
and varying concentrations of FXla (0 to 120 nM). After 3 min incubation, 35uL of 25mM
CaCl, was added and time to clot formation was measured on a Start4 coagulation analyzer
(Diagnostica Stago).

Thrombin generation assay.

Thrombin generation was measured in plasma as described [22,23]. Briefly, FIX-deficient
plasma (80ul) containing 415 uM Z-Gly-Gly-Arg-AMC (Bachem, Torrance, CA) was
supplemented with TF (1pM) with or without FXla (15nM). Additives were in 20ul
volumes, and concentrations given are final concentrations. Thrombin generation was
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initiated by adding 10pl of 20 mM HEPES pH 7.4, 100 mM CaCl2, 6% BSA and
fluorescence was monitored over 60 min on a Fluoroskan Ascent® fluorometer (Thermolab
Systems OY, Helsinki). Thrombin generation was calculated using Calibrated Automated
Thrombogram software Thrombinoscope ®.

RESULTS AND DISCUSSION

Bleeding after saphenous vein injury was significantly more severe in £9- mice than in wild
type mice (p<0.05,) as reflected by fewer bleeding episodes (Fig.1A, white) and longer
duration of each bleed (Fig.1B). The results are consistent with published data [15,17]. In
contrast to results reported by Ay et al. [15], we did not observe significant differences
between C57BI/6 wild type and FZ11-/-mice in the number of clots (Fig.1A), average
bleeding time (Fig.1B), time to first clot formation (Fig.1C), or average times of subsequent
bleeding events ( Fig.1D). The differences between our results and those of Ay et al. could
easily reflect subtle differences in technique, including the degree of injury and the manner
in which clots were disturbed. Also, while £Z71-/-mice used in the two studies are of the
same lineage [13], the colonies at the two institutions involved have been separate for at
least four years. This may have allowed genetic drift to introduce factors that render
members of one colony more susceptible to bleeding than the other.

Previously, Whelihan et a/. and our group observed that FXla activates plasma coagulation
factors other than FIX (factors V, VIII and X) [24,25]. This may explain the observation that
mice lacking both FIX and FXI are more resistant to arterial thrombosis than mice lacking
only FIX [25], and supports the notion that FXla can promote thrombin generation
independently of FIX. We did not find evidence for a role for FXI in hemostasis in C57BI/6
mice using the SVB model. However, based on our experience with thrombosis models, we
reasoned that we might be able to detect a pro-hemostatic effect in mice in the absence of
FIX. The data presented here support the notion that FXla can influence the coagulation
mechanism “downstream” from FIX.

Infusing FXIa increased the number of clotting episodes and reduced bleeding duration in
F9-mice (Fig.1A, gray). A similar effect can be produced in plasma clotting (Fig.1E) and
thrombin generation (Fig.1F) assays using small amounts of tissue factor to start thrombin
generation. In F9- mice given FXla, the duration of bleeding was shortest for early bleeds,
and became longer with time (data not shown), consistent with protease neutralizing FXla.
In contrast, raising the plasma FXI level to >200% had a more sustained pro-hemostatic
effect, suggesting that infusion of FXI enhanced FXla generation over time.

Results similar to FXI infusion were achieved by over-expressing human FXI in £9- mice
using HTI (Fig.1A, black) [26]. The CAG promoter in the EEV600A vector supports
sustained FXI expression for at least 4 weeks (Fig.2A), and results in plasma concentrations
of human FXI that are 5- to 7-fold higher than the endogenous FXI level of mice (Fig.2B &
2C) [27]. The FXI variant FX1-A183-185 has alanine replacements for three residues that
are required to form a FIX-binding exosite [20]. FXla-A183-185 has a severe defect in FIX
activation [20], but activates factors X [25] and V (data not shown) similar to FXla-WT. The
defect in FXI-A183-185 is obvious in a model in which carotid artery occlusion is induced
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by FeCl3 exposure [14,21]. Thrombosis in this model depends on FIX and FXI. Consistent
with this, the resistance of F£ZZ-/-mice to thrombus formation is reversed by FXI-WT but
not by FXI-A183-185 (Fig.2D). FXI with its A3 domain (which contains residues 183-185)
replaced with the A3 domain from the homologous protein prekallikrein has a similar defect
(Fig.2D). Furthermore, the resistance of £9- mice to FeCls-induced thrombosis cannot be
reversed by over-expressing FXI-WT. These findings emphasize the importance of FXla
activation of FIX in the thrombosis model. In contrast, in the SVB model, FXI-WT and FXI-
A183-185 improved hemostasis in £9- mice similarly, consistent with FXla exerting a pro-
hemostatic effect independent of FIX (Fig.1A&B).

While the plasma FXI/Xla levels used in our studies were supraphysiologic, the results
suggest that differences in FXI plasma levels, or differences in ability to generate FXla,
could contribute to variability in bleeding tendency in patients with FIX deficiency
(hemophilia B). They also raise the possibility that supraphysiologic FXla or FXI could be
used in patients with FIX or FVIII inhibitors to promote hemostasis in a manner similar to
recombinant factor Vlla or activated prothrombin complex preparations. Indeed, the long
plasma half-life of FXI (~50 hours) would be an advantage over currently used preparations.
However, we doubt that infusions of wild type FXI or FXla would be practical. The use of
FXI concentrates in FXI deficient patients has been associated with thrombotic events,
particularly in older individuals with cardiovascular risk factors [28,29]. With these
concentrates, contaminating FXla is suspected to be the prothrombotic culprit, suggesting
FXIla infusions would not be safe. Perhaps a modified FXla, such as FXla-A183-185, that
does not activate FIX might be safer.

While our results differ from those reported by Ay et al. regarding the behavior of F171-/-
mice in the SVB model, the data generated with ~£9-animals do support their conclusion that
FXI can contribute to hemostasis with some types of injury in mice [15]. However, we
suspect that differences in sensitivity to FXI of the SVB assays run in different laboratories,
and the relatively small differences in bleeding tendency observed, will make this method
difficult to use for studying the role of FXI in hemostasis. It is notable that Ay et a/. did not
detect differences between F17-/-and wild type mice in a tail-bleeding assay or with
abdominal surgical wounds [15]. In the past, we did not observe differences in tail bleeding
between these mouse lines [14], nor in a liver laceration model (data not shown). This is
consistent with the observation that hemorrhage in FXI-deficient humans, if it occurs, tends
to involve certain types of tissues [2—4].
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ESSENTIALS

. Mice lacking factor IX (FIX) or factor XI (FXI) were tested in a saphenous
vein bleeding model.

. FIX-deficient mice displayed a hemostatic defect. FXI-deficient mice were
similar to wild type.

. Infusion of FXI or over-expression of FXI in FIX-deficient mice improved
hemostasis.

. FXI may affect the phenotype of FIX-deficiency (hemophilia B).
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Figure 1. Effects of FXI/FXla on hemostasis in F9- mice and coagulation in FIX-deficient human
plasma. Saphenous vein bleeding model (SVB).

Each symbol indicates (A) the number of clotting events in one mouse over 30 min
following vessel injury or (B) the average duration of bleeding events. For panels A and B,
White Symbols/Bars indicate values for wild type (WT), FIX-deficient (F9-) and FXI-
deficient (FZ11-/-) C57BI/6 mice. The results for WT and FZ7-/-mice were not statistically
different (p=0.4, NS). Gray Symbols/Bars represent F9- mice infused with human FXI or
FXIla to an estimated plasma concentration of 60 nM tested in the SBV model starting five
minutes after infuson. Black Symbols/Bars represent F9- mice tested 72 hours after HTI
with expression constructs for FXI-WT (WT), FXI-Alal183-185 (183-5) or empty
EEV600A vector (C - control). In panel A, each symbol indicates results for one mouse, and
horizontal bars indicate means for each group. For panel B bars indicate average bleeding
times  one standard deviation. (D) Comparison of the time to first clot between WT and
F117~mice. Results for the groups were not significantly different (o=0.7, NS) between the
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groups. (E) Comparison of the average durations of each specific bleeding event for WT and
F117~ mice. Human Plasma Clotting Assay. (E) Shown are average times (+ one standard
deviation) to clot formation in human FIX-deficient plasma after recalcification in the
absence tissue factor or FXla (white bar, C - control); or in the presence (gray) or absence
(black) of 1 pM human tissue factor and varying concentrations of human FXla. NP
indicates results with normal human plasma supplemented with 1 pM tissue factor.
Thrombin Generation Assay. (F) Shown are curves representing averages of two separate
experiments for thrombin generation in recalcified human FIX-deficient plasma either in the
absence of supplements (gray line) or in the presence of tissue factor (1 pM), FXla (15 nM),
or both tissue factor and FXla. For statistical analysis in panels A and D, groups were
compared by unpaired t-test, with the level of signficance set at 0.05.
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Figure 2. Expression of human FXI in F9- and F11-/— mice by hydrodynamic tail vein injection.
(A) HTI in F11-/- mice - duration of expression. Shown is a western blot of 1 pl samples of

mouse plasma at various times after HT1 with a Human FXI1/ EEV600A construct (3.5 pg).
C (control) is a 100 ng sample of purified human FXI. (B) HTI in F11—-/— mice - dose
effect. Shown is a western blot of 1 pl samples of mouse plasma 24 hrs after HTI with
varying concentrations of human FXI1/ EEV600A construct. WT indicates a sample of
plasma from a normal mouse. (C) Expression of human FXI in F9—/— mice undergoing
testing in the saphenous vein bleeding model. Fold-increase in plasma FXI level as
determined by densitometry evaluation of western blots. Results for FXI-WT and FXI-
Alal83-185 are shown relative to the average value for mice treated with empty vector,
which was assigned a value of 1. The value for empty vector control reflects endogenous
FXI in F9- mice. Results are +/- 1 SD. (D) Effect of FXI-WT and FXI-Alal83-185 in a
carotid artery thrombosis model in F11-/- and F9- mice. Shown are the percent of F11-/-
and F9- mice tested in a FeCl3-carotid artery thrombosis model with occluded carotid
arteries 30 minutes after vessel injury. Twenty-four hours prior to testing, FZZ-/-mice (gray
bars) underwent HT1 with empty vector (C) or with vectors containing cDNAs for wild type
human FXI (WT) or FXI-Alal183-185 (183-5). Also shown are results for mice expressing
FXI containing the A3 domain of prekallikrein (PKA3), like FXI-Alal83-185, removes the
FIX-binding site on FXla. £9- mice (black bars) underwent HTI with empty vector (C) or
vector containing cDNA for wild type human FXI (WT). Results for wild type mice (white
bar) are shown for comparison. For each bar n = 6 animals. The western blots at the top of
the figure were prepared with 1 pl samples of plasma from representative mice. For all
panels, blots were developed with the monoclonal 1gG 14E11 [21], which was raised against
mouse FXI in a F11-/-mouse, and which recognizes mouse and human FXI.
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