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Abstract

The blood-clotting protein fibrin(ogen) plays a critical role in host defense against invading
pathogens, particularly against peritoneal infection by the Gram-positive microbe Staphylo-
coccus aureus. Here, we tested the hypothesis that direct binding between fibrin(ogen) and
S. aureus is a component of the primary host antimicrobial response mechanism and pre-
vention of secondary microbe dissemination from the peritoneal cavity. To establish a model
system, we showed that fibrinogen isolated from Fiby”® mice, which express a mutant form
lacking the final 5 amino acids of the fibrinogen y chain (termed fibrinogeny”®), did not sup-
port S. aureus adherence when immobilized and clumping when in suspension. In contrast,
purified wildtype fibrinogen supported robust adhesion and clumping that was largely depen-
denton S. aureus expression of the receptor clumping factor A (CIfA). Following peritoneal
infection with S. aureus USA300, Fiby”® mice displayed worse survival compared to WT
mice coupled to reduced bacterial killing within the peritoneal cavity and increased dissemi-
nation of the microbes into circulation and distant organs. The failure of acute bacterial kill-
ing, but not enhanced dissemination, was partially recapitulated by mice infected with S.
aureus USA300 lacking CIfA. Fibrin polymer formation and coagulation transglutaminase
Factor XlIl each contributed to killing of the microbes within the peritoneal cavity, but only
elimination of polymer formation enhanced systemic dissemination. Host macrophage
depletion or selective elimination of the fibrin(ogen) 32-integrin binding motif both compro-
mised local bacterial killing and enhanced S. aureus systemic dissemination, suggesting
fibrin polymer formation in and of itself was not sufficient to retain S. aureus within the perito-
neal cavity. Collectively, these findings suggest that following peritoneal infection, the bind-
ing of S. aureus to stabilized fibrin matrices promotes a local, macrophage-mediated
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Author summary

The Gram-positive bacterium Staphylococcus aureus (S. aureus) produces a number of sol-
uble and surface-associated proteins that bind the host coagulation protein fibrinogen.
The contribution of fibrinogen-S. aureus binding through the fibrinogen receptor clump-
ing factor A (CIfA) in peritoneal infection has not been defined. Elimination of the bind-
ing motif on fibrinogen for CIfA or deletion of CIfA from S. aureus significantly reduced
S. aureus-fibrinogen binding and bacterial clumping in solution. In a mouse model of
peritonitis, loss of these activities resulted in diminished bacterial killing, increased bacte-
rial dissemination, and worsened host survival. Although fibrin polymer formation and
fibrin(ogen)-macrophage binding are mechanistically linked to the local antimicrobial
response, fibrin formation in and of itself is not sufficient to suppress microbe dissemina-
tion. These discoveries have identified important components of the fibrin(ogen)-depen-
dent host antimicrobial response against S. aureus, providing further understanding of
this physiological response to infection which could uncover potential therapeutic strate-
gies for peritonitis patients.

Introduction

Staphylococcus aureus (S. aureus) is a common, Gram-positive bacterium that colonizes 20-
80% of healthy adults [1]. It is the causative agent for a variety of illnesses ranging from minor
skin infections to more serious and life-threatening conditions such as bacteremia, sepsis,
infective endocarditis, and pneumonia [2]. S. aureus is frequently identified in both commu-
nity- and hospital-acquired settings [3]. Even with appropriate treatment strategies, S. aureus
bacteremia has a 30-day mortality rate of 20-40% [4], an issue that is further complicated by
the emergence of methicillin and vancomycin resistant (M.R.S.A. and V.R.S.A.) strains of S.
aureus [5]. Thus, there is a need to better understand the mechanisms of pathogenesis of S.
aureus in order to develop improved treatment strategies that do not strictly rely on
antibiotics.

S. aureus expresses multiple virulence factors that allow the bacterium to engage and
manipulate components of the host coagulation system, including a variety of proteins that
directly bind fibrin(ogen). Specifically, S. aureus produces a family of virulence factors called
microbial surface components recognizing adhesive matrix molecules (MSCRAMMs), such as
the fibrin(ogen) binding protein Clumping factor A (CIfA). CIfA binds to fibrin(ogen) at the
carboxy-terminal domain of the fibrinogen y chain and mediates bacterial clumping in host
plasma and bacterial adhesion to fibrin(ogen)-coated surfaces [6]. CIfA has been identified as
an important factor of S. aureus virulence in animal models of bacteremia, septic arthritis and
endocarditis through fibrin(ogen)-dependent and independent mechanisms [7-11].

Although S. aureus utilizes host hemostatic factors like fibrin(ogen) to support its virulence,
the host hemostatic system plays an important role in antimicrobial defense. Indeed, fibrin
(ogen) can function as a protective barrier, trapping invading microbes in matrices to inhibit
bacterial growth and dissemination through the host [6,12,13]. Fibrin(ogen) also functions as
a modulator of the host immune response. Neutrophils and macrophages expressing the
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integrin receptor oyB, can bind fibrin(ogen), leading to activation and initiation of antimicro-
bial functions like phagocytosis, production of reactive oxygen species (ROS), and pro-inflam-
matory cytokine production [14-18]. For peritoneal S. aureus infections, fibrin(ogen) was
shown to play a pivotal role in host defense. Studies of fibrinogen-deficient (Fib”") mice
revealed that these animals display poor survival and an inability to clear bacteria from the
peritoneal cavity following acute infection [19]. Here, we tested the hypothesis that S. aureus
binding to fibrin(ogen) via CIfA is a key feature of the antimicrobial mechanism following
peritoneal infection. Further, we determined the impact of platelets, fibrin polymer formation,
fibrin crosslinking, and the fibrin(ogen)-macrophage response to the dissemination of bacteria
from the peritoneum and the establishment of systemic disease.

Results

The fibrin(ogen) y-chain AGDV motif is required for S. aureus adhesion to
immobilized fibrinogen and for clumping in a fibrinogen solution in vitro

The C-terminal portion of the fibrinogen y-chain encodes a motif for interaction of S. aureus
through the receptor CIfA, as well as other S. aureus fibrinogen binding proteins such as fibro-
nectin-binding protein A and B (Fnbp-A and Fnbp-B) [11,20-22]. Fiby** mice express a
mutant form of fibrinogen lacking the final AGDV motif. Adhesion and clumping experi-
ments were performed using fibrinogen purified from wildtype (fibrinogeny™ ") and Fiby*®
mice (fibrinogeny”?) to characterize the impact of the loss of the AGDV motif on fibrinogen-
S. aureus interactions. WT S. aureus USA300 grown to stationary phase bound to immobilized
fibrinogeny™ " in a dose dependent manner whereas fibrinogeny*® did not support bacterial
adhesion at any coating concentration (Fig 1A). Genetic elimination of CIfA from the bacterial
surface (CIfA-) resulted in loss of bacterial binding to both immobilized fibrinogen species
(Fig 1B). Notably, analysis of CIfA-""¥* S. aureus, a complemented CIfA- USA300 strain in
which expression of CIfA was reconstituted, restored binding to fibrinogeny™ " but not to
fibrinogeny®’ (Fig 1C). In assays evaluating solution phase S. aureus clumping, fibrinogeny" "
supported clumping in a dose dependent manner but no clumping was observed with fibrino-
geny™ (Fig 1D). As expected, CIfA- S. aureus USA300 did not support clumping with fibrino-
geny" " and fibrinogeny®® (Fig 1E), whereas CIfA-"" S. aureus USA300 displayed a clumping
pattern identical to WT S. aureus USA300 (Fig 1F).

S. aureus produces other fibrinogen-binding proteins, including Fnbp-A and Fnbp-B that
engage fibrin(ogen) via the fibrinogen y-chain [6]. However, while CIfA is expressed through-
out the entire growth cycle of S. aureus, Fnbp-A and Fnbp-B are expressed predominantly dur-
ing the exponential growth phase [23-26]. To determine a potential role for these additional
fibrinogen-binding proteins, we performed adhesion and clumping experiments with S. aureus
USA300 grown to exponential phase in the presence of fibrinogeny"" or fibrinogeny”®. Simi-
lar to S. aureus at stationary phase, exponential phase WT S. aureus USA300 bound immobi-
lized fibrinogeny™" in a dose dependent manner whereas fibrinogeny*® did not support
bacterial adhesion at any coating concentration (Fig 1G). However, exponential phase CIfA- S.
aureus USA300 was able to bind fibrinogeny"", but fibrinogeny** did not support bacterial
adhesion (Fig 1H). CIfA-P" S, qureus displayed a pattern identical to WT S. aureus (Fig 11).
When evaluating S. aureus clumping, exponential phase WT S. aureus USA300 showed
reduced clumping in the presence of fibrinogeny"" when compared to stationary phase bacte-
ria and no clumping was observed in the presence of fibrinogeny*” (Fig 1]). Exponential phase
CIfA- S. aureus USA300 did not support clumping with either of the fibrinogens analyzed (Fig
1K), whereas CIfA-"" . aureus displayed a pattern akin to WT S. aureus (Fig 11). The
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Fig 1. The fibrin(ogen) AGDV binding motif is required for both S. aureus adhesion to immobilized fibrinogen and clumping in
fibrinogen solution. Adhesion of stationary phase (A) WT S. aureus USA300, (B) CIfA- S. aureus USA300, and (C) CIfA-? Ufa S, aureus USA300
to immobilized ﬁbrinogenyWT or ﬁbrinogenyAs. Clumping of stationary phase (D) WT S. aureus USA300, (E) CIfA- S. aureus USA300, or (F)
CIfA-P S, aureus USA300 in solutions containing fibrinogeny™" or fibrinogeny*®. Adhesion of exponential phase (G) WT S. aureus USA300,
(H) to CIfA- S. aureus USA300, or (I) CIfA-" S. aureus USA300 to immobilized fibrinogeny™" or fibrinogeny®’. Clumping of exponential
phase (J) WT S. aureus USA300, (K) CIfA- S. aureus USA300, or (L) CIfA-? Ua S, aureus USA300 in solutions containing ﬁbrinogenyWT or
fibrinogeny”®. Data is derived from N = 3 replicates per fibrinogen concentration per group and presented as mean absorbance (for adhesion
experiments) or the inverse of mean absorbance (for clumping experiments) + SEM. Statistical significance was determined by 2- way ANOVA
with Sidak’s multiple comparisons test where + = <0.05, * = <0.01, A = <0.001, and # = <0.0001.

https://doi.org/10.1371/journal.ppat.1010227.9001
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findings suggest that the fibrinogen y-chain AGDV motif supports fibrinogen-S. aureus inter-
actions, with a major fraction of the binding occurring through CIfA.

Elimination of the y-chain AGDV motif results in decreased survival
following S. aureus peritonitis

To determine the role of S. aureus-fibrinogen interactions on host survival following perito-
neal infection, cohorts of Fiby"Y" and Fiby*® mice were given an intraperitoneal (i.p.) infection
with ~5x10° CEUs of WT S. aureus USA300 and animal survival was monitored. Fiby*®
showed a significant decrease in survival with only 40% of mice remaining after a 1-week
observation period whereas Fiby" mice were largely protected (Fig 2A). These data suggest
that fibrin(ogen)-S. aureus interactions support a host defense mechanism important for host
survival following peritonitis.

The accumulation of fibrinogen and other plasma components entering the peritoneal cav-
ity following infection was next analyzed. In an Evans Blue vascular leak assay, Fiby"'" and
Fiby”> each had low levels of retrievable Evans Blue dye from the peritoneal cavity in the
absence of infection (Fig 2B). In contrast, mice challenged with a peritoneal S. aureus infection
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Fig 2. Fiby*® mice display decreased survival following S. aureus peritonitis. (A) Kaplan-Meyer log-rank analysis of Fiby"'" (n = 20) and
Fiby*® (n = 20) mice following i.p. infection with 4.7x10° CFUs of S. aureus USA300. (B) Evans Blue vascular leak assay on Fiby"" and Fiby*®
mice following i.p. injection with PBS or ~1x10° CFU of S. aureus USA300. Fibrinogen ELISA on lavage fluid (C) and plasma (D) following 1
hour i.p. infection with S. aureus USA300. Data are presented as mean + SEM and statistical significance was determined by 2-way ANOVA
with Sidék’s multiple comparisons test.

https://doi.org/10.1371/journal.ppat.1010227.9002
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had quantifiably higher levels of Evans Blue retrievable from the peritoneal cavity 1 hour after
infection with no genotype-dependent differences detected (Fig 2B). ELISA assays for fibrino-
gen were also performed on peritoneal lavage fluid collected from Fiby"" and Fiby** mice
uninfected as well as 1 hour after i.p. injection with ~1x10° CFUs of S. aureus USA300. Perito-
neal lavage fluid from uninfected mice contained very little fibrinogen, but the lavage fluid
from infected animals contained readily detectable concentrations of fibrinogen that were
comparable between both genotypes (Fig 2C). Plasma fibrinogen levels were similar between
both genotypes in uninfected mice as previously reported [27], and were modestly lower in
each genotype 1 hour after infection (Fig 2D). Collectively, these findings indicate that the
observed survival phenotypes were not due to a failure of plasma proteins, including fibrino-
gen, to enter the peritoneal cavity of infected Fiby*® mice.

Fiby"® mice show increased S. aureus CFUs in the peritoneal cavity
following infection

Previous studies identified a rapid, local fibrin-driven antimicrobial activity against S. aureus
peritoneal infection [19]. To determine whether fibrinogen-S. aureus interactions are a com-
ponent of that host defense mechanism, cohorts of Fiby" " and Fiby*> mice were challenged
with an i.p. infection with ~5x10° CFUs of WT S. aureus USA300 and peritoneal lavage fluid
analyzed 1 or 4 hours after infection. WT mice rapidly eliminated ~99% of the initial inoculum
within 1 hour in a manner similar to previous findings [19] whereas Fiby*> mice showed sig-
nificantly higher bacterial CFUs following infection (Fig 3A). Analysis of cytospin images of
the lavage fluid showed excessive free-floating bacteria in Fiby*> mice while Fiby"" mice had
little to no free-floating bacteria (Fig 3B). Interestingly, at 4 hours after infection, no significant
differences in S. aureus CFUs in the peritoneal lavage fluid were observed between genotypes
(Fig 3C). Cytospin images showed little to no free-floating bacteria in the peritoneal lavage
fluid of Fiby"" and Fiby*® mice at 4 hours after infection (Fig 3D).

No differences in total host cells retrievable from the peritoneal cavity were observed
between genotypes at 1 hour (Fig 3E) post-infection; however, a modest but statistically signifi-
cant decrease in cell numbers was observed in Fiby*> mice at 4 hours (Fig 3F) post-infection.
Fiby*® had marginally higher macrophages and lower lymphocytes relative to Fiby"" mice
within the lavage fluid at 1 hour after infection (Fig 3G). At 4 hours after infection, neutrophils
were the most prevalent cell type as expected (Fig 3H), and Fiby”> had more macrophages but
lower neutrophils relative to Fiby"" mice (Fig 3H). Quantitative assessment indicated that
lavage fluid harvested from Fiby”* contained significantly higher numbers of host cells with
internalized bacteria relative to Fiby" " mice at both 1 hour and 4 hours after infection (Figs 31
and 3]). Collectively, these data suggest that the reduction in bacterial clearance observed in
Fiby”> mice is not due to a genotype-dependent difference in host cells within the peritoneal
cavity nor a failure of the peritoneal cells to phagocytose bacteria.

Elimination of S. aureus-fibrinogen y-chain interactions results in rapid
bacterial dissemination from the peritoneal cavity

We also sought to determine whether the early, local failure in bacterial clearance displayed by
Fiby*® mice was associated with enhanced bacterial dissemination. At 1 hour after peritoneal
infection, the S. aureus burden was significantly higher in the blood as well as heart and lung
(e.g., organs distant from the peritoneal cavity) of Fiby*> mice compared to Fiby""" mice (Fig
4A, 4B and 4C). At 4 hours after infection, higher levels of CFUs in blood, heart, and lung tis-
sues were also observed in Fiby*> mice relative to Fiby"¥" mice (Fig 4D, 4E and 4F). To deter-
mine if the increased overall bacterial burden observed in Fiby*® mice resulted in systemic
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Fig 3. Fiby*® mice display increased S. aureus CFUs in the peritoneal cavity following infection. (A) Total bacterial CFUs in peritoneal
lavage fluid of Fiby"" and Fiby “° mice 1 hour after i.p. infection with 5x10° CFUs of WT USA300 S. aureus. (B) Representative images of
cytospin preparations of peritoneal lavage fluid collected from Fiby"'T and Fiby “° mice 1hr after i.p. infection with 5x10° CFUs USA300 S.
aureus. Note the presence of extensive free-floating bacteria in Fiby ° mice compared to Fiby"'". (C) Total CFU in the peritoneal lavage
fluid of Fiby"'" and Fiby*® mice 4 hours after i.p. infection with 4x10° CFUs of WT USA300 S. aureus. (D) Representative images of
cytospin preparations of peritoneal lavage fluid collected from Fiby"'T and Fiby*® mice 4 hours after infection. CFU data is presented as
mean + SEM and statistical significance was determined by Mann-Whitney u-test. Dashed horizontal lines indicate the infection dose.
Images were captured with 40x objective with scale bar representing 20 um. Total cell counts from peritoneal lavage fluid 1 hour (E) and 4
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hours (F) after infection with USA300 S. aureus. Data are presented as mean + SEM and statistical significance was determined by Mann-
Whitney u-test. Differential cell counts from peritoneal lavage fluid 1 hour (G) and 4 hours (H) after infection. Data are presented as
mean + SEM and statistical significance was determined by 2-way ANOVA with Sidak’s multiple comparisons test. Analysis of total cells
with internalized bacteria 1 hour (I) and 4 hours (J) after infection. Data are presented as mean + SEM and statistical significance was
determined by Mann-Whitney u-test.

https://doi.org/10.1371/journal.ppat.1010227.9003

evidence of tissue damage to the host at the 4-hour time point, markers of coagulation activa-
tion and tissue damage were analyzed. There were no significant differences in plasma throm-
bin-antithrombin complexes and D-dimer in mice of any genotype (S1A and S1B Fig). No
differences in plasma lactate dehydrogenase (LDH), creatine kinase (CK), or alanine amino-
transferase (ALT) were detected based on genotype or infection (S1C, S1D and S1E Fig). A
modest but statistically significant difference in cardiac troponin I was detected in infected
Fiby”> mice relative to infected Fiby"' " mice, consistent with the higher S. aureus bacterial bur-
dens in the hearts of those animals (SIF Fig).
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statistical significance was determined by Mann-Whitney u-test.

https://doi.org/10.1371/journal.ppat.1010227.9004
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Elimination of platelets but not platelet-derived protease-activated
receptor-4 results in increased retrievable S. aureus in the peritoneal cavity

In addition to supporting binding to various S. aureus fibrinogen binding proteins, the fibrino-
gen y-chain AGDV motif also supports binding to platelet integrin oyy,Bs. Thus, differences in
S. aureus infection observed in the Fiby** mice could be linked to platelets or platelet function.
To determine a potential contribution of platelets in S. aureus peritonitis, mice that received a
sham injection or a platelet-depleting antibody (Fig 5A) were challenged for 1 hour with 8x10°
CFUs of WT S. aureus USA300 by intraperitoneal injection. Platelet-depleted mice showed a
modest but significant increase in S. aureus CFUs in peritoneal lavage fluid (Fig 5B). However,
no significant differences were observed in CFUs quantified from blood (Fig 5C), heart (Fig
5D) and lung (Fig 5E). Notably, there were no differences in the fibrinogen accumulation in
the lavage fluid (S2A Fig) nor plasma fibrinogen levels between sham-treated and platelet-
depleted mice (S2B Fig). The total number of host leukocytes retrievable from the peritoneal
cavity were similar between both groups (Fig 5F).

Given that thrombin activity was previously documented as a component of the mechanism
of fibrin-dependent S. aureus clearance from the peritoneal cavity [28], we next determined if
protease-activated receptor-4 (PAR-4) mediated platelet activation was linked to changes in S.
aureus clearance following peritoneal infection. Mice with a platelet-specific deletion in PAR-4
(i.e., Pf4-Cre/PAR4™™) were analyzed. Pf4-Cre*/PAR4"™ and PAR4™" controls were chal-
lenged for 1 hour with 6.6x10° CFUs of WT S. aureus USA300 via i.p. injection. There were no
observable differences in S. aureus CFUs in peritoneal lavage fluid (Fig 5G), blood (Fig 5H),
heart (Fig 5I) and lung (Fig 5]). The total number of host leukocytes retrievable from the peri-
toneal cavity were also similar between both groups (Fig 5K). Collectively, these data suggest
that platelets make a modest, but statistically significant, PAR4-independent contribution to
the local host antimicrobial response against S. aureus peritonitis but elimination of platelets
does not play a major role in promoting bacterial dissemination.

Deletion of CIfA from S. aureus USA300 results in a reduction of bacterial
clearance with an increased initial, but not sustained dissemination/
accumulation of bacteria in distant organs

Our in vitro findings indicated that CIfA plays a major role in S. aureus adhesion and clumping
to fibrinogen. To determine if CIfA is also critical for the host antimicrobial response and sup-
pression of dissemination following peritoneal infection, WT mice were infected with WT or
CIfA- S. aureus USA300 by intraperitoneal injection. Similar to what was observed in Fiby*®
mice, mice challenged with CIfA- S. aureus USA300 had increased bacterial CFUs in the peri-
toneal cavity 1 hour after infection relative to mice infected with WT S. aureus (Fig 6A). Nota-
bly, the accumulation of fibrinogen within the peritoneal cavity was equivalently increased in
mice infected with either WT or CIfA- S. aureus USA300 compared to uninfected mice (S2C
Fig) with no significant changes in circulating fibrinogen (S2D Fig). In addition, mice infected
with CIfA- S. aureus USA300 displayed a modest, but statistically significant increase in bacte-
rial dissemination/accumulation into the blood (Fig 6B), heart (Fig 6C) and a trend to higher
CFUs in the lung tissue (Fig 6D) compared to mice infected with WT S. aureus. Mice infected
with WT or CIfA- S. aureus showed similar numbers of host leukocytes retrievable from the
peritoneal cavity 1 hour after infection (Fig 6E). Differential cell counts from peritoneal lavage
fluid revealed no significant differences in immune cell types in mice infected with WT or
CIfA- S. aureus (Fig 6F). However, WT animals infected with CIfA- S. aureus showed higher
numbers of host cells with internalized bacteria 1 hour after infection (Fig 6G). Notably, infec-
tion of WT mice with CIfA-** S. aureus resulted in local retrievable CFUs (S3A Fig) and
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Fig 5. Platelets but not platelet-derived protease-activated receptor-4 are important for local S. aureus clearance from the peritoneal
cavity. (A) Flow-cytometry analysis of platelet depletion following i.v. injection with anti-GPIb-o antibodies. Total bacterial CFUs in the
peritoneal (B) lavage fluid, (C) blood, (D) heart and (E) lung of sham injected and platelet-depleted mice 1 hour after i.p. infection with 8x10°
CFUs of WT S. aureus USA300. (F) Total cell counts from peritoneal lavage fluid of sham injected and platelet-depleted mice 1 hour after
infection with WT S. aureus USA300. Total bacteria CFUs in the peritoneal lavage (G) fluid, (H) blood, (I) heart and (J) lung of PAR4" and
Pfa-cre*/PAR4Y mice 1hr after i.p. infection with 6.57x10° CFUs of WT S. aureus USA300. (K) Total cell counts from peritoneal lavage fluid of
PAR4"" and Pf4-Cre*/PAR4"" mice 1 hour after infection with WT S. aureus USA300. Dashed horizontal lines indicate the infection dose.
Data are presented as mean + SEM and statistical significance was determined by Mann-Whitney u-test.

https://doi.org/10.1371/journal.ppat.1010227.9005

disseminated bacteria (S3B-S3D Fig) in numbers virtually identical to WT S. aureus. Further-
more, host immune cell numbers (S3E Fig) were similar to mice infected for 1 hour with WT
S. aureus. Collectively, these findings suggest that differences in local and systemic CFUs in
mice infected with CIfA- S. aureus were due to the loss of CIfA itself and not to unintended sec-
ondary changes in the CIfA- S. aureus USA300 strain.

WT mice were also infected with WT or CIfA- S. aureus USA300 by intraperitoneal injec-
tion for 4 hours. Here, no differences in CFUs in peritoneal lavage fluid were observed
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Fig 6. Deletion of CIfA from S. aureus USA300 results in increased S. aureus CFUs in the peritoneal cavity and a transient
increase in CFUs the bloodstream and distant organs. Total live bacteria in (A) lavage, (B) blood, (C) heart and (D) Lung of
WT mice 1 hour after i.p. infection with WT (1x10° CFUs) or CIfA- (7.8x10® CFUs) S. aureus USA300. (E) Total host cells, (F)
host cell differentials, and (G) and percentage of host cells with internalized bacteria in lavage fluid at 1 hour after infection.
Total live bacteria in (H) lavage, (I) blood, (J) heart and (K) lung of WT mice 4 hours after i.p. infection with WT (1.6x10°
CFUs) or CIfA- (1.2x10° CFUs) S. aureus USA300. (L) Total host cells, (M) host cell differentials, and (N) and percentage of
host cells with internalized bacteria in lavage fluid at 1 hour after infection. CFU data are presented as mean + SEM and
statistical significance was determined by Mann-Whitney u-test. Host cell counts and percentages are presented as mean + SEM
with statistical significance determined by 2-way ANOVA with Sid4k’s multiple comparisons test. Data on cells with
internalized bacteria are presented as mean + SEM and statistical significance was determined by Mann-Whitney U-test.
Dashed horizontal lines indicate the infection dose.

https://doi.org/10.1371/journal.ppat.1010227.9006
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between mice infected with WT or CIfA- S. aureus, consistent with what was observed in the
Fiby”* mice (Fig 6H). However, while Fiby*® mice showed increased bacterial burdens in
blood and organ tissues 4 hours after infection, WT mice infected with CIfA- S. aureus had
similar CFUs in blood, heart, and lung tissue relative to mice infected with WT S. aureus (Fig
61-6K). At this time point, no difference in total retrievable cells from the peritoneal cavity
were found (Fig 6L). A modest, but statistically significant, difference in immune cell types
was observed where mice infected with CIfA- S. aureus showed higher macrophage and lower
neutrophil numbers when compared to mice infected with WT S. aureus (Fig 6M). Similar to
findings at 1 hour, WT animals infected with CIfA- S. aureus had higher numbers of host cells
with internalized bacteria at 4 hours after infection (Fig 6N). Collectively, these findings sug-
gest that CIfA-fibrinogen binding significantly contributes to the acute host antimicrobial
response in the peritoneal cavity and early dissemination. However, eliminating CIfA does not
result in a sustained increase in bacterial accumulation within distant organs.

Fibrin-macrophage driven host antimicrobial function limits
dissemination, but fibrin matrix formation alone is not sufficient to
suppress systemic spread of S. aureus from the peritoneal cavity

To assess whether fibrin(ogen) is sufficient for limiting bacterial dissemination, Fib**X mice
that express fibrinogen with a mutated Ao chain that renders it insensitive to thrombin cleav-
age and downstream polymer formation were infected with 8.8x10® CFUs of WT S. aureus
USA300 for 1 hour. As previously observed [29], Fib*® mice had significantly higher CFUs in
peritoneal lavage fluid when compared to Fib"" mice (Fig 7A). Notably, Fib*** mice also
showed a significant increase in the bacterial CFUs in blood and lung, with a trend towards
higher CFUs in the heart (Fig 7B, 7C and 7D). Total host cells retrieved in lavage showed simi-
lar numbers in WT and Fib*** mice (Fig 7E). Here, we also show for the first time that the
fibrin crosslinking by transglutaminase Factor XIII (FXIII) contributes to host local antimicro-
bial function in the peritoneal cavity. Mice deficient in the catalytic A subunit of FXIII (i.e.,
F13a” mice) had significantly higher CFUs in peritoneal lavage when compared to WT mice 1
hour after intraperitoneal infection with 1x10° CFUs of WT S. aureus USA300 (Fig 7F). How-
ever, there were no differences in bacterial dissemination to the blood, heart, or lung (Fig 7G,
7H and 7I). There were also similar numbers of host cells retrieved from lavage in WT and
F13a”" mice (Fig 7]). Collectively, these data indicate that both fibrin polymer formation and
FXIIIa-crosslinking play important roles in the acute host antimicrobial response, but whereas
loss of polymer formation enhances dissemination, loss of FXIII crosslinking does not increase
S. aureus escape from the peritoneal cavity.

Finally, to ascertain whether fibrin formation in and of itself offers protection to the host
by retaining bacteria within the peritoneal cavity and thus preventing dissemination, macro-
phage depletion studies were performed. Previous studies revealed that macrophages play an
important role in eliminating S. aureus within the peritoneal cavity [19,30]. WT mice were
given PBS control or Clodronate liposomes 24 hours before infection with 9x10* CFUs of
WT S. aureus USA300. Consistent with published data, macrophage depletion resulted in a
reduction of bacterial clearance from the peritoneal cavity 1 hour after infection (Fig 7K).
Here, we show that macrophage depletion also resulted in significantly increased bacterial
dissemination into circulation (Fig 7L) and lung tissue (Fig 7N) and trends towards higher
CFUs in heart tissue (Fig 7M). As expected, there was a reduction in retrievable total host
cells in clodronate-treated mice (Fig 70). To extend these findings, Fiby>**-%%4
mutation in the fibrinogen y chain that eliminates the leukocyte integrin oy, binding motif
were analyzed. Previous studies documented that fibrinogen y>*°>%*4
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Fig 7. Fibrin-macrophage driven host antimicrobial function limits dissemination, but fibrin matrix formation alone is not sufficient
to suppress systemic spread of S. aureus out of the peritoneal cavity. Total live bacteria in (A) lavage fluid, (B) blood, (C) heart and (D)
lung and total host cell counts (E) from WT and Fib*EX mice 1 hr after infection with 8.8x10® CFUs of WT S. aureus USA300. Total live
bacteria in lavage fluid (F), blood (G), heart (H) and lung (I) and total host cell counts (J) from WT and FXIII” mice 1 hr after infection with
1x10° CFUs of WT S. aureus USA300. Total live bacteria in lavage fluid (K), blood (L), heart (M) lung (N) and total host cell count (O) from
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https://doi.org/10.1371/journal.ppat.1010227.9007
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to WT fibrinogen but does not support fibrin-mediated macrophage binding and activation
[31]. Following infection with 6.7x10% CEUs of WT S. aureus USA300, Fiby**°>%* mice dis-
played significantly increased CFUs in peritoneal lavage (Fig 7P). Importantly, Fiby**°39¢4
mice also displayed a trend towards increased CFUs in the blood (Fig 7Q) and significantly
increased CFUs in the heart and lung (Fig 7R and 7§, respectively), relative to infected WT
mice. Analysis of total host cells in the peritoneal cavity showed no differences between WT
and Fiby**°?°** mice, again suggesting that the observed differences in bacterial clearance
and dissemination were not due to changes in leukocyte numbers in the peritoneal cavity
(Fig 7T). Collectively, these data suggest that fibrin polymer formation in the absence of the
antimicrobial immune response is not sufficient for suppressing S. aureus dissemination fol-
lowing peritoneal infection.

Discussion

Fibrin(ogen) is a centerpiece and trigger of a potent host S. aureus killing mechanism in the
peritoneal cavity. Previous studies showed that whereas WT mice are able to eliminate ~99%
of an initial peritoneal S. aureus infection within 15 minutes, Fib”~ mice fail to eliminate the
bacteria and rapidly succumb to the infection [19]. Here, we provide evidence that fibrin
(ogen) binding to the microbe itself is a key component of the host bacterial killing mecha-
nism. Elimination of the fibrinogen carboxy-terminal y-chain AGDV motif (i.e., using Fiby*®
mice) compromised bacterial killing. The number of retrievable S. aureus CFUs from the peri-
toneal cavity as well as the number of Fiby*® mice that succumbed to peritoneal S. aureus
infection was significantly higher than those observed in WT mice, suggesting that elimination
of S. aureus-fibrin(ogen) binding reduces the efficiency of the antimicrobial response. .
aureus-fibrin(ogen) binding was important for suppression of bacterial dissemination from
the peritoneal cavity. Specifically, Fiby*® mice displayed higher levels of local S. aureus CFUs
following infection, and robust levels of S. aureus in the blood and distant organ systems at 1
and 4 hours after peritoneal infection. Previous studies indicated that bacterial colonization
into organs is accompanied by elevated markers of tissue damage in circulation at later time
points after infection (e.g., 24 and 48 hours) [11]. Here, analyses at 4 hours after infection
showed a modest, but statistically significant increase in cardiac troponin I was detected in
Fiby"* mice. A finding that suggests cardiac activity may be particularly sensitive to the sys-
temic spread of S. aureus microbes and that loss of heart function may be the basis for the
increased mortality observed in Fiby** mice.

The y-chain AGDV motif is important for the binding of S. aureus to fibrin(ogen), but it is
also a ligand for the platelet integrin oyp,8; which plays a pivotal role in platelet aggregation
[32,33]. Therefore, Fiby*® mice cannot effectively support fibrinogen-dependent platelet
aggregation, but these animals retain normal platelet counts, plasma fibrinogen levels, clotting
time, and fibrin crosslinking [27]. We found that platelet-depleted mice showed a modest, but
significant, elevation in bacterial CFUs in the peritoneal lavage fluid compared to control
mice. This finding is consistent with work from others showing that platelets contribute to
host protection from S. aureus infection [34-36]. Additionally, clinical data has shown that
patients that were thrombocytopenic at the onset of S. aureus bacteremia presented more com-
monly with severe sepsis that was accompanied by septic shock and renal failure [37]. Notably,
the number of S. aureus CFUs present in the peritoneal cavity of Fiby*> mice (see Fig 3A) is
higher than what is observed in both platelet-depleted mice (see Fig 5B) and mice infected
with CIfA- S. aureus USA300 (see Fig 6A), suggesting that bacteria-fibrin(ogen) and platelet-
fibrin(ogen) interactions may additively contribute to the host antimicrobial response to S.
aureus peritonitis. The platelet contribution seems to be independent of thrombin-
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PAR4-mediated activation, as mice lacking PAR4 on platelets showed similar bacterial CFU
numbers in peritoneal lavage fluid, blood, and distant organs when compared to WT mice.
This finding is consistent with previous studies showing that thrombin activity in the perito-
neal cavity following S. aureus infection does not occur through host tissue factor, but through
S. aureus coagulase function [19], and that S. aureus coagulase-prothrombin complexes (sta-
phylothrombin) do not activate platelets directly [38].

WT mice infected with S. aureus deficient in CIfA showed a similar phenotype where there
was significantly compromised bacterial clearance. However, whereas loss of the fibrinogen y-
chain AGDV motif also resulted in enhanced bacterial dissemination and accumulation of
microbes in distant organs, loss of CIfA had only a minor impact on these aspects of the infec-
tion. We speculate that the increased CFUs of WT S. aureus USA300 observed in blood, heart,
and lung of Fiby*® mice are a result of the loss of interactions between the fibrinogen y-chain
AGDV motif and S. aureus factors other than CIfA. To this end, fibronectin-binding proteins
Fnbp-A and Fnbp-B have been shown to bind this same region of fibrinogen [6]. It is possible
that loss of fibrinogen binding with one or both of these S. aureus receptors, either alone or in
combination with loss of CIfA-fibrin(ogen) binding, is the basis of increased CFUs in blood,
heart, and lungs in Fiby*® mice. Intriguingly, our findings are inconsistent with the concept
that S. aureus produces CIfA to function as a potent virulence factor. One explanation is that
CIfA plays a beneficial role for S. aureus in the context of certain types of infections or host
microenvironments and that this outweighs the detrimental role it plays in peritonitis. For
example, in a mouse model of bacteremia, intravenous infection with CIfA- S. aureus resulted
in less host lethality than WT S. aureus [11]. S. aureus lacking CIfA have also been shown to be
less virulent in mouse models of septic arthritis and endocarditis where the phenotypes have
been attributed to loss of binding to fibrinogen deposited in inflamed joint tissue or damaged
heart valves [7,39]. Further, CIfA has been shown to exacerbate S. aureus and formation of
organ abscesses that shield the bacteria from host antimicrobial mechanisms and allow for
proliferation [40]. Thus, the host compartment appears to be a significant determinant of bac-
teria virulence factor function.

Fibrin polymer formation is an integral component of the host antimicrobial mechanism as
shown by studies performed using Fib*** mice. Fib*** mice possess a mutated form of fibrin-
ogen that is not susceptible to proteolytic cleavage by thrombin or S. aureus coagulase-pro-
thrombin complexes (i.e., staphylothrombin) [29]. Fib*** mice displayed significantly
compromised bacterial clearance followed by enhanced dissemination from the peritoneal cav-
ity following S. aureus infection (see Fig 7) [29]. Macrophages are key effector cells in the host
antimicrobial response to S. aureus peritonitis [19,30,31], and engage fibrinogen via the leuko-
cyte integrin receptor oy fB,. The oy, binding motif is cryptic and is exposed by the confor-
mational change that occurs following cleavage of fibrinogen to fibrin [41,42], consistent with
the requirement of fibrin polymer formation for the antimicrobial response. Selectively elimi-
nating fibrin-macrophage binding (using Fiby******* mice) or macrophages themselves
(using clodronate) resulted in a reduction in bacterial clearance from the lavage fluid and
increased dissemination. Under these conditions, fibrinogen still accumulates in the peritoneal
cavity and fibrin formation and S. aureus binding to fibrin(ogen) can still take place. Our find-
ings suggest, fibrin matrix formation itself does not appear sufficient to retain the microbes in
the peritoneal cavity. Whereas macrophage function is critical to the host antimicrobial
response, the failure of bacterial killing observed in Fiby**> mice was not linked to compro-
mised phagocytosis as a significant increase in the number of bacteria internalized within host
cells of the peritoneal cavity was observed. This increase in bacterial phagocytosis could serve
as a ‘second hit’ to the host as it has been shown that once S. aureus are internalized within
host cells, they suppress intracellular killing mechanisms and are shielded from other host
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driven antimicrobial pathways which could result in a chronic infection [43-45]. Collectively,
these data suggest the fibrin(ogen)-driven antimicrobial mechanism in the peritoneal cavity
involves a tripartite complex of S. aureus-fibrin-macrophages (54 Fig).

In this study, we show for the first time that the transglutaminase FXIII plays an important
role in the host antimicrobial response against S. aureus peritonitis. F13a” mice show a mod-
est but significant increase in S. aureus CFUs retrieved from the peritoneal cavity compared to
WT mice following infection, suggesting a diminished host antimicrobial response. Deicke,
et al. showed that FXIII enhances entrapment of Streptococcus pyogenes by crosslinking the
bacteria to fibrin and that elimination of FXIII resulted in increased bacterial dissemination
and poor survival in a mouse model of skin and soft tissue infection [46]. Other studies suggest
FXIII can crosslink fibrin to the surface of bacteria, including S. aureus and E. coli, leading to
their sequestration in clots [47]. Thus, a possible mechanism by which FXIII could enhance
bacterial clearance is by preventing S. aureus from escaping fibrin matrices. Interestingly,
while elimination of FXIII results in reduced clearance of S. aureus from the peritoneal cavity,
we did not observe differences in bacterial CFUs in blood and distant organs when compared
to WT mice. S. aureus produces a non-proteolytic activator of plasminogen called staphyloki-
nase which allows the bacteria to escape entrapment by promoting fibrin degradation [6].
Fibrin that is not crosslinked by FXIII is more sensitive to degradation by plasmin [48], so it is
possible that elimination of FXIII could allow S. aureus to more readily escape entrapment by
proteolytically degrading fibrin matrices. Another possibility is that fibrin cross-linked by
FXIII could function as a more efficient ligand for 048, compared to non-cross-linked fibrin,
thus driving a more potent macrophage-driven antimicrobial response. Currently, it is
unknown if FXIII cross-linking has any effect of leukocyte binding via oyf3,. Further studies
looking at binding of leukocytes to immobilized fibrinogen, fibrin and cross-linked fibrin
would be necessary to understand these interactions.

The frequency of S. aureus as the causative agent in peritoneal infections is less pronounced
than other Staphylococcal species (e.g., S. epidermidis). Rather, bacteria lacking the virulence
factors that engage host fibrinogen and other clotting system components integral to S. aureus
virulence in bloodstream and soft tissue infection are prevalent sources of peritoneal infection
[49]. In the peritoneal cavity, it is the host that utilizes clotting system proteins and many of
the same S. aureus virulence factors to propagate a potent, acute, antimicrobial response. Cur-
rent and previous work [29] has identified a deleterious effect of the Fiby** and Fib**® muta-
tions on host mortality following S. aureus peritonitis. However, additional studies are
required to define the impact of eliminating the fibrin(ogen)-macrophage response, platelets,
or fibrin crosslinking on host mortality; definitively linking specific fibrin-macrophage func-
tions to the precise killing mechanism(s) for S. aureus, and potentially other microbes; and
identify additional cells and antimicrobial molecules required for the antimicrobial response
in the peritoneal cavity.

Materials and methods
Ethics statement

The University of North Carolina at Chapel Hill Institutional Animal Care and Use Commit-
tee (UNC-IACUC) approved all studies of mice performed under protocol number 19-204.

Mice. WT, Fiby 2° [27], FibAEK [29], Fiby>*°3%¢A [31], FXIII” [50] and Pf4-Cre*/PAR4Y
[51] mice were used in these studies. For each experiment, sex- and age-matched (i.e., both
males and females of at 8-12 weeks of age) on a C57Bl/6] background were analyzed. Control
mice were littermates derived from each colony analyzed.
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Bacteria stains and growth conditions

WT and CIfA- S. aureus USA300 LAC were used in the studies conducted here. In addition,
we used a complementation strain of CIfA- S. aureus USA300 LAC where the clfA gene and its
216bp upstream region were amplified from USA300 strain JE2 chromosomal DNA and
inserted into plasmid pSK236 [52] by Gibson assembly, to yield plasmid pclfA. The plasmid
insert was verified by sequencing prior to transformation into RN4220 and subsequently the
USA300 CIfA- mutant strain. Stationary phase bacteria were grown in tryptic soy broth (TSB)
(BD Difco) at 37°C overnight, washed and re-suspended in phosphate-buffered solution
(PBS), and diluted to an optical density (OD) at 600nm of 0.4, 1.0 or 6.0 based on the experi-
ment. Exponential phase bacteria were grown in the same conditions overnight. The following
morning, a small amount of the overnight culture was added to fresh TSB at a 1:50 ratio and
incubated at 37°C. Every 30 min, the ODgyo was measured until a value of 0.6 was reached.
Then, cultures were washed and re-suspended in PBS, and diluted to an ODgqg 0f 0.4, 1.0 or
6.0 based on the experiment.

Fibrinogen purification

Fibrinogen was purified from citrate-plasma isolated from naive Fiby"" and Fiby*® mice by
ammonium sulfate precipitation. Briefly, whole blood is collected in 1:10 volume of 0.105 M
citrate from inferior vena cava exsanguination and plasma isolated by centrifugation. Ammo-
nium sulfate was added to plasma up to a concentration of 25% saturation to precipitate the
fibrinogen, which was ultimately re-suspended in dialysis buffer (150mM NaCl, 20mM Hepes
and 5mM e-amino-n-caproic acid) and dialyzed overnight using the same buffer to remove
any remaining ammonium sulfate.

Fibrinogen-S. aureus adhesion assay

NUNC 96-well plates (Thermo Fisher) were coated with 100uL of diluted purified mouse
fibrinogen in buffer (15mM Na,HCO3, 35mM NaHCOj3, 3.2mM NaN3) to concentrations
ranging from 0.25-25ug/mL and incubated overnight at 4°C. Following incubation, plates
were washed three times with 100p/well of Wash Buffer (150mM NaCl and 0.01% Tween20)
and blocked with 100uL/well of 1% BSA, 0.05% Tween 20 solution in PBS. Plates were then
incubated for 1hr at 37°C and subsequently washed three times with 100pL/well of wash
buffer. Afterwards, 100uL/well of S. aureus suspension was added to each well and subse-
quently incubated for 2hr at 37°C. Bacterial suspensions contained either WT, CIfA- or
CIFA-P S, aureus USA300 grown to stationary or exponential growth phase re-suspended at
an ODgg of 0.4. Plates were then washed 3 times with 100p/well of wash buffer and fixed for
30 min with 25% formaldehyde solution. Once fixed, plates were washed once with 100pL/well
of wash buffer and stained with 0.1% crystal violet for 30min. Stain was removed by washing
plates 3 times with 100uL/well of wash buffer. Remaining stain was solubilized in 10% acetic
acid and placed in a plate reader to quantify absorbance at 570nm.

Fibrinogen-S. aureus clumping assay

Purified mouse fibrinogen was diluted in PBS to suspensions ranging from 0.25-25ug/mL and
50puL/well was placed in 96-well tissue culture plates (BD Falcon). Stationary or exponential
phase cultures of WT or CIfA-, CIfA-"""* S. aureus USA300 were prepared as a suspension at
an ODg of 6.0. with 20puL/well of the bacterial suspension added to 96-well tissue culture
plates. Plates were agitated using an orbital shaker for 5 min. Clumping was measured by read-
ing light transmission at 570nm.
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Mouse model of S. aureus peritonitis

Bacterial suspensions at a concentration of ~1x10° CFUs/mL of stationary phase of WT or
CIfA- USA300 S. aureus were prepared from overnight cultures and 1mL was administered by
intraperitoneal injection to mice. After 1 or 4hr, mice were anesthetized with a cocktail of keta-
mine, xylazine and acepromazine followed by peritoneal lavage with 5mL of PBS, IVC blood
draw and removal of the heart and lung. Serial dilutions of the lavage fluid, blood and homoge-
nates of heart and lung were plated on Tryptic Soy Agar in duplicate and incubated overnight
at 37°C. Colony counts were performed for each sample and compared to the inoculum dose
to determine bacterial clearance. For survival studies, 10 mice per group of Fiby"'" and Fiby*’,
were administered an intraperitoneal injection of ~5x10° CFUs of S. aureus and monitored for
7 days. Humane endpoints included the loss of up to 30% of the initial mouse body weight
and/or reaching a moribund state.

Platelet and macrophage depletion

Platelets were depleted by intravenous injection of 2ug/g of anti-GPIb-a antibody (clone R300,
Emfret Analytics) 3 hours prior to i.p. infection with WT S. aureus USA300. Following cell
depletion, infection experiments were performed as described. Cell depletion was confirmed
by flow cytometry analysis on blood collected 1hr after infection and stained with anti
GPIX-AF488 antibody (Emfret Analytics). Macrophages were depleted using clodronate lipo-
somes (Encapsula Nano Sciences) administered by intraperitoneal injection 24 hours prior to
infection. Macrophage depletion was confirmed using FACS analysis in which cells from peri-
toneal lavage fluid were stained using BV605 Rat Anti-Mouse F4/80 (BD), and LIVE/DEAD
Fixable Violet Cell Stain Kit (Thermo Fisher) and analyzed on the Attune flow cytometer.
Total host cell counts within the lavage fluid were determined using a hemocytometer. Cytos-
pin preparations of lavage fluid were stained with Kwik-Diff (Thermo Fisher Shandon) to
determine differential host cell counts. Total cell counts were determined using a hemocytom-
eter. Following cell depletion, infection experiments were performed as described.

Cytospin analysis

A 1:3 (100pL of lavage fluid + 200uL of PBS) dilution of peritoneal lavage fluid was prepared
and 150uL of the solution was used for cytospin. Cytospin slides are let dry overnight and
stained with Diff-Quick stain (methanol fixative, eosinophilic solution and basophilic solu-
tion). Stained slides were mounted using permount and imaged at 20 and 40x magnification.
Quantification of peritoneal cells with internalized bacteria was performed by inspection of
stained cytospin preparations under 20X magnification with at ~200 cells counted per sample.
Representative images were captured at 40x.

Fibrinogen ELISA and Plasma Markers of Tissue Damage

Fibrinogen levels in peritoneal lavage fluid and citrated plasma were determined using Mouse
Fibrinogen ELISA Kit (ICL). Tissue damage markers were measured in citrated plasma. Car-
diac troponin I levels were determined by ELISA using a high-density mouse cardiac troponin
I kit (Life Diagnostics, Inc.). Lactate dehydrogenase and creatine kinase were determined
using a colorimetric activity assay (BioAssay Systems). Plasma alanine aminotransferase (ALT)
levels were determined using an enzyme assay kit (Labs Biotechnology).
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Supporting information

S1 Fig. S. aureus dissemination precedes overt tissue damage or increased intravascular
coagulation. Circulating markers of tissue damage and coagulation activity were analyzed
from mouse plasmas 4 hr after I.P. S. aureus infection. (A) Thrombin-anti-thrombin (TAT)
complexes and (B) D-dimer were measured in circulation as markers of coagulation activation.
Circulating levels of (C) lactate dehydrogenase (LDH) and (D) creatine kinase (CK) levels
were analyzed as markers of muscle injury. (E) Alanine aminotransferase (ALT) as a marker of
liver injury. (F) Circulating levels of cardiac troponin I was analyzed to assess damage to heart
tissue. Data are presented as mean + SEM and statistical significance was determined by 2-way
ANOVA with Sidak’s multiple comparisons test.

(TIF)

S2 Fig. Mice infected with WT or CIfA- S. aureus show increased fibrinogen levels in lavage
compared to uninfected mice. (A) Fibrinogen ELISA on lavage fluid from WT that received a
sham injection or platelet depleting antibody and were infected with WT S. aureus USA300.
(B) Fibrinogen ELISA on plasma from WT that received a sham injection or platelet-depleting
GPI-o antibody and were infected with WT S. aureus USA300. (C) Fibrinogen ELISA on
lavage fluid from WT mice that were uninfected or infected with WT or CIfA- USA300 S.
aureus. (D) Fibrinogen ELISA on plasma from WT mice that were uninfected or infected with
WT or CIfA- USA300 S. aureus. Data is presented as mean + SEM and statistical significance
was determined by One-way ANOVA with Tukey’s multiple comparisons test.

(TIF)

S3 Fig. Re-expression of CIfA in CIfA- S. aureus USA300 restores the infection profile
observed with WT . aureus USA300 in WT mice. Total live bacteria in (A) lavage, (B)
blood, (C) heart and (D) Lung, and (E) Total host cells in WT mice 1 hour after i.p. infection
with WT (1.07x10° CFUs), CIfA- (1.19x10° CFUs), or CIfA-"*(1.14x10° CFUs) S. aureus
USA300. Data is presented as mean + SEM and statistical significance was determined by
One-way ANOVA with Tukey’s multiple comparisons test. Dashed horizontal lines indicate
the infection doses.

(TIF)

S4 Fig. Model of host antimicrobial response to S. aureus peritonitis. Following peritoneal
S. aureus infection, fibrinogen enters the peritoneal cavity where it is converted to fibrin poly-
mer by staphylothrombin and crosslinked by FXIIIa. Fibrin matrices bind both S. aureus and
host macrophages via the y-chain portion of the D-domain to drive a potent antimicrobial
host defense response that kills the invading S. aureus and prevents dissemination. Platelets
also contribute to the antimicrobial response but the mechanism is unknown.

(TIF)
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