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In mice infected sublethally with Listeria monocytogenes, fibrin is deposited at low levels within hepatic tissue, where it func-
tions protectively by limiting bacterial growth and suppressing hemorrhagic pathology. Here we demonstrate that mice infected
with lethal doses of L. monocytogenes produce higher levels of fibrin and display evidence of systemic coagulopathy (i.e., throm-
bocytopenia, fibrinogen depletion, and elevated levels of thrombin-antithrombin complexes). When the hepatic bacterial bur-
den exceeds 1 � 106 CFU, levels of hepatic fibrin correlate with the bacterial burden, which also correlates with levels of hepatic
mRNA encoding the hemostatic enzyme factor XI (FXI). Gene-targeted FXI-deficient mice show significantly improved survival
upon challenge with high doses of L. monocytogenes and also display reduced levels of hepatic fibrin, decreased evidence of co-
agulopathy, and diminished cytokine production (interleukin-6 [IL-6] and IL-10). While fibrin limits the bacterial burden dur-
ing sublethal listeriosis in wild-type mice, FXI-deficient mice display a significantly improved capacity to restrain the bacterial
burden during lethal listeriosis despite their reduced fibrin levels. They also show less evidence of hepatic necrosis. In conjunc-
tion with suboptimal antibiotic therapy, FXI-specific monoclonal antibody 14E11 improves survival when administered thera-
peutically to wild-type mice challenged with high doses of L. monocytogenes. Together, these findings demonstrate the utility of
murine listeriosis as a model for dissecting qualitative differences between protective and pathological host responses and reveal
novel roles for FXI in exacerbating inflammation and pathogen burden during a lethal bacterial infection.

Sepsis, defined as a systemic inflammatory response to general-
ized infection, is a major cause of morbidity worldwide. In its

more severe forms, sepsis progresses to multiple-organ failure,
shock, and/or death (5). The incidence of severe sepsis has in-
creased steadily in the United States over recent decades, and mor-
tality rates exceeding 30% are common despite tremendous re-
search expenditures and significant advances in antimicrobial
therapy and critical care (1, 5, 33). Experimental therapeutics have
failed to demonstrate efficacy in a large number of phase II and
phase III clinical trials despite promising preclinical data from
animal models (8, 33). The clinical trial failures highlight the ex-
ceptionally complex pathogenesis of sepsis, which appears to be
dominated by the multifaceted and poorly understood cross talk
between the inflammatory and coagulation systems that accom-
panies the host response to infection (21, 36).

The classical “extrinsic” coagulation cascade is driven by the
exposure of plasma to tissue factor, which facilitates the activation
of factor VII (FVII), FIX, FX, and prothrombin, in turn leading to
the generation of thrombin, the activation of platelets, and the
feedback activation of factors XI, V, and VIII, further accelerating
thrombin generation and, ultimately, prompting the deposition
of insoluble fibrin, a structural component of the blood clot (10).
Tissue factor is constitutively expressed by extravascular cells (30,
39) and can be upregulated on leukocytes during infection (21, 30,
39). During severe sepsis, the activation of coagulation pathways is
insufficiently balanced by endogenous anticoagulation and fibri-
nolysis, thus prompting disseminated intravascular coagulation,
multifocal thrombosis, consumptive coagulopathy, and hemor-
rhage (17, 19–21). Therapeutic anticoagulation would seem to be
a rational approach to mitigating sepsis-associated coagulopathy.
Indeed, the only therapeutic approved for the treatment of sepsis
in the United States is recombinant human activated protein C

(APC), a well-characterized natural anticoagulant (4, 18). How-
ever, APC therapy is associated with a high risk of serious bleeding,
and a recent meta-analysis concluded that patients with severe sepsis
should not be treated with APC (22). The efficacy of other anticoag-
ulants, including highly selective antagonists of tissue factor, FX, or
thrombin, may be limited by similar bleeding complications (2, 43);
like APC, all these treatments target factors known to be critical for
controlling bleeding and maintaining normal hemostasis.

APC possesses both anticoagulant and anti-inflammatory ac-
tivities. The therapeutic efficacy of APC in animal models of sepsis
may be derived primarily from its anti-inflammatory activity (16,
18, 34). As such, mutant versions of APC with reduced anticoag-
ulant activity are under development (16). However, optimal
therapy for sepsis may require treatments that target dysregula-
tions of both the inflammatory and coagulation systems. While the
targeting of the extrinsic coagulation pathway is likely to increase the
risk of bleeding in septic patients, relatively few studies have assessed
roles for the “intrinsic” or “contact-activated” coagulation pathway
during sepsis. The initiating elements of the intrinsic pathway are not
thought to play a major role during hemostasis in response to vascu-
lar trauma, but infectious agents are known to trigger both the intrin-
sic and extrinsic pathways (27, 38).
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One key component of the intrinsic pathway is activated FXI
(FXIa), a protease produced by the liver that circulates in plasma
as an inactive homodimer (32). The FXI zymogen can be activated
by FXIIa, thrombin, or FXIa (11, 13, 26, 42). Once formed, FXIa
activates FIX, which facilitates the activation of FX, in turn leading
to thrombin production. FXIa thus amplifies and sustains throm-
bin production (11, 13, 26, 42). Humans with a severe FXI defi-
ciency rarely bleed spontaneously but often exhibit moderate
injury-related bleeding tendencies, particularly in tissues with
high levels of fibrinolytic activity (35). Gene-targeted mice lacking
the capacity to produce FXI are healthy and fertile and do not
display increased bleeding tendencies in response to tail tip am-
putation or large surgical procedures (12, 32). However, both
FXI-deficient mice and primates treated with FXI-blocking anti-
bodies are significantly protected against experimentally induced
thrombosis (12, 32). Together, these observations suggest that FXI
is not critical for normal hemostasis but may contribute to throm-
bosis. Interestingly, it was recently shown that FXI-deficient mice
display a survival advantage during peritoneal sepsis induced by cecal
ligation and puncture (CLP) (40). The improved survival was associ-
ated with a reduced evidence of systemic coagulopathy (40). Bacterial
burdens did not appear to differ significantly between FXI-deficient
and wild-type mice, but that analysis was hampered by the nature of
the CLP model, which causes infection by a complex mixture of
Gram-negative and Gram-positive bacterial species.

To further investigate the utility of FXI antagonism as a poten-
tial treatment for septic peritonitis and to further define the un-
derlying mechanisms of protection, here we evaluate the response
of FXI-deficient mice to a single bacterial pathogen. Specifically,
we evaluate intraperitoneal infection with Listeria monocytogenes,
a Gram-positive bacterium that causes severe sepsis in humans,
most commonly in pregnant women, newborns, and the immu-
nocompromised (29, 44). In addition to extending findings to a
distinct sepsis model performed by a second laboratory, a poten-
tial advantage of listeriosis over CLP is that the microbiology and
host response to infection have been exceptionally well character-
ized in the mouse model of human listeriosis (29, 44). The facul-
tative intracellular bacteria disseminate to spleen and liver tissues,
where most organisms are killed by phagocytes activated by
infection-induced inflammatory responses. However, some of the
bacteria evade these innate immune defenses and multiply intra-
cellularly. When sublethal doses of L. monocytogenes are em-
ployed, CD8 T cells ultimately confer protection against the intra-
cellular bacteria.

In a previous study, we determined that fibrin, a product of the
common coagulation pathway, performs critical protective roles
during sublethal listeriosis in mice (25). Specifically, fibrin func-
tions to limit bacterial growth in the liver while also restraining
hepatic bleeding (25). Here we demonstrate that FXI deficiency
does not prevent the production of protective fibrin during sub-
lethal listeriosis in mice. Moreover, we establish that FXI defi-
ciency improves survival and reduces coagulopathy when mice are
inoculated with higher, lethal doses of L. monocytogenes. Addi-
tionally, we report that FXI deficiency reduces bacterial burden,
systemic inflammation, and hepatic pathology during lethal liste-
riosis. In combination with the previous report employing the
CLP model (40), our data support the notion that FXI can con-
tribute substantively to septic pathology in mice and thus consti-
tutes a rational target for sepsis therapeutics.

MATERIALS AND METHODS
Mice. All experimental mice were bred in a specific-pathogen-free facility
at the Trudeau Institute. They were matched for age and sex and were
typically infected at between 6 and 8 weeks of age. C57BL/6 wild-type mice
were purchased from the Jackson Laboratory (Bar Harbor, ME) and bred
after embryo rederivation. FXI-deficient mice had been backcrossed 9
generations to C57BL/6 (12). After intercrossing with C57BL/6 wild-type
mice, heterozygote matings were used to generate experimental littermate
FXI�/�, FXI�/�, and FXI�/� mice. Fibrinogen-deficient mice were gen-
erously supplied by Jay Degen (Cincinnati Children’s Hospital Medical
Center) (37). All animal studies were conducted in accordance with
Trudeau Institute Animal Care and Use Committee guidelines.

Bacterial infections and treatments. Stocks of L. monocytogenes
(strain EGD; supplied by Robert North, Trudeau Institute) were prepared
after passage through C57BL/6 mice (25). The 50% lethal dose (LD50) of
this stock was 2 � 106 CFU when administered via the intraperitoneal
route to wild-type C57BL/6 mice (25). For experimental infections, frozen
bacteria were diluted with saline to the desired dose and administered in a
200-�l volume. The number of bacteria in the inoculating dose was con-
firmed by plating onto tryptic soy broth agar. The actual number of bac-
teria delivered to mice inoculated with low doses of L. monocytogenes
ranged from 0.6 � 105 to 1 � 105 CFU, whereas the number delivered to
mice inoculated with high doses of L. monocytogenes ranged from 2.5 �
106 to 2.7 � 106 CFU.

Where indicated, wild-type C57BL/6 mice received a single dose of 5
mg ampicillin (Sandoz) subcutaneously on day 2 after intraperitoneal
inoculation with L. monocytogenes (3). Some animals simultaneously
received 100 �g of FXI-specific monoclonal antibody (MAb) (clone
14E11), which interferes with the activation of FXI by FXIIa (6).

Measurements of survival and bacterial burden. Mice were moni-
tored and weighed daily. Unresponsive or recumbent animals were con-
sidered moribund and euthanized. For measurements of the bacterial
burden, tissues were collected after mice were euthanized by carbon di-
oxide narcosis. The number of CFU was measured by homogenizing tis-
sues in saline, plating serial dilutions onto tryptic soy broth agar, incubat-
ing dilutions overnight at 37°C, and counting colonies.

Measurements of inflammation and coagulation. Hepatic fibrin lev-
els were quantified by Western blotting using fibrin-specific MAb 350 as
described previously (15); the limit of detection was 15 ng/mg of tissue,
and samples that fell below this limit were assigned values of 10 ng/mg of
tissue. Levels of hepatic mRNA encoding interleukin-6 (IL-6), IL-10, IL-
1-beta, tumor necrosis factor alpha, gamma interferon, and FXI were
measured by real-time PCR as described previously (15). The primers and
probe used for quantifying FXI mRNA were FXI forward primer GCCCT
GTTAAAACTGGAATCAGC, FXI reverse primer CGTTTCTATCTCCT
TTGGAAGGC, and FXI probe CACAGATTTTCAGCGGCCAATAT
GCC. After normalization to levels of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), mRNA levels were expressed as log10-fold
changes relative to levels measured in uninfected wild-type C57BL/6 mice
(15). To enumerate platelet numbers, blood was collected by cardiac
puncture from mice that received 500 units of heparin intravenously just
prior to euthanasia. After the dilution of blood in saline containing 5 mM
EDTA, platelets were measured by using a Coulter Counter (Beckman).
Levels of thrombin-antithrombin (TAT) complexes in plasma were mea-
sured by an Enzygnost TAT microimmunoassay (Dade Behring). IL-6
levels in plasma were determined by an enzyme-linked immunosorbent
assay (ELISA) using OptEIA kits (BD Biosciences). Levels of fibrinogen in
plasma were measured by Western blotting using rabbit anti-human fi-
brinogen (diluted 1:2,250 in phosphate-buffered saline [PBS]–Tween;
Dako) and goat anti-rabbit IgG-horseradish peroxidase (HRP) (diluted
1:10,000 in PBS-Tween; Dako). Standard curves for fibrinogen assays
were constructed by using plasma from naïve C57BL/6 mice, which was
assigned a value of 2 mg/ml fibrinogen.

Histology. Tissues were fixed in 10% neutral buffered formalin, em-
bedded in paraffin, sectioned, and stained with hematoxylin and eosin.
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The pathological foci in each section were counted and characterized ac-
cording to the extent of hepatocellular damage. Results depict the number
of foci in each of the following four categories: type 1, small to medium
midzone collections of mixed inflammatory cells with no observable tis-
sue damage; type 2, medium-sized areas of inflammation with evidence of
mild hepatocellular damage, limited to sporadic acidophilic bodies and
occasional necrotic hepatocytes; type 3, medium to large inflammatory
foci interspersed with significant (20 to 50% coverage) hepatocellular
damage and coagulation necrosis; type 4, large foci dominated by contig-
uous coagulation necrosis (50 to 100% coverage). The representative pho-
tomicrographs depict a �200 magnification.

Statistics. Statistical analyses were performed by using the computer
program Prism 4.0 (GraphPad Software, Inc.). Survival data were ana-
lyzed by log rank tests. Levels of CFU, fibrinogen, TAT, cytokines, and
platelets were compared by Student’s t tests. Fibrin levels and histological
scoring were analyzed by nonparametric Mann-Whitney tests. Box and
whisker plots depict the maximum, minimum, median, 25th percentile,
and 75th percentile.

RESULTS
Hepatic levels of fibrin and FXI mRNA correlate after inocula-
tion of lethal doses of L. monocytogenes. Our previous studies

demonstrated that fibrin functions protectively when wild-type
mice are inoculated intraperitoneally with a sublethal dose of L.
monocytogenes; wild-type mice survived inoculation with 1 �
105 CFU L. monocytogenes, whereas gene-targeted fibrinogen-
deficient mice and wild-type mice anticoagulated pharmacologi-
cally with coumadin each succumbed after inoculation with this
dose of bacteria (25). The liver appeared to be a particularly im-
portant site of fibrin-mediated host defense, as hepatic hemor-
rhage was evident in the infected fibrin(ogen)-deficient and anti-
coagulated mice but not in the infected wild-type control mice
(25). Given the critical protective role of fibrin during sublethal
listeriosis, and given the pathological potential of excessive fibrin
deposition during severe sepsis, we investigated the regulation of
fibrin deposition during sublethal and lethal listeriosis.

As shown in Fig. 1A, wild-type C57BL/6 mice inoculated intra-
peritoneally with a sublethal dose (1 � 105 CFU) of L. monocyto-
genes exhibited a hepatic bacterial burden of approximately 4.5
logs on both days 2 and 3 after the initiation of infection. In con-
trast, mice inoculated intraperitoneally with a lethal, 25-fold-
higher, dose of L. monocytogenes (2.5 � 106 CFU) exhibited ap-

FIG 1 Increased levels of fibrin and FXI mRNA during lethal listeriosis. Wild-type C57BL/6 mice were inoculated intraperitoneally with 1 � 105 CFU (low dose)
or 2.5 � 106 CFU (high dose) L. monocytogenes. (A, C, and E) On days 2 and 3 after the inoculations, mice were euthanized, and hepatic bacterial burden, fibrin
protein, and FXI mRNA levels were measured (an asterisk indicates a P value of �0.05 when comparing day 3 to day 2 for the indicated dose; n � 5 mice per
group). (B, D, and F) The day 3 study was repeated 3 additional times, and the combined data (n � 19 to 20 per group) are shown, with open boxes depicting
low-dose data and hatched boxes depicting high-dose data. Thin dashed lines in panels C and D depict the limit of detection. Thin solid lines in panels E and F
depict the average FXI mRNA values for naïve mice. FC, fold change in comparison with average values for naïve mice.
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proximately 6 logs of hepatic bacterial CFU on day 2, and their
average burden increased by another 90-fold by day 3. The kinetic
analysis was terminated on day 3 because many of the mice that
received high-dose inoculations succumbed to listeriosis by
day 4. When data from three separate studies were combined,
there was a highly significant difference in the hepatic burden 3
days after mice received low- or high-dose inoculations (P �
0.0001) (Fig. 1B).

As reported previously (25), fibrin was detectable in the livers
of mice inoculated with the low dose of L. monocytogenes; how-
ever, the levels of fibrin measured were only marginally above the
detection limit of our assay on both days 2 and 3 (Fig. 1C). In
contrast, fibrin levels increased markedly between days 2 and 3 in
mice inoculated with high doses of L. monocytogenes (Fig. 1C). By
day 3, fibrin levels differed significantly between the mice that
received low-dose and those that received high-dose inoculations
(Fig. 1D).

While investigating possible explanations for the increased fi-
brin deposition in mice inoculated with lethal doses of bacteria,
we observed that hepatic levels of FXI mRNA decreased signifi-
cantly between days 2 and 3 after the initiation of infection in the
mice inoculated with low doses of L. monocytogenes, whereas they
increased significantly over that period in mice inoculated with
high doses (Fig. 1E). By day 3, the FXI mRNA levels in the low-
dose group had fallen below those measured for uninfected con-
trol mice and differed significantly from those measured for the
high-dose group (Fig. 1F).

Fibrin levels correlated significantly with hepatic CFU for the
high-dose inoculations but not for the low-dose inoculations (Fig.
2A), suggesting that fibrin deposition is differentially regulated
during survivable and lethal L. monocytogenes infections. FXI
mRNA levels also correlated with levels of hepatic CFU in mice
inoculated with high doses of L. monocytogenes (Fig. 2B). Notably,
mice harboring burdens of over 6 log CFU typically showed an
upregulation of FXI mRNA relative to naïve animals whereas,
mice with burdens below 6 log CFU tended to show a downregu-
lation of FXI. Interestingly, hepatic levels of FXI mRNA and fibrin
were strongly correlated for mice that received high-dose inocu-
lations with L. monocytogenes but not for mice that received low-
dose inoculations (Fig. 2C).

FXI deficiency improves survival after inoculation of lethal
doses of L. monocytogenes. To investigate the functional impor-
tance of FXI during listeriosis, we evaluated gene-targeted mice
lacking the capacity to produce FXI. Specifically, we compared
wild-type mice with littermate controls that were heterozygous or
homozygous for an FXI allele that had been disrupted by gene
targeting (12). Upon intraperitoneal inoculation with the low
dose (1 � 105 CFU) of L. monocytogenes, the wild-type, heterozy-
gous, and homozygous mice all survived infection (Fig. 3A and
data not shown). As observed previously (25), fibrinogen-
deficient mice lacking the capacity to produce fibrin readily suc-
cumbed to low-dose infection with L. monocytogenes (Fig. 3A).
Parallel evaluations of body weight changes over the course of
infection suggested that the FXI-deficient mice experienced less
severe disease than did their wild-type littermates, but these body
weight differences did not achieve statistical significance (Fig. 3B).
We conclude that FXI, unlike fibrin(ogen), does not perform a
critical protective function during sublethal listeriosis.

When the wild-type mice from this colony were inoculated
with the high dose of L. monocytogenes, they began to succumb on

day 4, and only 30% survived until day 10 (Fig. 3C). The heterozy-
gous mice behaved similarly to the wild-type mice. In contrast, the
FXI-deficient mice showed significantly improved survival (P �
0.04), with 67% surviving until day 20 (Fig. 3C).

Monoclonal antibody 14E11 blocks the activation of FXI by
FXIIa (6). The administration of 14E11 on day �1 and days 1 and
3 after the initiation of infection did not suffice to improve the
survival of wild-type C57BL/6 mice inoculated with the high dose
of L. monocytogenes (not shown). However, further studies re-

FIG 2 Levels of fibrin correlate with FXI mRNA levels during lethal listeriosis.
Wild-type C57BL/6 mice were inoculated intraperitoneally with �1 � 105

CFU (low dose) or �2.5 � 106 CFU (high dose) L. monocytogenes. On day 3
after the inoculations, mice were euthanized, and hepatic bacterial burden,
fibrin protein, and FXI mRNA levels were measured (n � 19 to 20 per group).
(A) Fibrin levels correlated with CFU after high-dose inoculation (P � 0.0001)
but not after low-dose inoculation (P � 0.5). (B) FXI levels correlated with
CFU after high-dose inoculation (P � 0.03) but not after low-dose inoculation
(P � 0.1). (C) Fibrin levels correlated with FXI levels after high-dose inocula-
tion (P � 0.004) but not after low-dose inoculation (P � 0.9). Thick solid lines
and thick dotted represent least-squares fits for low- and high-dose inocula-
tions, respectively. Thin dashed lines in panels A and C depict the limit of
detection. The thin solid line in panel B depicts the average FXI value for naïve
mice.
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vealed that the therapeutic administration of 14E11 did improve
survival in wild-type mice that also received suboptimal antibiotic
therapy. As shown in Fig. 3D, treatment with 5 mg ampicillin on
day 2 after the initiation of the high-dose infection modestly im-
proved the survival of wild-type mice inoculated with the high
dose of L. monocytogenes. When this suboptimal antibiotic ther-
apy was combined with the therapeutic administration of 14E11
on day 2, the mice that received both 14E11 and ampicillin dem-
onstrated significantly improved survival compared with mice
that received only antibiotic therapy (P � 0.0009) (Fig. 3D).

FXI deficiency reduces coagulopathy, inflammation, and
bacterial burden after inoculation of lethal doses of L. monocy-
togenes. To investigate the mechanisms of protection conferred
by FXI deficiency, we measured markers of coagulation and in-
flammation in FXI-deficient and littermate control mice at day 3
after inoculation of low or high doses of L. monocytogenes. The
data presented in Fig. 4 are pooled from 3 separate experiments in
which mice received either low- or high-dose inoculations of L.
monocytogenes. Consistent with our previous studies of C57BL/6
mice (Fig. 1A), levels of hepatic fibrin increased significantly in
FXI wild-type mice inoculated with high doses of L. monocyto-
genes compared to those inoculated with low doses (P � 0.0001)
(Fig. 4A). Additional measures of coagulation revealed signifi-
cantly decreased levels of circulating fibrinogen (P � 0.0002) (Fig.
4B), increased levels of TAT complexes (P � 0.04) (Fig. 4C), and
decreased platelet numbers (P � 0.0001) (Fig. 4D) after high-dose
inoculations compared with low-dose inoculations. Together,
these observations suggest that the inoculation of wild-type mice
with high doses of L. monocytogenes induces coagulopathy.

The low levels of fibrin measured after low-dose inoculations
did not appear to differ between the FXI wild-type and FXI-
deficient mice. In contrast, FXI-deficient mice exhibited signifi-
cantly lower fibrin levels than wild-type mice after high-dose in-
oculation (P � 0.02) (Fig. 4A). Moreover, the FXI-deficient mice
showed reduced levels of coagulopathy after high-dose inocula-
tion with L. monocytogenes, as evidenced by significantly increased
fibrinogen levels (P � 0.0005), decreased TAT levels (P � 0.008),
and increased platelet numbers (P � 0.009). Similar trends were
observed for markers of inflammation, including plasma levels of
IL-6 and hepatic levels of mRNA encoding IL-6 and IL-10 (Fig. 4E
to G). The differences between wild-type and FXI-deficient mice
were highly significant for levels of plasma IL-6 (P � 0.03), IL-6
mRNA (P � 0.01), and IL-10 mRNA (P � 0.001). Levels of he-
patic mRNA encoding IL-1-beta, tumor necrosis factor alpha, and
gamma interferon were also impacted by infection but did not
differ significantly between wild-type and FXI-deficient mice (Fig.
4H and data not shown).

The bacterial burden was also impacted by FXI deficiency.
Wild-type and FXI-deficient mice displayed significant differ-
ences in both hepatic and splenic bacterial burdens on day 3 afterFIG 3 FXI is dispensable for survival after inoculation with low doses of L.

monocytogenes and exacerbates mortality after inoculation with high doses of
L. monocytogenes. (A and B) FXI wild-type (WT), FXI heterozygous (HET),
and FXI-deficient (knockout [KO]) mice as well as fibrinogen-deficient mice
were inoculated with a low dose (�1 � 105 CFU) of L. monocytogenes. (A and
B) Survival (A) and percent body weight change (B). All the FXI wild-type,
heterozygous, and KO mice survived (n � 9 to 10 per group), whereas all
fibrinogen KO mice succumbed (n � 5 per group). The FXI KO mice showed
less weight loss, but this trend did not achieve statistical significance at any time
point. (C) FXI wild-type, heterozygous, and KO mice were inoculated with a
high dose (�2.5 � 106 CFU) of L. monocytogenes. The wild-type mice demon-
strated significantly improved survival (P � 0.04; n � 12 to 15 mice per
group). (D) Wild-type C57BL/6 mice were inoculated with a high dose

(�2.5 � 106 CFU) of L. monocytogenes. On day 2 after inoculation, some mice
received ampicillin, and others received ampicillin along with FXI-specific
MAb 14E11 (Amp � 14E11). The mice that received 14E11 demonstrated
significantly improved survival in comparison with those that received only
ampicillin (P � 0.0009; n � 25 mice per group). Notably, the wild-type litter-
mate mice from the FXI colony were less susceptible to L. monocytogenes than
the Trudeau Institute’s colony of wild-type C57BL/6 mice, as evidenced by a
1-day lag in time to morbidity (not shown) and reduced mortality (compare
panels C and D).
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FIG 4 Factor XI-deficient mice display reduced coagulopathy, inflammation, and bacterial burden during listeriosis. FXI wild-type, heterozygous, and KO mice
were inoculated with a low dose (�1 � 105 CFU) or high dose (�2.5 � 106 CFU) of L. monocytogenes. On day 3 after the inoculations, mice were euthanized, and
hepatic fibrin protein (A), plasma fibrinogen (B), plasma TAT (C), blood platelets (D), plasma IL-6 (E), hepatic IL-6 mRNA (F), hepatic IL-10 mRNA (G),
hepatic IL-1-beta mRNA (H), hepatic bacterial burden (I), and splenic bacterial burden (J) were measured (n � 13 to 16 per group). ns, not significant.
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inoculation of high doses of L. monocytogenes (P � 0.007 and
0.0006, respectively) (Fig. 4I and J).

Histological evaluations revealed liver pathology typical of lis-
teriosis, with the mice that received high-dose inoculations show-
ing many inflammatory foci with various degrees of hepatocellu-
lar damage. In the FXI wild-type mice, the cellular infiltrates
tended to be medium to large and were frequently associated with
large areas of coagulation necrosis (Fig. 5A), whereas the foci in
the FXI-deficient mice tended to be small to medium, with little
evidence of necrosis (Fig. 5B). Pathological scoring revealed sig-

nificant differences in the number and quality of hepatic foci
showing high degrees of necrosis (Fig. 5C).

DISCUSSION

Infection of mice with L. monocytogenes has been a useful model
for defining protective elements of innate and adaptive immunity
and establishing how they contribute to bacterial clearance and
the development of immunological memory (29, 44). Previously,
we demonstrated that hemostasis prevents hemorrhage and limits
bacterial growth in mice infected with sublethal doses of L. mono-
cytogenes. Our subsequent studies revealed that mice inoculated
with lethal doses of Listeria exhibit significantly elevated levels of
fibrin, TAT, and thrombocytopenia and decreased levels of
plasma fibrinogen (Fig. 1, 2, and 4). Together, these observations
suggested that the protective hemostatic response that accompa-
nies sublethal Listeria infections becomes dysregulated and coagu-
lopathic during lethal infections. Accordingly, we sought to use
the mouse model of listeriosis to identify therapeutically tar-
getable mechanisms that regulate hemostasis during infection and
sepsis. We anticipate that treatments that antagonize factors spe-
cifically upregulated during sepsis will be easier to manage clini-
cally than treatments, like APC, that aim to replace actively de-
pleted factors. Thus, we sought to identify proteins specifically
upregulated during lethal infections whose therapeutic targeting
might allow the selective alleviation of septic coagulopathy with-
out a disruption of the protective hemostatic responses that can be
critical for surviving infection.

The studies reported here suggest that FXI antagonists may
alleviate septic pathology without disrupting protective hemosta-
sis. Previously, FXI-deficient mice were shown to display im-
proved survival and reduced evidence of coagulopathy in a CLP
model of septic peritonitis (40). Here, we have demonstrated that
FXI expression is upregulated when mice are infected via the peri-
toneal route with lethal, but not sublethal, doses of L. monocyto-
genes (Fig. 1 and 2). We also demonstrated that the FXI deficiency
does not compromise the protective hemostasis that is critical for
surviving L. monocytogenes infection but improves survival and
reduces coagulopathy, inflammation, bacterial burden, and he-
patic damage during lethal septic listeriosis (Fig. 3 to 5). More-
over, we demonstrated that an antibody that blocks the activation
of FXI by FXIIa can be used therapeutically to improve survival
during septic listeriosis (Fig. 3). This antibody has also been
shown to reduce experimentally induced thrombus formation in
mice and baboons (6).

Classically, FXI is considered a key component of the intrinsic
coagulation pathway (13, 32). In that setting, FXIIa activates FXI.
However, FXI can be activated without evidence of FXII activation
during sepsis (23, 41), and both thrombin and FXIa can activate
FXI directly (11, 13, 26, 42). These observations led to a revised
model of coagulation in which initial thrombin generation re-
sults primarily from the extrinsic coagulation pathway but is
then sustained within the vicinity of the fibrin clot via a feed-
back mechanism involving the thrombin-mediated activation
of FXI (13). MAb 14E11 suppresses FXI activation by FXIIa but
does not suppress FXI activation by thrombin or FXIa (6). Our
data indicate that treatment with MAb 14E11 significantly im-
proves survival when administered therapeutically in conjunc-
tion with ampicillin during lethal listeriosis, suggesting that
FXII and the intrinsic pathway may contribute to septic pathol-
ogy during listeriosis.

FIG 5 Factor XI-deficient mice display reduced hepatic pathology during
listeriosis. (A and B) Lesions observed in hematoxylin-and-eosin-stained liver
sections from FXI wild-type (A) and FXI KO (B) mice that had been inoculated
with a high dose (�2.5 � 106 CFU) of L. monocytogenes 3 days prior to tissue
collection. (C) Histological scoring of inflammatory foci revealed significant
differences in the numbers of type 3 foci per section (P � 0.009; n � 5 mice per
group). The micrographs in panels A and B depict representative type 3 and 2
foci, respectively. See Materials and Methods for definitions of focus types.
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Continuous treatment with MAb 14E11 in the absence of an-
tibiotics did not mimic the FXI deficiency. Specifically, we admin-
istered 14E11 on day �1 and days 1 and 3 after the initiation of
infection at doses of either 100 �g/day or 500 �g/day. Neither
protocol significantly improved survival (data not shown). Thus,
in the presence of suboptimal antibiotics, but not in their absence,
the targeting of the FXIIa-dependent activation of FXI with MAb
14E11 sufficed to provide a significant therapeutic benefit. These
studies suggest that an FXI deficiency improves survival during
listeriosis by FXIIa-dependent and -independent mechanisms.

The CLP model exposes the peritoneal cavity to endogenous
gut flora, thereby initiating a polymicrobial infection with a vari-
able mixture of Gram-negative and Gram-positive bacteria (7,
40). Our studies establish that FXI-deficient mice display a sur-
vival advantage and reduced hepatic and splenic bacterial burdens
after peritoneal infection with a single species of Gram-positive
bacterium, L. monocytogenes. Interestingly, we did not observe a
survival advantage or reduced bacterial burden after intravenous
infection with L. monocytogenes (data not shown). These observa-
tions suggest that FXI may function to limit bacterial growth
within the peritoneal cavity or bacterial dissemination to visceral
organs.

Pilot studies have failed thus far to reveal a survival benefit in
FXI-deficient mice infected with defined Gram-negative bacteria.
Specifically, we have not observed a survival benefit upon perito-
neal infection with Yersinia enterocolitica (not shown). Consistent
with previous studies in another laboratory (40), we also did not
observe a survival advantage in FXI-deficient mice after the peri-
toneal injection of lipopolysaccharide (not shown). Since the pro-
coagulant response to Gram-negative bacteria is likely driven by
lipopolysaccharide-induced tissue factor expression on mono-
cytes (9, 30), which may bypass the intrinsic coagulation pathway,
the benefits of an intrinsic pathway blockade during Gram-
negative infections may be limited. Notably, an antibody targeting
FXII reduces hypotension and IL-6 production but does not sup-
press coagulopathy in baboons infused with Escherichia coli, a
Gram-negative bacterium (14, 31), whereas the inhibition of
high-molecular-weight kininogen, another key element of the in-
trinsic pathway, improves survival in mice infected with the
Gram-positive bacterium Streptococcus pyogenes (28). Further
studies are required to determine whether the antagonism of FXI
and other elements of the intrinsic pathway confers a survival
advantage for all Gram-positive infections or only for certain bac-
teria.

Presently, it is unclear whether the reduced coagulopathy ob-
served during listeriosis in FXI-deficient mice results directly from
reduced FXI-facilitated thrombin production or, alternatively,
from impacts of FXI on inflammation, bacterial burden, or tissue
pathology that secondarily affect thrombin production and co-
agulopathy. Notably, many elements downstream of FXI activa-
tion reportedly possess both hemostatic functions and
inflammation-related activities (21, 36). These elements include
components of the coagulation pathway, such as FIX, FX, throm-
bin, fibrin, and platelets, and also components of anticoagulant
and fibrinolytic pathways activated in response to coagulation,
such as APC and thrombin-activatable fibrinolysis inhibitor. For
example, FX and APC can activate protease-activated receptors
that initiate signaling cascades in various cell types, thereby con-
tributing to the production of cytokines, including IL-6 (21), and
thrombin-activatable fibrinolysis inhibitor can inactivate proin-

flammatory mediators such as bradykinin and complement factor
C5a (24). Additional studies will be required to decipher precisely
how FXI activation and activity contribute to septic pathology
during listeriosis. Regardless, our findings add to the growing ap-
preciation of the extensive cross talk between inflammatory and
coagulation pathways and support the development of FXI antag-
onism as a strategy for the treatment of sepsis.
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