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ABSTRACT Francisella tularensis is a Gram-negative, facultative intracellular patho-
gen and the causative agent of tularemia. Previous studies with the attenuated live
vaccine strain (LVS) identified a role for the outer membrane protein TolC in modu-
lation of host cell responses during infection and virulence in the mouse model of
tularemia. TolC is an integral part of efflux pumps that export small molecules and
type I secretion systems that export a range of bacterial virulence factors. In this
study, we analyzed TolC and its two orthologs, FtlC and SilC, present in the fully vir-
ulent F. tularensis Schu S4 strain for their contributions to multidrug efflux, suppres-
sion of innate immune responses, and virulence. We found that each TolC ortholog
participated in multidrug efflux, with overlapping substrate specificities for TolC and
FtlC and a distinct substrate profile for SilC. In contrast to their shared roles in drug
efflux, only TolC functioned in the modulation of macrophage apoptotic and proin-
flammatory responses to Schu S4 infection, consistent with a role in virulence factor
delivery to host cells. In agreement with previous results with the LVS, the Schu S4
ΔtolC mutant was highly attenuated for virulence in mice by both the intranasal and
intradermal routes of infection. Unexpectedly, FtlC was also critical for Schu S4 viru-
lence, but only by the intradermal route. Our data demonstrate a conserved and
critical role for TolC in modulation of host immune responses and Francisella viru-
lence and also highlight strain- and route-dependent differences in the pathogenesis
of tularemia.
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Francisella tularensis is a highly virulent, Gram-negative zoonotic pathogen and the
causative agent of tularemia (1). Clinical manifestations depend on the route of

inoculation, with the most common form being ulceroglandular tularemia contracted
by insect bite or handling contaminated materials. The most lethal form of tularemia
occurs following pneumonic exposure, with inhalation of as few as 10 bacteria suffi-
cient to cause severe disease (2, 3). Due to its low infectious dose, ease of aerosoliza-
tion, and prior use as a bioweapon and the high morbidity and mortality rates
associated with infection, F. tularensis is designated a tier 1 select agent by the U.S.
Centers for Disease Control and Prevention (1, 4, 5). There are two clinically relevant
subspecies of F. tularensis: Francisella tularensis subsp. tularensis (type A), and Francisella
tularensis subsp. holarctica (type B) (1, 2, 4). F. tularensis subsp. tularensis is highly
virulent and causes the most severe form of tularemia, while F. tularensis subsp.
holarctica is comparably less virulent and causes a milder disease. The F. tularensis live
vaccine strain (LVS) is an attenuated derivative of an F. tularensis subsp. holarctica
isolate (4). The LVS has proven useful as an experimental F. tularensis strain, as it causes
a lethal infection in mice that mimics human tularemia (4). An additional species of
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Francisella, F. novicida, has also proven useful as a laboratory strain (6). Despite the
utility of both the LVS and F. novicida as attenuated models, the mechanisms and
strategies critical for virulence of human pathogenic F. tularensis are not well under-
stood. Therefore, experimentation with fully virulent F. tularensis subsp. tularensis
strains, such as the Schu S4 strain, is critical for a more complete understanding of the
pathogenesis of tularemia.

A hallmark of F. tularensis virulence is the organism’s ability to interfere with host
innate immune responses during infection, with robust proinflammatory responses not
observed until 2 to 3 days postinfection (7, 8). F. tularensis is a facultative intracellular
pathogen that can invade and replicate within a variety of host cells, although
macrophages are the primary replicative niche in vivo (9, 10). Following phagocytosis,
F. tularensis rapidly escapes the phagosome and enters the cytosol (11). Once in the
cytosol, F. tularensis replicates robustly, eventually triggering host cell death, which
contributes to bacterial release, dissemination, and infection of additional host cells (9).
Early during infection, F. tularensis actively downmodulates the host’s proinflammatory
responses (12–17). In addition, F. tularensis actively dampens host programmed cell
death responses during infection, presumably to preserve intracellular replicative
niches (18–24). Eventual death of F. tularensis-infected host cells occurs primarily via
caspase-1-dependent pyroptosis and caspase-3-dependent apoptosis, with fully viru-
lent strains primarily triggering the latter (25–27). However, many questions remain
regarding the precise molecular mechanisms behind the immunomodulatory capacity
of F. tularensis.

TolC is the prototypical outer membrane (OM) channel component of Gram-
negative tripartite efflux pumps (28). Bacterial tripartite efflux pumps include both
multidrug exporters and type I secretion systems (T1SS) (29). Multidrug efflux pumps
confer resistance to a wide variety of antibiotics, detergents, dyes, and other harmful
small molecules (29). T1SS facilitate the export of many virulence factors directly from
the cytoplasm to the extracellular milieu in a single, ATP-dependent step, including
�-hemolysin (Escherichia coli), alkaline protease (Pseudomonas aeruginosa), and adenyl-
ate cyclase toxin (Bordetella pertussis) (29). The Francisella genome contains three TolC
orthologs that are conserved among different Francisella species (Table 1) (30, 31). Two
of these orthologs, tolC (FTT1724) and ftlC (FTT1095), encode proteins related to the E.
coli TolC protein involved in hemolysin secretion (30). The third ortholog, silC (FTT1258),
encodes a protein more closely related to the CusC family of TolC-related proteins
involved in efflux of metal ions and other small molecules (31–34).

In previous studies with the LVS, we found that both TolC and FtlC participate in
multidrug efflux but that only TolC contributes to virulence (24, 30, 35). We subse-
quently showed that the LVS actively delays induction of macrophage apoptosis and
blocks host proinflammatory responses in a TolC-dependent manner and that TolC is
required for optimal bacterial replication within macrophages (24, 35). These studies
identify a specialized role for TolC in modulating innate immune responses to LVS
infection, suggesting that TolC functions as part of a T1SS for virulence factor delivery
to host cells. However, minimal information is available regarding TolC function in fully
virulent strains of F. tularensis. A single study by Kadzhaev et al. revealed that a tolC
transposon insertion mutant in the F. tularensis Schu S4 strain had only a marginal
attenuation in virulence, as determined using the mouse intradermal infection model
(36). Minimal information is also available regarding FtlC and SilC function in Francisella.

TABLE 1 TolC orthologs encoded in Francisella genomes

Protein
F. novicida U112
gene (% ID)a

F. tularensis LVS
gene (% ID)

F. tularensis Schu S4
gene

TolC FTN_1703 (99) FTL_1865 (99) FTT1724
FtlC FTN_0779 (99) FTL_1107 (99) FTT1095
SilC FTN_1277 (99) FTL_0686 (99) FTT1258
a% ID, amino acid sequence identity to corresponding Schu S4 protein.
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SilC has been characterized as an OM protein and protective antigen in the Schu S4
strain (31, 37). Additionally, a recent study with the LVS identified roles for SilC in
multidrug efflux, resistance to oxidative stress, and virulence in mice (38). Overall, there
is a need for improved understanding of the contributions of TolC orthologs to F.
tularensis virulence, particularly in human pathogenic strains.

In the current study, we constructed unmarked ΔtolC, ΔftlC, and ΔsilC deletion
mutants and their complements in the human pathogenic F. tularensis Schu S4 strain.
Using these constructs, we determined the contributions of TolC, FtlC, and SilC to Schu
S4 multidrug resistance, cytotoxicity toward macrophages, suppression of proinflam-
matory responses during macrophage infection, and virulence in mice. We found that
all three proteins participate in resistance to a variety of drugs and antibiotics. However,
and similar to our finding with the LVS, only TolC was important for Schu S4 modulation
of macrophage responses to infection. Finally, virulence studies with mice revealed that
the Schu S4 ΔtolC mutant is highly attenuated for virulence via the intranasal and
intradermal infection routes, whereas the ΔftlC mutant is attenuated via the intradermal
route only. In contrast, SilC makes minimal contributions to Schu S4 virulence. Taken
together, our results demonstrate that TolC performs a specialized role during intra-
cellular infection of host cells and is a critical Schu S4 virulence factor. Our findings also
reveal a novel role for FtlC as a critical Schu S4 virulence factor by the intradermal route,
highlighting differences between the LVS and fully virulent F. tularensis, as well as
route-dependent requirements for pathogenesis.

RESULTS
TolC, FtlC, and SilC contribute to Schu S4 multidrug resistance. To investigate

contributions of the three TolC orthologs—TolC, FtlC, and SilC (Table 1)—to Schu S4
multidrug resistance, intracellular pathogenesis, and virulence, we constructed un-
marked chromosomal deletions of each gene using an allelic-exchange protocol (39).
None of the mutants exhibited growth defects in rich or defined media (see Fig. S1 in
the supplemental material). Additionally, we constructed unmarked, chromosomally
complemented strains for each deletion mutant by inserting the tolC, ftlC, or silC open
reading frames, under the control of the constitutive F. tularensis groE promoter, at the
att7 chromosomal integration site (39).

To determine roles of the TolC orthologs in Schu S4 multidrug resistance, we tested
each mutant strain for susceptibility to a variety of drugs and antibiotics using a disc
diffusion assay. Our results (Tables 2 and 3) showed that loss of TolC, FtlC, or SilC caused
increased susceptibility to selected antimicrobial compounds compared to findings
with the wild-type (WT) Schu S4 strain, indicating that all three proteins participate as
components of Schu S4 efflux machineries important for resistance to different com-
pounds. In agreement with our previous analysis with the LVS, the Schu S4 ΔtolC and
ΔftlC mutants had overlapping substrate specificities, exhibiting increased sensitivity to
SDS and erythromycin and with a trend toward increased susceptibility to chloram-
phenicol (30). The Schu S4 ΔsilC mutant also exhibited increased sensitivity to SDS
but in addition was more susceptible to carbonyl cyanide m-chlorophenylhydrazone
(CCCP), nalidixic acid, and silver nitrate (Tables 2 and 3). This matches the reported
sensitivity of a LVS ΔsilC mutant to nalidixic acid and silver nitrate (38) and the role of
CusC-related proteins in heavy metal ion export (32). Complementation of all three OM
channel protein mutants resulted in restoration of WT sensitivities (Table 3). Further-
more, and in agreement with previous findings with the LVS, we found that SilC is
important for resistance to tert-butyl hydroperoxide (tBh), a radical-producing com-
pound, but not hydrogen peroxide (38). These data indicate that in Schu S4, SilC may
also be important for detoxifying certain radical oxygen species.

The Schu S4 �tolC mutant is hypercytotoxic to macrophages compared to the
WT strain. In previous studies with the LVS, we found that TolC plays a specialized role
during infection of host cells not shared by FtlC (24, 30, 35). Namely, the LVS ΔtolC
mutant triggers premature apoptotic death in macrophages during infection compared
to that with the WT strain, resulting in a loss of the intracellular niche and reduced
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replication (24). Using a lactate dehydrogenase (LDH) release assay, we found that
infection of murine bone marrow-derived macrophages (BMDM) with the Schu S4 ΔtolC
mutant resulted in increased toxicity compared to that in infection with WT Schu S4
(Fig. 1A). Note that we used a multiplicity of infection (MOI) of 500 for the macrophage
infections; this higher MOI was used to adjust for the fact that under biosafety level 3
(BSL3) conditions, we did not centrifuge the plates to facilitate bacterial contact with
the macrophages. In contrast to that with the ΔtolC mutant, infection with the Schu S4
ΔftlC and ΔsilC mutants induced levels of cytotoxicity similar to those with the WT strain
(Fig. 1A). Complementation of the ΔtolC mutant reduced cytotoxicity back to WT levels
(Fig. 1A). The Schu S4 ΔtolC mutant, but not the ΔftlC and ΔsilC mutants, also exhibited
increased cytotoxicity toward human monocyte-derived macrophages (huMDM) com-
pared to that of WT Schu S4 (Fig. 1C). These data show that the Schu S4 ΔtolC mutant
is hypercytotoxic to both murine and human macrophages, and they further suggest
that the function of TolC in Schu S4 during infection of host cells is distinct from the
roles of FtlC and SilC.

To more closely examine the role of TolC in the ability of Schu S4 to modulate host
cell death during infection, we infected BMDM with WT Schu S4 or the ΔtolC mutant
and examined LDH release at various times postinfection (8, 24, or 48 h). The ΔtolC
mutant was hypercytotoxic to BMDM as early as 8 h postinfection, a phenotype that
persisted through 24 h postinfection (Fig. 1B). By 48 h postinfection, however, cytotox-
icity in WT-infected BMDM was similar to that in ΔtolC-infected BMDM (Fig. 1B). These
experiments demonstrate that the Schu S4 ΔtolC mutant is hypercytotoxic to BMDM at
early times postinfection and indicate that Schu S4 delays macrophage death in a
TolC-dependent manner.

Next, we determined the contributions of TolC, FtlC, and SilC to the ability of Schu
S4 to invade and replicate within macrophages. At early times (3 h) after infection of
BMDM, intracellular CFU of the ΔtolC, ΔftlC, and ΔsilC mutants were similar to those of

TABLE 2 Drug sensitivities of Schu S4 ΔtolC, ΔftlC, and ΔsilC mutant strains

Compound
Concn,
�g/disc

Zone of inhibition, mm (mean � SD),
for strain with indicated genotypea

WT �tolC �ftlC �silC

SDS 188 6 � 1 14 � 2 13 � 0 10 � 0
Streptomycin 2.5 15 � 1 15 � 3 14 � 2 17 � 1
Chloramphenicol 1.25 10 � 4 15 � 2 14 � 3 11 � 4
Erythromycin 5 29 � 1 39 � 2 33 � 1 29 � 1
Ampicillin 2.5 6 � 0 6 � 0 6 � 0 6 � 0
Polymyxin B 100 6 � 0 6 � 0 6 � 0 6 � 0
CCCP 10 9 � 0 ND ND 13 � 1
Nalidixic acid 5 20 � 1 ND ND 26 � 1
Silver nitrate 500 6 � 1 ND ND 11 � 1
Hydrogen peroxide 1.8 8 � 1 8 � 1 8 � 1 8 � 1

3.6 19 � 0 19 � 1 19 � 1 19 � 1
t-Butyl hydroperoxide 9 8 � 2 7 � 1 8 � 1 14 � 2

18 8 � 1 8 � 1 8 � 2 19 � 1
aZones of growth inhibition (including the 6-mm filter disc) are shown. Values shown in bold are
significantly different from corresponding WT values by Student t test. ND, not determined.

TABLE 3 Drug sensitivities of Schu S4 ΔtolC, ΔftlC, and ΔsilC mutant and complemented strains

Compound
Concn,
�g/disc

Zone of inhibition, mm (mean � SD), for strain with indicated genotypea

WT �tolC �tolC::tolC �ftlC �ftlC::ftlC �silC �silC::silC

SDS 188 6 � 1 14 � 2 9 � 0 13 � 0 6 � 1 10 � 0 8 � 0
Chloramphenicol 1.25 10 � 4 15 � 2 10 � 4 14 � 3 11 � 4 11 � 4 10 � 3
Nalidixic acid 5 22 � 1 23 � 1 22 � 1 24 � 2 19 � 1 25 � 1 24 � 2
t-Butyl hydroperoxide 9 7 � 2 ND ND ND ND 14 � 2 10 � 0

18 8 � 1 ND ND ND ND 19 � 1 13 � 1
aZones of growth inhibition (including the 6-mm filter disc) are shown. Values shown in bold are significantly different from corresponding WT values by Student t
test. ND, not determined.
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WT Schu S4, indicating that none of the TolC orthologs affects initial bacterial uptake
or escape from the phagosome (Fig. 2). At later stages of infection (24 h), intracellular
replication of the ΔftlC and ΔsilC mutants was similar to that of the WT strain (Fig. 2).
In contrast, the ΔtolC mutant replicated to lower CFU than those of the WT or the
complemented mutant (Fig. 2). Thus, as found for the LVS, TolC is required for maximal
intracellular replication of Schu S4 following initial infection of macrophages (24).
Together with the increased cytotoxicity of the Schu S4 ΔtolC mutant, this suggests that

FIG 1 Cytotoxicity of the Schu S4 �tolC, ΔftlC, and ΔsilC mutants toward murine and human macro-
phages. (A and B) BMDM were infected with either the WT Schu S4 or indicated mutant or comple-
mented strain at an MOI of 500 for 2 h, treated with gentamicin for 1 h, and then incubated in
gentamicin-free medium until the indicated time points. (A) At 24 h postinfection, BMDM culture
supernatants were collected and assayed for levels of LDH release. (B) At 8, 24, or 48 h postinfection,
BMDM culture supernatants were collected and assayed for levels of LDH release. (C) huMDM were
infected with either the WT Schu S4 or indicated mutant strain at an MOI of 25. At 24 h postinfection,
culture supernatants were collected and assayed for levels of LDH release. Data represent means � SEMs
from at least three independent experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001;
calculated by one-way ANOVA with Tukey’s multiple-comparison posttest (A and C) or unpaired Student
t test (B).

FIG 2 Intracellular replication of the Schu S4 �tolC, ΔftlC, and ΔsilC mutants. BMDM were infected as described for
Fig. 1 with either the WT Schu S4 or indicated mutant or complemented strain at an MOI of 500. At 3 or 24 h
postinfection, cells were washed and then lysed in DMEM plus 0.1% DOC and serially diluted to determine levels
of intracellular bacteria by plating for CFU. Data represent means � SEMs from at least 3 independent experiments.
*, P � 0.05, calculated by one-way ANOVA with Tukey’s multiple-comparison posttest.
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the TolC-dependent delay in host cell death is required for F. tularensis Schu S4 to
maintain its intracellular niche and thereby maximize replication.

F. tularensis Schu S4 actively delays macrophage apoptosis in a TolC-
dependent manner. Loss of TolC in some bacteria causes pleiotropic effects on cell
metabolism, gene expression, and structural integrity (40, 41). However, in previous
studies, we found no detectable effect of tolC deletion on gene expression or envelope
integrity of the LVS (24, 30, 35). This is important, as the hypercytotoxic phenotype of
a number of F. tularensis mutants is due to passive structural defects and intracellular
lysis, leading to activation of the AIM2 inflammasome and caspase-1-dependent py-
roptosis (42, 43). To determine if the increased cytotoxicity of the Schu S4 ΔtolC mutant
was due to increased intracellular lysis and resulting pyroptosis, we infected BMDM
with WT Schu S4 or the ΔtolC mutant and examined cleavage of caspase-1 at 24 h
postinfection. Neither the WT nor the mutant strain induced detectable levels of
caspase-1 cleavage (Fig. 3A), suggesting that the increased cytotoxicity of the Schu S4
ΔtolC mutant is not due to alterations of the OM or defects in envelope integrity. In
agreement with this, we found that the Schu S4 ΔtolC mutant is not more sensitive to
reactive oxygen species (ROS) or the membrane-targeting antimicrobial peptide poly-
myxin B (Table 2).

To determine if Schu S4 actively inhibits macrophage apoptosis in a TolC-dependent
manner, we examined LDH released from BMDM at 24 h after infection with the WT
Schu S4 or ΔtolC mutant alone or from cells coinfected with the ΔtolC mutant (MOI:
500) and increasing amounts of the WT strain (MOI: 100 to 500). As expected, the
single-strain control infections showed that the ΔtolC mutant is hypercytotoxic to
BMDM compared to the WT strain (Fig. 4). However, the cytotoxicity caused by infection
with the ΔtolC mutant was reduced as BMDM were coinfected with increasing amounts
of WT Schu S4. In fact, coinfection of BMDM with equal numbers of WT and ΔtolC Schu
S4 organisms completely blocked the increased cytotoxicity caused by infection with
the mutant alone (Fig. 4). These results argue against the hypercytotoxicity of the ΔtolC
mutant being due to a passive structural defect and support the hypothesis that F.
tularensis actively inhibits host cell death during infection, possibly via a TolC-secreted
effector.

FIG 3 Analysis of apoptotic and pyroptotic markers in response to Schu S4 �tolC infection of BMDM.
BMDM were infected with either WT Schu S4 or the ΔtolC mutant at an MOI of 500. At 24 h postinfection,
cells were collected and lysed. Activation of either caspase-1 (A) or caspase-3 and PARP (B) was examined
via SDS-PAGE and immunoblotting. As a positive control for apoptosis, cells were treated with stauro-
sporine (STS; 125 ng/ml) for 5 h. The black arrowhead in panel B indicates the 89-kDa PARP cleavage
fragment. Results are representative of those from 2 independent experiments.
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We next tested if the hypercytotoxicity of the Schu S4 ΔtolC mutant was due to
increased activation of apoptosis in infected cells. Infection of BMDM with the ΔtolC
mutant resulted in substantial cleavage of caspase-3 at 24 h postinfection, whereas
minimal caspase-3 cleavage was observed in cells infected with the WT Schu S4 strain
(Fig. 3B). Additionally, we observed increased cleavage of poly(ADP-ribose) polymerase
(PARP) in ΔtolC mutant-infected BMDM (Fig. 3B). PARP is a DNA repair enzyme that is
cleaved by activated caspase-3 during apoptosis (44). Therefore, in agreement with
previous findings with the LVS (24), these results suggest that F. tularensis Schu S4
actively delays apoptotic host cell death in a TolC-dependent manner.

F. tularensis Schu S4 modulates macrophage proinflammatory responses in a
TolC-dependent manner. In addition to delaying host cell death, the LVS modulates
host proinflammatory responses during infection via TolC (35). To assess this aspect of
TolC function in fully virulent F. tularensis, we analyzed levels of several cytokines
released from BMDM infected with either WT or ΔtolC Schu S4 or left uninfected as a
control. In response to infection with the ΔtolC mutant, BMDM released elevated levels
of the chemokines CXCL1 and CXCL2 compared to those in infection with WT Schu S4
(Fig. 5). These chemokines are released from monocytes for recruitment of neutrophils
to sites of infection (45, 46). In addition, BMDM infected with the ΔtolC mutant released
elevated levels of interleukin 6 (IL-6) (Fig. 5), another proinflammatory cytokine se-
creted by macrophages to heighten immune responses to infection (47). Increased
levels of released IL-1� were also detected in response to BMDM infection with the
Schu S4 ΔtolC mutant. However, the levels detected in this case were extremely low
and may have been the result of uncleaved IL-1� released from dying BMDM. Levels of
IL-10 detected for BMDM infected with the ΔtolC mutant were also very low, and no
changes were observed in release of IL-17. Taken together, these data demonstrate that
in addition to apoptosis, Schu S4 suppresses host proinflammatory responses during
infection in a TolC-dependent manner.

TolC and FtlC both contribute to Schu S4 virulence in mice. To evaluate
contributions of the three TolC orthologs to the virulence of F. tularensis Schu S4, we
compared the ΔtolC, ΔftlC, and ΔsilC mutants to the WT strain during infection of
C3H/HeN mice by both the intranasal and intradermal routes. In agreement with the
extreme virulence of the Schu S4 strain, all mice infected with 10 CFU of the WT strain
succumbed to infection within 5 days by both routes (Fig. 6 and 7). In comparison, the
ΔftlC and ΔsilC mutants exhibited partial attenuation by the intranasal route, with
�50% of mice infected with 10 CFU surviving to the end of the study (day 21
postinfection) (Fig. 6B and C). All mice infected with 100 CFU of the ΔftlC and ΔsilC
mutants by the intranasal route succumbed to infection with kinetics similar to those
in mice infected with WT Schu S4 (Fig. 6B and C). Notably, mice infected intranasally

FIG 4 Coinfection of BMDM with WT and ΔtolC Schu S4. BMDM were infected singly with either WT Schu
S4 or the ΔtolC mutant at an MOI of 500 or coinfected with the indicated MOI of WT Schu S4 and the
ΔtolC mutant. At 24 h postinfection, culture supernatants were collected and assayed for the levels of
LDH release. Data represent means � SEMs from at least three independent experiments. *, P � 0.05; **,
P � 0.01; ***, P � 0.001; calculated by one-way ANOVA with Tukey’s multiple-comparison posttest.
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with the ΔtolC mutant exhibited complete (10 and 50 CFU) or partial (100 CFU) survival
or a delayed time to death (1,000 CFU) compared to WT-infected mice (Fig. 6A).
Complementation restored virulence of the ΔtolC mutant by the intranasal route (Fig.
6D). Similar experiments using the intradermal route of infection revealed a complete loss
of virulence for the ΔtolC and ΔftlC mutants under the study conditions, as mice infected

FIG 5 Proinflammatory responses elicited by the Schu S4 �tolC mutant during infection of BMDM. BMDM
were infected with either WT Schu S4 or the ΔtolC mutant at an MOI of 500 for 24 h. Culture supernatants
were collected and assayed for levels of the indicted cytokines. Data represent means � SEMs from at
least three independent experiments. **, P � 0.01; ****, P � 0.0001; calculated by one-way ANOVA with
Tukey’s multiple-comparison posttest (for CXCL1) or unpaired Student t test (for IL-6 and CXCL2,
comparing the WT with the ΔtolC mutant).

FIG 6 Contributions of TolC orthologs to F. tularensis Schu S4 virulence in mice via the intranasal route. Mice were infected intranasally with the indicated doses
of either WT Schu S4 or the ΔtolC mutant (A), ΔftlC mutant (B), or ΔsilC mutant (C) and monitored for survival for 21 days (for all strains, n � 10 mice). (D) Mice
were infected with 50 CFU of the WT, the ΔtolC mutant, or the complemented Schu S4 strain and monitored for survival for 21 days (for WT-infected mice, n � 3;
for all others, n � 5). **, P � 0.01; ***, P � 0.001; calculated by log rank test.
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with up to 1,000 CFU of the ΔftlC mutant or up to 10,000 CFU of the ΔtolC mutant survived
throughout the 21-day course of infection (Fig. 7A and B). Importantly, this attenuation of
both the ΔtolC and ΔftlC mutants was rescued in the complemented strains (Fig. 7D). In
contrast, the ΔsilC mutant remained just as virulent as the WT Schu S4 strain via the
intradermal infection route, with all mice infected with 10 CFU of the ΔsilC mutant
succumbing to infection with kinetics identical to those of the WT strain (Fig. 7C).

Based on these results, we estimated 50% lethal doses (LD50) for each Schu S4 strain
(Table 4) (48). The LD50 for WT Schu S4 was �10 CFU by either the intradermal or
intranasal route of infection. Of the Schu S4 ΔtolC, ΔftlC and ΔsilC mutants, only the
ΔtolC mutant was highly attenuated for virulence by both routes of infection, consistent
with a specialized role for TolC as an F. tularensis virulence factor. The attenuation of the
ΔtolC mutant was greater by the intradermal route (LD50 � 10,000 CFU) than by the
intranasal route (LD50 � 200 CFU). In addition to the ΔtolC mutant, the ΔftlC mutant
was also highly attenuated, but only by the intradermal route (LD50 � 1,000 CFU).
These results identify both TolC and FtlC as critical Schu S4 virulence factors by the
intradermal route, suggesting that this route has more stringent requirements for TolC
and FtlC function, possibly via their shared roles in small-molecule efflux (Table 2). In
contrast, the ΔsilC mutant exhibited no alteration in virulence compared to WT Schu S4
by the intradermal route (LD50 � 10 CFU), and both the ΔsilC and ΔftlC mutants had
only minor decreases in virulence (LD50 � 10 CFU) by the intranasal route.

FIG 7 Contributions of TolC orthologs to F. tularensis Schu S4 virulence in mice via the intradermal route. Mice were infected intradermally with the indicated
doses of either WT Schu S4 or the ΔtolC mutant (A), ΔftlC mutant (B), or ΔsilC mutant (C) and monitored for survival for 21 days (for all strains, n � 10 mice).
(D) Mice were infected with 50 CFU of WT Schu S4 or the indicated mutant or complemented strain and monitored for survival for 21 days (for WT-infected
mice, n � 3; for all others, n � 5). ***, P � 0.001; calculated by log rank test.

TABLE 4 Estimated LD50 values for Schu S4 strains

Schu S4
strain

LD50 (CFU)

Intranasal Intradermal

WT �10 �10
ΔtolC mutant 200 �10,000
ΔftlC mutant 10 �1000
ΔsilC mutant 10 �10
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DISCUSSION

F. tularensis is a highly virulent Gram-negative human pathogen and potential
bioterrorism agent. A hallmark of F. tularensis infection is the organism’s ability to
interfere with host immune responses during infection. However, many of the bacterial
factors responsible for immune evasion and virulence remain unclear (9). TolC is the
canonical OM channel protein involved in type I protein secretion and multidrug efflux
from Gram-negative bacteria (29). We previously described a role for TolC in the ability
of the F. tularensis LVS to delay host cell death during infection and facilitate bacterial
virulence in mice (24, 30, 35). As the LVS is an attenuated derivative of F. tularensis
subsp. holarctica, we sought in this study to understand the contribution of TolC to
pathogenesis of fully virulent F. tularensis. This is important, as phenotypes for atten-
uated strains of Francisella do not always recapitulate in fully virulent strains (36, 49, 50).
Therefore, it is critical to analyze the role for TolC in fully virulent, human-pathogenic
strains such as the F. tularensis subsp. tularensis (type A) Schu S4 strain.

The Schu S4 genome encodes three homologs of the E. coli TolC protein: FtlC, SilC,
and TolC (30). In this study, we constructed ftlC, silC, and tolC deletion mutations in the
Schu S4 background and determined the impact of the mutations on multidrug efflux,
modulation of macrophage responses to infection, and virulence in the mouse model
of tularemia. Our results demonstrate that all three TolC orthologs contribute to Schu
S4 multidrug resistance. Additionally, we found that the Schu S4 ΔtolC mutant is
hypercytotoxic to macrophages and has a reduced ability to replicate intracellularly
compared to that of the WT strain. The ΔftlC and ΔsilC mutants did not display altered
cytotoxicity or intracellular replication, identifying a specialized role for TolC in the
ability of F. tularensis Schu S4 to modulate host responses during infection. Further-
more, the ΔtolC mutant elicited greater proinflammatory responses from macrophages
than did WT Schu S4. Finally, we found that while SilC has minimal impact on Schu S4
virulence in mice, both FtlC and TolC are critical virulence factors, with the ΔtolC mutant
attenuated by both the intranasal and intradermal routes of infection and the ΔftlC
mutant attenuated only by the intradermal route.

Bacterial pathogens have evolved various mechanisms to counteract the harmful
effects of antimicrobial compounds, including the use of multidrug efflux systems (28,
29). Multidrug efflux systems reliant on TolC orthologs are conserved across bacteria
and contribute to bacterial virulence (29, 51–54). Previous work identified roles for all
three TolC orthologs in resistance of the F. tularensis LVS to a variety of antibiotics and
other toxic chemicals (30, 38). Consistent with these previous studies, we found that all
three TolC orthologs contribute to multidrug resistance in the F. tularensis Schu S4
strain. TolC and FtlC make overlapping contributions to Schu S4 resistance to diverse
compounds, including SDS, chloramphenicol, and erythromycin. In contrast, we found
that SilC participates in efflux of a distinct set of molecules (Tables 2 and 3). The Schu
S4 ΔsilC mutant had increased sensitivity to CCCP, nalidixic acid, and silver nitrate
compared to that of the parental Schu S4 strain. Furthermore, and in agreement with
previous analysis with the LVS, the Schu S4 ΔsilC mutant had increased sensitivity to the
ROS-generating agent tBh. SilC belongs to the CusC family of TolC-related proteins (32),
and the silC gene is part of an operon together with the genes encoding the EmrA1and
EmrB efflux transporter components (38, 55). The three components in this operon thus
likely function together in the efflux of a specific set of molecules. In contrast, the
tolC and ftlC genes are located individually in different genomic regions. Thus, TolC
and FltC may both function as OM channels for multiple efflux systems in Francisella
(29, 56), providing overlapping functionalities for small-molecule export and mul-
tidrug resistance.

In contrast to the common roles of TolC, FtlC, and SilC in multidrug resistance, our
findings identify a unique role for TolC in the ability of F. tularensis Schu S4 to suppress
host cell death and preserve its intracellular replicative niche. Matching previous
observations with the LVS (24), the Schu S4 ΔtolC mutant was unable to delay activation
of host apoptotic pathways during infection of BMDM, and this correlated with de-
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creased intracellular replication of the mutant compared to that of WT Schu S4.
Importantly, neither the Schu S4 ΔftlC nor ΔsilC mutant exhibited increased toxicity
during macrophage infection, and both replicated to intracellular levels similar to those
of the WT strain. Similarly, only the Schu S4 ΔtolC mutant showed increased toxicity to
huMDM. These results support a model wherein F. tularensis suppresses host cell death
pathways in a TolC-dependent manner to allow for maximal replication in the pro-
tected intracellular niche (24). In addition to increased host cell death, we observed
heightened proinflammatory responses of BMDM during infection with the ΔtolC
mutant compared to those with WT Schu S4. The ΔtolC mutant elicited increased
release of CXCL1 and CXCL2, which are potent chemokines (45, 46), and the proinflam-
matory cytokine IL-6 (47). Taking these findings together, we propose that in addition
to its role in multidrug efflux, TolC also functions as part of a T1SS for the delivery of
F. tularensis effectors that alter host innate immune responses during infection.

In other bacteria, such as E. coli, loss of TolC leads to alterations in various aspects
of bacterial physiology, including membrane integrity, sensitivity to ROS, and metabolic
defects (57). However, while E. coli encodes a single TolC protein, the Francisella
genome encodes three TolC orthologs (30, 31, 38). We propose that these additional
orthologs compensate for any physiological effects that might be caused by loss of
TolC in the F. tularensis OM. Previous studies with the LVS found no evidence for
alterations in envelope integrity for the ΔtolC mutant and, in contrast, found that the
LVS actively inhibited host cell death in a TolC-dependent manner, consistent with a
role for TolC in the delivery of virulence factors (24, 35). In agreement with this, several
lines of evidence support maintenance of normal cellular integrity in the Schu S4 ΔtolC
mutant and an active role for TolC in suppressing host cell responses to infection.
Neither the Schu S4 ΔtolC nor the other deletion mutants exhibited in vitro growth
defects, and all were capable of replicating intracellularly in BMDM (Fig. 2), indicating
that they maintained the ability to survive within the macrophage phagosome and
escape to the cytoplasm. Moreover, the Schu S4 ΔtolC mutant did not display increased
sensitivity to ROS or the antimicrobial peptide polymyxin B, and we found no evidence
for caspase-1 activation during macrophage infection with the ΔtolC mutant. The latter
point is crucial, as hypercytotoxicity of Francisella mutants may be a result of compro-
mised structural integrity and activation of caspase-1-dependent pyroptosis (42, 43).
Finally, we found that coinfection of BMDM with both WT and ΔtolC Schu S4 sup-
pressed the increased cytotoxicity observed upon infection with the mutant alone. This
result is inconsistent with TolC performing a passive, structural role and instead
supports a model wherein F. tularensis actively delivers effectors via TolC to dampen
host cell responses during infection.

Using the mouse intranasal and intradermal models of tularemia, we found differing
contributions of TolC, FtlC, and SilC to Schu S4 virulence, with TolC critical for virulence
by both routes of infection and FtlC critical by the intradermal route only. These results
are noteworthy given that the extreme virulence of Schu S4 in mice (LD50 � 10 CFU by
both infection routes) makes it difficult to observe phenotypes and dissect virulence
mechanisms. Our results are in contrast to a previous screen by Kadzhaev and col-
leagues for attenuated Schu S4 mutants via the intradermal route of infection (36). In
that study, a transposon insertion mutation in tolC had only a modest effect on Schu
S4 virulence, with mice infected with 1,000 CFU of the mutant exhibiting only a delay
in time to death. Our experiments were performed with a clean deletion mutation of
tolC, whereas Kadzhaev et al. analyzed a transposon insertion mutation (36); the most
likely explanation for the differences in our findings is that the transposon insertion did
not fully disable TolC function. In addition, we were able to complement the mutant
phenotypes in our various in vitro cell culture and in vivo assays, confirming the
specificity of our Schu S4 ΔtolC mutation. An alternative explanation for the differences
between our results is that Kadzhaev et al. used BALB/c mice for their infections,
whereas we used C3H/HeN mice. We view this explanation as unlikely, as the Schu S4
ΔtolC mutant exhibited the same increased cytotoxicity and decreased intracellular
replication during infection of BMDM from both BALB/c and C3H/HeN mice (unpub-
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lished data) as well as during infection of huMDM (Fig. 1C). In addition, the phenotype
of the LVS ΔtolC mutant is similar in BMDM from different mouse strains (C3H/HeN,
C57BL/6, and BALB/c) as well as in huMDM (reference 35 and unpublished data).

Although we found that TolC, FtlC, and SilC each participated in Schu S4 multidrug
efflux, only TolC functioned in dampening host cell death responses and only TolC was
critical for Schu S4 virulence by both the intranasal and intradermal routes. This implies
a specialized role for TolC in F. tularensis virulence that is independent of, or in addition
to, its role in multidrug efflux and is likely related to modulation of host innate immune
responses. It is important to note, however, that both the ΔftlC and ΔsilC mutants
exhibited small but significant attenuation in virulence by the intranasal route com-
pared to WT Schu S4, with LD50 values for the mutants increasing to 10 CFU, compared
to �10 CFU for the WT strain. In addition, the Schu S4 ΔftlC mutant was highly
attenuated for virulence in mice by the intradermal route. These data highlight route-
dependent differences in the pathogenesis of tularemia and suggest that the common
function of TolC and FtlC in multidrug efflux may be essential for successful Schu S4
infection via the intradermal route. These data also highlight differences between the
fully virulent F. tularensis subsp. tularensis Schu S4 strain and attenuated F. tularensis
subsp. holarctica LVS, as TolC, but not FtlC, was found to be important for LVS virulence
in mice by the intradermal route (30).

In conclusion, we show that the F. tularensis Schu S4 TolC orthologs contribute to
multidrug efflux, modulation of host cell responses, and virulence. The data presented
here reinforce the hypothesis that TolC has a specialized role in the secretion of
virulence factors aimed at disabling host responses during infection and that TolC
makes unique contributions to F. tularensis virulence. We also identify a novel role for
FtlC in Schu S4 virulence by the intradermal route. These studies lay the groundwork
for future efforts directed toward identifying TolC-secreted effectors and understanding
the molecular basis for the extreme virulence of F. tularensis.

MATERIALS AND METHODS
Bacteria and growth conditions. Unless otherwise indicated, the F. tularensis Schu S4 strain (BEI

Research Resources Repository) and its derivatives were grown on chocolate II agar plates (BD Biosci-
ences) or in modified Mueller-Hinton broth (MHB; Mueller-Hinton broth [BD Biosciences] containing 1%
glucose, 0.025% ferric pyrophosphate, and 0.05% L-cysteine hydrochloride) (39), unless otherwise noted.
All Schu S4 mutants and complemented strains are described below. All growth and manipulations of the
Schu S4 strain were performed under BSL3 containment conditions.

Genetic manipulation of bacteria. The Schu S4 ΔtolC, ΔftlC, and ΔsilC deletion mutants were made
using a two-step allelic-exchange protocol developed by LoVullo et al. (39). All primers used in strain
construction are listed in Table S1 in the supplemental material. Briefly, PCR products corresponding to
regions of chromosomal DNA directly upstream and downstream of tolC (FTT1724), ftlC (FTT1095c), or silC
(FTT1258) were amplified, ligated using GC overlap PCR (58), and cloned into the pMP812 suicide vector
to make pMP812-ΔtolC, pMP812-ΔftlC, and pMP812-ΔsilC. These plasmids were electroporated into
electrocompetent Schu S4, prepared as previously described (59). Transformants were selected on
kanamycin (5 �g/ml), grown overnight in the absence of antibiotics, and then plated onto solid media
containing 8% sucrose. Sucrose-resistant colonies were screened via colony PCR for the presence or
absence of tolC, ftlC, or silC (Fig. S2A).

For unmarked chromosomal complementation of the Schu S4 ΔtolC, ΔftlC, and ΔsilC deletion strains,
each gene was fused to the groE promoter and inserted into the chromosome of the cognate deletion
mutant strain at the attTn7 site downstream of the conserved glmS gene (39). Briefly, the transposase-
encoding shuttle plasmid pMP720 was electroporated into each deletion mutant and transformants were
selected on hygromycin (200 �g/ml). The tolC, ftlC, and silC genes were amplified, placed downstream of
the groE promoter, and separately cloned into pMP749 to make pMP749-tolC�, pMP749-ftlC�, and
pMP749-silC�. The pMP749-based plasmids were electroporated into the corresponding deletion mutant
containing pMP720, and transformants were selected on kanamycin. For each complementation, a single
kanamycin-resistant colony was grown overnight in the absence of antibiotics and then plated onto
kanamycin. Kanamycin-resistant colonies were then screened for hygromycin sensitivity via replica
plating, indicating loss of pMP720. These colonies were then screened via colony PCR to confirm
reinsertion of tolC, ftlC, or silC into the chromosome. Finally, the aphA-1 kanamycin resistance marker was
removed from each strain by electroporation of a resolvase-encoding plasmid, pMP672 (encoding
hygromycin resistance). The complemented strains containing pMP672 were plated on hygromycin,
grown overnight in the absence of antibiotics to cure pMP672, and then plated on kanamycin.
Kanamycin-sensitive, hygromycin-sensitive colonies were screened via colony PCR for the presence of the
tolC, ftlC, or silC gene (Fig. S2B). One colony was selected for each gene and maintained as the Schu S4
ΔtolC::tolC, ΔftlC::ftlC, or ΔsilC::silC complemented strain. The WT Schu S4, ΔtolC mutant, ΔftlC mutant, and
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their complemented strains were compared for growth in MHB, brain heart infusion broth (BHI [pH 6.8];
BD Biosciences), and Chamberlain’s defined medium (CDM) (60).

Disc diffusion assay. Lawns of the WT Schu S4, ΔtolC, �ftlC, �silC, �tolC::tolC�, ΔftlC::ftlC�, or
ΔsilC::silC� strain were plated from frozen stocks. Prior to incubation of plates, solutions of the following
compounds (at the indicated stock concentrations) were diluted in sterile water: SDS (44 mM), strepto-
mycin (290 �M), chloramphenicol (260 �M), erythromycin (460 �M), ampicillin (480 �M), CCCP (3.25 mM),
nalidixic acid (1.45 mM), silver nitrate (196 mM), H2O2 (8.8 M), and tBh (7.8 M). To examine sensitivity of
the Schu S4 strains to the compounds listed above, a 15-�l aliquot of each desired dilution was added
to 6-mm paper discs (BD Biosciences) and the saturated discs were placed onto the bacterial lawns.
Following incubation for 72 h, zones of growth inhibition were measured and recorded as diameters (in
millimeters), including the 6-mm disc.

Preparation of murine macrophages. Bone marrow-derived macrophages (BMDM) were generated
from the femurs of C3H/HeN mice as previously described (35). Bone marrow-derived cells were cultured
for 6 days in bone marrow medium (BMM; Dulbecco modified Eagle medium [DMEM] with GlutaMax
[Gibco] supplemented with 30% L929 cell supernatant, 20% fetal bovine serum [FBS; HyClone], and 1 mM
sodium pyruvate). For cytotoxicity and intracellular replication experiments, BMDM were seeded in
24-well plates at a concentration of 1.5 	 105/well in 1 ml of BMM. For immunoblotting experiments,
BMDM were seeded in 6-well plates at a concentration of 1 	 106/well in 3 ml of BMM. BMDM were
allowed to adhere to plates overnight and then were washed with phosphate-buffered saline (PBS) prior
to infection with the desired F. tularensis strains resuspended in bone marrow infection medium (BMIM;
DMEM with GlutaMax [Gibco] supplemented with 15% L929 cell supernatant, 5% FBS, and 1 mM sodium
pyruvate).

All protocols involving animals were approved by the Institutional Animal Care and Use Committee
of Stony Brook University.

BMDM infections. For immunoblotting, intracellular replication, and cytotoxicity experiments,
BMDM were seeded as described above and infected with WT Schu S4, the ΔtolC, ΔftlC, or ΔsilC mutant,
or the complemented strain at an MOI of 500. Plates were not centrifuged following addition of bacteria,
necessitating the high MOI. For coinfection cytotoxicity experiments, BMDM were seeded and infected
as described above with the WT Schu S4 or ΔtolC mutant alone at an MOI of 500 or with a mixture of
the ΔtolC mutant (MOI � 500) and WT Schu S4 (MOI � 100, 200, 400, or 500). BMDM were incubated with
the bacteria for 2 h, washed with PBS, and incubated for an additional 1 h with gentamicin (10 �g/ml) to
kill extracellular bacteria. After gentamicin treatment, cells were washed with PBS and then incubated
with fresh BMIM (lacking gentamicin) until the desired time points.

Cytotoxicity assays. BMDM were cultured and infected as described above. At the desired times
postinfection, supernatants from infected BMDM were collected and analyzed for the presence of LDH using
the CytoTox 96 nonradioactive cytotoxicity assay (Promega) according to the manufacturer’s protocol.
Background LDH release was quantified by examining supernatants from uninfected BMDM, and maximum
LDH release was quantified from cells that were lysed via a single 
80°C/54°C freeze-thaw cycle. Percent LDH
release was calculated by subtracting background LDH release from all experimental sample values, dividing
by the maximum LDH release minus background LDH release, and multiplying by 100.

Intracellular replication assays. BMDM were cultured and infected as described above. At the
desired times postinfection, cells were washed with PBS and lysed in DMEM plus 0.1% deoxycholate
(DOC) for 10 min at room temperature (61). Lysates were serially diluted, plated, and incubated for 3 days
prior to enumeration of CFU.

Immunoblotting. For analysis of pyroptosis and apoptosis during infection, BMDM were cultured
and infected as described above. At 24 h postinfection, cells were scraped and the supernatant and cell
mixtures were collected. For positive apoptosis controls, cells were treated with 1 �M staurosporine
(Invitrogen) for 5 h. For positive pyroptosis controls, cells were treated with E. coli lipopolysaccharide
(LPS; 100 ng/ml; Sigma) for 4 h, followed by ATP (2.5 mM; Roche) for 1 h. Cells were pelleted, washed
once with PBS, and then lysed in radioimmunoprecipitation assay (RIPA) buffer containing 1	 protease
inhibitor cocktail (Roche). Ten micrograms of each protein sample was separated via SDS-PAGE. After
separation, proteins were transferred to nitrocellulose membranes at 110 V for 90 min. Membranes were
blocked with 3% bovine serum albumin (BSA) in TBST (Tris-buffered saline [TBS] with 0.1% Tween 20) at
room temperature for 2 h. Membranes were then incubated with primary polyclonal antibodies recog-
nizing PARP (Cell Signaling; no. 9542; 1:1,000 dilution), caspase-1 (laboratory collection of J. B. Bliska),
caspase-3 (Cell Signaling; no. 9661; 1:1,000 dilution), or �-actin (Sigma; A3854; 1:50,000 dilution),
overnight at 4°C. Membranes were washed with TBST four times (15, 5, 5, and 5 min) and incubated with
a horseradish peroxidase-conjugated mouse anti-rabbit IgG secondary antibody (Cell Signaling; no. 7074,
1:2,000 dilution) for 1 h at room temperature. Membranes were washed as described above, and bands
were visualized by enhanced chemiluminescence (GE Life Sciences).

Luminex assay. BMDM were cultured and infected as described above. At the desired times
postinfection, supernatants from infected BMDM were collected and analyzed for the levels of the
cytokines IL-1�, IL-6, IL-10, IL-17, CXCL1, and CXCL2 using a MILLIPLEX MAP mouse cytokine/chemokine
magnetic bead panel (Millipore) and a Luminex 200 analyzer.

Isolation and infection of human monocyte-derived macrophages. Human monocytes were
isolated from venous blood of consenting healthy donors as described previously (62). Blood was
collected using 0.12% disodium EDTA as an anticoagulant. Mononuclear cells were fractionated using a
gradient overlay of Lymphoprep (STEMCELL Technologies). The monocyte fraction was collected and
washed. Monocytes were isolated by negative selection using the Monocyte Isolation Kit II (Miltenyi
Biotec) according to the manufacturer’s instructions. Cells were plated in 24-well plates at concentration
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of 2 	 105 per well and cultured for 5 days in RPMI medium (Gibco) supplemented with 10% FBS and
50 ng/ml of recombinant human macrophage colony-stimulating factor (M-CSF; R&D Systems). On day 6,
cells were infected with bacteria at an MOI of 25 in RPMI medium (Gibco) supplemented with 10% FBS
and 50 ng/ml of M-CSF as described for BMDM infection.

Infection of mice. For all mouse infections, inoculums were prepared by growing bacteria for 72 h
on plates, inoculating overnight cultures, and then diluting the resulting cultures to the desired final
concentrations. Intranasal infections were performed by administering a 10-�l inoculum into each naris
(20 �l total). Intradermal infections were performed by injecting a 50-�l inoculum into the pinnae.
Female C3H/HeN mice (6 to 8 weeks old; Charles River Labs) were used for all infections. Actual inocula
were determined by retrospective CFU counts. All mice were monitored for survival for 21 days following
infection. All mouse infections with were performed at the Rutgers Regional Biocontainment Laboratory
under animal BSL3 conditions.

Statistical analysis. For the drug sensitivity assays, one-tailed P values were calculated by one-way
analysis of variance (ANOVA). For 24-h LDH release assays and coinfection experiments, one-tailed P
values were calculated by one-way ANOVA with Tukey’s multiple-comparison posttest. For the LDH
release time course experiment and the cytokine release data, one-tailed P values were calculated using
the unpaired Student t test. All mouse survival studies were analyzed using the log rank test. Statistical
calculations were performed using GraphPad Prism 6 software.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/IAI
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