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To discern virulent from innocuous microbes, the innate immune system senses events associated with bacterial access to
immunoprivileged sites such as the host cell cytosol. One such pathway is triggered by the cytosolic delivery of flagellin, the ma-
jor subunit of the flagellum, by bacterial secretion systems. This leads to inflammasome activation and subsequent proinflam-
matory cell death (pyroptosis) of the infected phagocyte. In this study, we demonstrate that the causative agent of typhoid fever,
Salmonella enterica serovar Typhi, can partially subvert this critical innate immune recognition event. The transcriptional regu-
lator TviA, which is absent from Salmonella serovars associated with human gastroenteritis, repressed the expression of flagellin
during infection of human macrophage-like (THP-1) cells. This mechanism allowed S. Typhi to dampen inflammasome activa-
tion, leading to reduced interleukin-1� (IL-1�) secretion and diminished cell death. Likewise, the introduction of the tviA gene
in nontyphoidal Salmonella enterica serovar Typhimurium reduced flagellin-induced pyroptosis. These data suggest that gene
regulation of virulence factors enables S. Typhi to evade innate immune recognition by concealing a pathogen-induced process
from being sensed by the inflammasome.

To distinguish between self and nonself, the host employs a
multitude of innate pattern recognition receptors (PRRs) to

initiate adequate host responses aimed at eradicating invading mi-
crobes. Activation of PRRs can be achieved by two conceptually
different types of events: recognition of conserved microbial
structures (pathogen-associated molecular patterns [PAMPs]) (1)
and recognition of virulence-associated strategies aimed at ma-
nipulating host cells (patterns of pathogenesis) (2, 3). PAMPs are
specific for certain groups of microbes regardless of their patho-
genic potential, while host cell manipulation is a trait found ex-
clusively in pathogens (2, 3).

PAMPs are typically detected by Toll-like receptors (TLRs),
resulting in the activation of the NF-�B pathway (4). For example,
flagellin, the major component of the flagellum, is recognized by
TLR5, which enables the innate immune system to detect flagel-
lated bacteria, regardless of their pathogenic potential (5, 6). In
contrast, detection of host cell manipulation events allows the host
to discern virulent from commensal microbes and scale the host
defenses commensurate with the threat (2, 3). A prime example is
the translocation of bacterial flagellin into the host cell cytosol
through virulence-associated type III secretion system or type IV
secretion system, which triggers a proinflammatory form of cell
death termed pyroptosis (7–9). Pyroptotic cell death is character-
ized by the assembly and activation of the inflammasome (10, 11).
In the center of this multiprotein complex, active caspase-1 pro-
cesses pro-interleukin-1� (IL-1�) as well as pro-IL-18 into the
biologically active forms by proteolytic cleavage. IL-1� and IL-18
are highly proinflammatory cytokines that are critical for coordi-
nating host responses during bacterial infections (10, 11). In
addition to providing a proinflammatory signal, pyroptotic mac-
rophage cell death releases intracellular bacteria from their pro-
tected intracellular niche, thus exposing the microbes to uptake
and killing by neutrophils (12).

Not surprisingly, a subset of bacterial pathogens has evolved to
evade immune recognition to establish infection. One well-docu-
mented strategy to avoid detection is to alter the structure of a
PAMP, thus decreasing its affinity for the cognate PRR. For exam-

ple, the flagellin expressed by Campylobacter jejuni lacks a TLR5
binding site and is a poor activator of this signaling pathway (13,
14). Likewise, Yersinia pestis can evade TLR4 signaling by produc-
ing a tetra-acylated form of lipid A when grown at a temperature
that resembles that of the mammalian host (15, 16). Although
strategies designed to avoid recognition of PAMPs by their respec-
tive PRRs have been described extensively, it is unclear how bac-
terial pathogens can evade inflammasome activation, a critical
host defense pathways poised to detect manipulation of host cells
by bacterial pathogens.

Human infection with nontyphoidal serovars of Salmonella
enterica, e.g., serovar Typhimurium, results in an acute, self-lim-
iting gastroenteritis with a quick onset of symptoms (�24 h on
average) (17). Invasion and replication inside the intestinal mu-
cosa ignite a vigorous host response characterized by a massive
infiltration of neutrophils (18). In contrast, ingestion of the hu-
man-restricted pathogen Salmonella enterica serovar Typhi results
in typhoid fever, a severe febrile illness due to the dissemination of
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S. Typhi to systemic sites (19, 20). After a median incubation
period of 2 weeks, only a fraction of patients develop intestinal
complications, with the infiltrates being dominated by mononu-
clear cells (21). The absence of an initial severe inflammatory re-
sponse in the mucosa suggests that unlike Salmonella serovars
associated with gastroenteritis, S. Typhi evades detection by in-
nate PRRs in the gut (19, 20). Interestingly, the genome sequences
of S. Typhi and S. Typhimurium are highly syntenic (22), thus
raising the question of which genetic determinants are involved in
escaping innate immune detection. Here we investigated whether
and by which mechanisms S. Typhi is able to evade the activation
of the inflammasome in human macrophage-like THP-1 cells.
Our results demonstrate that reduced flagellin expression enables
S. Typhi to avoid inflammasome activation. Tight regulation of
the flagellar operon in S. Typhi is mediated by TviA, a regulatory
protein that is absent from Salmonella serovars causing gastroen-
teritis in humans.

MATERIALS AND METHODS
Bacterial strains and culture conditions. All plasmids and bacterial
strains used in this study are listed in Table 1. Salmonella strains were
routinely cultured in LB broth (10 g/liter tryptone, 5 g/liter yeast extract,
10 g/liter NaCl) or on LB agar plates (15 g/liter agar) at 37°C. To induce
optimal expression of TviA and capsule biosynthesis, strains were cul-
tured aerobically in tryptone yeast extract (TYE) broth (10 g/liter tryp-
tone, 5 g/liter yeast extract) or in Dulbecco’s modified Eagle’s medium
(DMEM), as indicated. Antibiotics were added, when appropriate, at the
following concentrations: 100 mg/liter carbenicillin, 30 mg/liter chloram-
phenicol, 50 mg/liter kanamycin, and 50 mg/liter nalidixic acid. Acidic
phosphatase (PhoN) activity was determined on agar plates containing
the chromogenic substrate 5-bromo-4-chloro-3-indolyl phosphate (X-
phos) at a concentration of 40 mg/liter.

Differentiation of THP-1 cells. THP-1 cells were routinely cultured as
a suspension in RPMI 1640 containing 1 mM sodium pyruvate, 10 mM

HEPES, 2 mM glutamine, and 10% FBS (fetal bovine serum; Gibco)
(complete medium) for a maximum of �20 passages. Cells were seeded at
a density of 5 � 105 cells per well in 0.5 ml complete medium containing
50 ng/ml phorbol 12-myristate 13-acetate (PMA; Sigma). After 48 h, cells
were washed twice with Dulbecco’s phosphate-buffered saline (DPBS),
and fresh complete medium was added. The medium was replaced daily
for another 4 days. On the last day, cells were switched to complete me-
dium containing 2% FBS.

Generation of bone marrow-derived macrophages. Bone marrow-
derived macrophages (BMMs) were isolated from C57BL/6 mice as re-
ported previously (23). Briefly, bone marrow cells were flushed from fem-
ora with 10 ml of cold RPMI medium. Cells were seeded in 5 petri dishes
containing 20 ml RPMI medium supplemented with 20% heat-inacti-
vated FBS, L929 cell-conditioned medium, 1 mM glutamine, 1% nones-
sential amino acids, and 1% antibiotic-antimycotic mix (Invitrogen)
(BMM medium). On day 3, 10 ml of fresh BMM medium was added, and
cells were incubated for an additional 5 days. Harvested BMMs were re-
suspended in RPMI supplemented with 10% heat-inactivated FBS and 1
mM glutamine, seeded at a density of 5 � 105 cells per well in a 24-well
plate, and incubated for 24 h. The medium was then replaced with RPMI
medium supplemented with 2% FBS and 1 mM glutamine, and cells were
incubated for another 24 h prior to infection.

Immortalized bone marrow-derived macrophages. v-raf/v-myc im-
mortalized bone marrow macrophages (24) derived from C57BL/6 and
isogenic, Nlrc4-deficient mice were a kind gift from K. Fitzgerald. Cells
were routinely cultured in DMEM supplemented with 10% FBS and 1
mM glutamine. For experiments, cells were seeded at a density of 1 � 105

cells per well in a 24-well plate and incubated at 37°C in 5% CO2 for 24 h
prior to infection.

Macrophage infection experiments. Bacterial strains for macrophage
infection studies were grown in TYE broth for 9 h at 30°C, as described
previously (9). Macrophages were treated with 100 ng/ml lipopolysaccha-
ride (Escherichia coli O55:B5; Sigma) 4 h prior to infection. If applicable,
the inhibitor Z-WEHD-FMK (R&D Systems) (dissolved in dimethyl sul-
foxide [DMSO]), specific for caspase-1, -4, and -5, was added 4 h prior to
infection at a final concentration of 25 �M (as indicated in the figure
legends). Mock treatment consisted of treatment with DMSO at a final
concentration of 0.05% or 0.125%. Cells were infected with a multiplicity
of infection (MOI) of 5 bacteria to 1 macrophage. Bacterial uptake was
synchronized by centrifugation at 1,000 � g for 5 min at room tempera-
ture. Cells were incubated for 25 min at 37°C in 5% CO2. The medium was
replaced with fresh medium containing 25 �g/ml gentamicin. At the in-
dicated time points after infection (4 h, 8 h, or 16 h), plates were centri-
fuged at 1,000 � g for 5 min at room temperature to sediment particles.
Supernatants were collected and stored at �80°C for further analysis. To
determine the bacterial load at the end of the experiment, cells were lysed
in 0.5 ml 1% Triton X-100 in phosphate-buffered saline (PBS), the wells
were washed with 0.5 ml PBS, and both suspensions were combined.
Serial dilutions of the cell lysates were spread onto LB agar plates, and CFU
were enumerated.

Quantification of IL-1� secretion. The total concentration of IL-1�,
including pro-IL-1� and IL-1�, in culture supernatants was determined
by using mouse-specific (eBioscience) and human-specific (Biolegend)
IL-1� enzyme-linked immunosorbent assay kits according to the manu-
facturers’ instructions.

Measurement of macrophage cell death. To determine macrophage
cell death, the relative amount of lactate dehydrogenase (LDH) released
into the supernatant was measured with a coupled enzymatic assay
(CytoTox96; Promega) according to the instructions provided by the
manufacturer. The percentage of cell death was calculated by dividing the
LDH activity of the sample (minus the LDH activity of mock-treated cells)
by the activity of cells lysed by Triton X-100 treatment (minus the LDH
activity of mock-treated cells) and multiplying this value by 100. All raw
absorbance values were corrected by measuring cell death in control re-
action mixtures with medium only added.

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid
Relevant genotype and/or
characteristic(s)

Source or
referencea

Strains
S. Typhi

Ty2 Wild type; Vi	 ATCC 19430
SW74 Ty2 
tviB-vexE::Cmr; Vi� 37
SW347 Ty2 
viaB; Vi� 25
SW359 Ty2 
fliC; Vi	 25
SW483 Ty2 
viaB::Kanr 
fliC 25

S. Typhimurium
IR715 Wild type; Nalr derivative of ATCC

14028
54

SL1344 Wild type 55
AJB715 IR715 phoN::Kanr 56
SW473 IR715 
fliC fljB5001::MudJ 23
SW474 IR715 phoN::tviA-Cmr 25
SW681 IR715 phoN::Kanr 
fliC

fljB5001::MudCm
26

SW718 IR715 phoN::tviA-Cmr 
fliC
fljB5001::MudJ

This study

Plasmids
pWSK29 ori(pSC101); Ampr 57
pTVIA1 S. Typhi tviA under the control of its

native promoter in pWSK29
58

a ATCC, American Type Culture Collection.
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Quantification of mRNA levels from bacterial cultures. Bacterial
gene expression was quantified as described previously (25, 26). Briefly, S.
Typhi strains were cultured in TYE broth for 9 h at 30°C. RNA was isolated
by using the Aurum Total RNA minikit (Bio-Rad) and treated with DNase
(DNAfree DNase treatment and removal reagents; Ambion). RNA was
reverse transcribed according to the recommendations of the manufac-
turer (TaqMan reverse transcription reagents; Applied Biosystems). SYBR
green-based real-time PCR (Applied Biosystems) was performed by using

the primers listed in Table 2. Data were analyzed by using the comparative
threshold cycle (CT) method, and the transcription level of flagellar genes
was normalized to that of the housekeeping gene gmk, encoding guanylate
kinase.

Detection of bacterial gene expression in macrophages. PMA-differ-
entiated THP-1 cells and immortalized bone marrow-derived macro-
phages were infected with Salmonella strains at an MOI of 10, as described
above. Three hours after infection, RNA was extracted from �3 � 106

macrophage-like cells by the Tri reagent method (Molecular Research
Center), further purified by using the RNeasy MinElute cleanup kit (Qia-
gen), and treated with DNase (DNAfree DNase treatment and removal
reagents). One microgram of total RNA was used in a 50-�l reverse tran-
scription-PCR (RT-PCR) reaction mixture (TaqMan reverse transcrip-
tion reagents). Two microliters of cDNA was used as a template for SYBR-
based (Applied Biosystems) real-time PCR in a 12.5-�l volume with a
final concentration of 250 nM each primer (Table 2). Data analysis was
performed by using the comparative CT method. The expression level of
the bacterial fliC gene was normalized to Salmonella 16S rRNA levels.

Analysis of bacterial protein expression by Western blotting. For the
experiment shown in Fig. 1B, strains were cultured at 37°C for 16 h in LB
broth, while for experiments shown in Fig. S2 in the supplemental mate-
rial, bacteria were grown at 30°C for 9 h in TYE broth. The turbidity of the
culture (optical density at 600 nm [OD600]) was measured, and cells were
lysed in loading buffer (25 mM Tris-HCl [pH 6.8], 8% glycerol, 0.8% SDS,

TABLE 2 Oligonucleotides used in this study

Target gene Oligonucleotide sequence Reference

fliC 5=-GTAACGCTAACGACGGTATC-3= 25
5=-ATTTCAGCCTGGATGGAGTC-3=

flhC 5=-CTGTAACTGCTGCGGTGGGAAC-3= 25
5=-GGATGGCGGCTGGCATAAACTAC-3=

gmk 5=-TTGGCAGGGAGGCGTTT-3= 59
5=-GCGCGAAGTGCCGTAGTAAT-3=

16S rRNA 5=-TGTTGTGGTTAATAACCGCA-3= 60
5=-GACTACCAGGGTATCTAATCC-3=

FIG 1 Effect of flagellin on the interaction of S. Typhi and S. Typhimurium with human macrophage-like cells. (A) PMA-differentiated THP-1 cells were infected
with the S. Typhi wild-type strain (Ty2) or the S. Typhimurium wild-type strain (IR715) or mock treated, and the concentration of IL-1� in the supernatant was
determined by an enzyme-linked immunosorbent assay (n � 3). (B) In vitro expression of flagellin by the S. Typhi wild-type strain, an isogenic 
fliC mutant, the
S. Typhimurium wild-type strain, or an isogenic 
fliC fljB mutant. S. Typhi and S. Typhimurium flagellins were detected by Western blotting using Salmonella
H antiserum d (�Hd) and antiserum i (�Hi), respectively. As a loading control, the amount of the chaperone GroEL (�GroEL) was determined. The approximate
locations of standard proteins are indicated. (C and D) PMA-differentiated THP-1 cells were treated with DMSO (vehicle control) or 25 �M caspase inhibitor
Z-WEHD-FMK and subsequently infected with the S. Typhi wild-type strain (Ty2), an isogenic 
fliC mutant (SW359), the S. Typhimurium wild-type strain
(IR715), or an isogenic 
fliC fljB mutant (SW473) or mock treated. After 8 h, the intracellular bacterial load (C) and the amount of IL-1� released into the
supernatant (D) were determined (n � 4). Bars represent geometric means  standard errors. �, P � 0.05; ��, P � 0.01; ���, P � 0.001; ns, not statistically
significant.
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0.04% bromophenol blue, 10% 2-mercaptoethanol). A fraction of this
boiled solution, corresponding to �5 � 107 CFU, was used for SDS-
polyacrylamide gel electrophoresis (PAGE). To determine bacterial pro-
tein levels in infected macrophages (Fig. 2D), PMA-differentiated THP-1
cells were infected with bacterial strains precultured in TYE medium at an
MOI of 5. The bacterial infection was synchronized by mild centrifuga-
tion, as described above. Cells were then incubated for 25 min at 37°C. The
medium was replaced with fresh medium containing 25 �g/ml gentami-
cin to kill extracellular bacteria. Two hours thirty minutes later, �3 � 106

THP-1 cells were lysed in 50 �l of loading buffer. Samples were boiled for
3 min and resolved by SDS-PAGE. Proteins were transferred from gels
onto a polyvinylidene fluoride membrane (Millipore) by using a semidry
transfer method (Bio-Rad Laboratories). Expression of FliC, GroEL, and
RpoA was detected by using rabbit Salmonella H antiserum d (Difco)
and Salmonella H antiserum i (Difco), anti-GroEL antiserum (Sigma),
and anti-RpoA antiserum (4RA2; Santa Cruz Biotechnology), respec-
tively, as the primary antibodies. A horseradish peroxidase-conjugated
goat anti-rabbit or goat anti-mouse antibody (Bio-Rad) was used as the
secondary antibody. Chemiluminescence (Western Lightning Plus ECL
chemiluminescent substrate; PerkinElmer) was visualized by using a Bio-
Spectrum (UVP) or a G:Box (Syngene) imaging system. Raw images were
processed with Photoshop CS2 (Adobe Systems) to uniformly adjust
brightness levels of the entire image.

Proteolytic cleavage of caspase-1. Immortalized BMMs were in-
fected, as described above, at an MOI of 5 with S. Typhimurium strains
precultured in TYE broth. After 16 h, cells were lysed in loading buffer,
and the lysate as well as the culture supernatant were analyzed by Western

blotting, as described above. As a primary antibody, a rat polyclonal an-
tibody against caspase-1 p20 (kindly provided by Genentech) was used.

Mouse experiments. This study was performed in strict accordance
with the recommendations of the Guide for the Care and Use of Laboratory
Animals (27). The protocol was approved by the Institutional Animal
Care and Use Committee of the University of California, Davis.

Female C57BL/6 mice were obtained from The Jackson Laboratory
(Bar Harbor, ME) and housed under specific-pathogen-free conditions.
Access to food and water was provided ad libitum. S. Typhimurium
strains, cultured in TYE broth as described above, were washed once with
DPBS. Groups of 4 animals were intraperitoneally infected with a total of
1 � 104 CFU of S. Typhimurium (5 � 103 CFU of each strain; competitive
infection design) in 0.1 ml DPBS. The ratio of the indicated strains in the
inoculum was determined by culturing on selective agar plates. Animals
were euthanized 48 h after infection. The spleen was removed, weighed,
and homogenized in 5 ml DPBS. Homogenates were serially diluted in
PBS and plated onto selective, chromogenic medium (X-phos agar plates
containing nalidixic acid). The competitive index for each animal was
calculated by dividing the bacterial load of the tviA-expressing strain by
the bacterial load of the strain lacking the tviA gene, normalized by the
ratio of the strains in the inoculum. One group of animals was infected
with the S. Typhimurium wild type and the phoN mutant, with both
strains being recovered in similar numbers (data not shown).

Statistics. Raw data were log transformed for descriptive and inferen-
tial statistical analysis. The Student t test was used to assess statistical
significance. P values of �0.05 were considered to be statistically signifi-

FIG 2 Effect of TviA-mediated flagellin repression on cell death and IL-1� secretion induced by S. Typhi. (A and B) PMA-differentiated THP-1 cells were
infected for 8 h with the indicated S. Typhi strains precultured in TYE broth. (A) Cell death was determined by using an LDH release assay. (B) IL-1� secretion
into the supernatant was measured by an enzyme-linked immunosorbent assay. FliC-dependent cell death and IL-1� release are indicated by white bars, while
LDH release and IL-1� secretion independent of FliC (i.e., amount induced by a 
viaB 
fliC mutant [dashed lines]) are indicated by gray bars (n � 6). (C and
D) Quantification of S. Typhi fliC levels inside macrophage-like cells. PMA-differentiated THP-1 cells were infected with the S. Typhi wild-type strain, a 
viaB
mutant, a 
tviB-vexE mutant, and a 
viaB 
fliC mutant for 3 h. (C) Total RNA was extracted, and relative fliC mRNA levels, normalized to the amount of 16S
rRNA, were determined by quantitative RT-PCR (n � 4). (D) Lysates of infected THP-1 cells were analyzed by Western blotting for expression of flagellin (�Hd
antiserum). As a loading control, the alpha subunit of the bacterial RNA polymerase (RpoA) was quantified. The approximate locations of marker proteins are
indicated on the left. Bars represent geometric means  standard errors. �, P � 0.001; ��, P � 0.01; ns, not statistically significant; ND, none detected.
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cant. For each figure panel, the number of biological repeats (n) and
statistical significance for relevant comparisons are indicated.

RESULTS
Absence of flagellin-dependent IL-1� secretion by S. Typhi-in-
fected macrophages. The mechanisms of inflammasome activa-
tion during S. Typhimurium infection have been studied exten-
sively by the use of cultured mouse macrophages and murine
disease models. In contrast, S. Typhi is a human-restricted patho-
gen and does not infect rodents. To investigate the interaction of S.
Typhi and S. Typhimurium with phagocytes, we used differenti-
ated THP-1 cells, a human macrophage-like cell line (28). THP-1
cells were infected with the S. Typhi wild-type strain (Ty2) or the
S. Typhimurium wild-type strain (IR715). After 8 h, the total con-
centration of IL-1� in the supernatant was determined by an en-
zyme-linked immunosorbent assay. The IL-1� detected in this
assay comprised both immature, pro-IL-1� leaking from dam-
aged cells as well as the biologically active, mature form of IL-1�
and thus serves as an indirect readout for inflammasome activa-
tion. Infection of THP-1 cells with S. Typhimurium or S. Typhi
induced IL-1� secretion compared to mock-treated cells (Fig.
1A), which was reported previously (29–31). Curiously, the S.
Typhi wild-type strain elicited significantly less IL-1� secretion
than did the S. Typhimurium wild-type strain, suggesting that S.
Typhi induces less inflammasome activation than does S. Typhi-
murium.

Previous reports demonstrated that S. Typhimurium induces
IL-1� secretion through type III secretion system-mediated trans-
location of flagellin (FliC) into the cytosol of murine macrophages
(7, 9, 32). We therefore sought to determine whether flagellin
contributes to inflammasome activation by S. Typhi in human
macrophages. The genome of biphasic S. Typhimurium contains
two flagellin genes (fliC and fljB), while the chromosome of
monophasic S. Typhi possesses only one flagellin gene (fliC). We
thus utilized flagellin-deficient mutants (Fig. 1B) of S. Typhi
(
fliC mutant [SW359]) and S. Typhimurium (
fliC fljB mutant
[SW473]) and infected THP-1 cells with these strains. THP-1 cells
were treated with either Z-WEHD-FMK, an inhibitor specific for
caspase-1, -4, and -5 (dissolved in DMSO), or vehicle (DMSO
treatment) (Fig. 1C and D). The number of intracellular bacteria
(Fig. 1C) and IL-1� secretion (Fig. 1D) were determined 8 h after
infection. The intracellular bacterial loads of the flagellin-deficient
S. Typhi 
fliC mutant as well as the S. Typhimurium 
fliC fljB
mutant were found to be similar to those of the respective wild-
type strains, indicating that the absence of flagellin did not affect
uptake and intracellular replication in this model system (Fig.
1C). Consistent with the concept that flagellin translocation into
human macrophage-like cells results in inflammasome activation,
inactivation of fliC and fljB in S. Typhimurium (
fliC fljB mutant)
significantly reduced IL-1� secretion (P � 0.01) (Fig. 1D). In con-
trast, inactivation of fliC in S. Typhi (
fliC mutant) did not fur-
ther reduce the amount of IL-1� secreted by infected macro-
phage-like cells (Fig. 1D), and the levels of IL-1� production
induced by the S. Typhi strains were similar to those induced by
the flagellin-deficient S. Typhimurium 
fliC fljB mutant. Interest-
ingly, the nonflagellated S. Typhi 
fliC mutant and S. Typhimu-
rium 
fliC fljB mutant still induced a significant amount of IL-1�
secretion compared to that in mock-treated cells, suggesting that
other flagellin-independent pathways contribute to inflam-
masome activation, as reported previously (33). IL-1� secretion

was dependent on caspase-1, since the IL-1� concentration in
supernatants from inhibitor-treated cells was comparable to that
in uninfected cells. Taken together, these results suggested that S.
Typhi triggered little flagellin-dependent inflammasome activa-
tion during infection of human macrophage-like cells.

S. Typhi reduces IL-1� secretion and macrophage cell death
by repressing FliC expression. One DNA region that is present in
the S. Typhi chromosome but absent from S. Typhimurium is
Salmonella pathogenicity island 7 (SPI-7), a 134-kb insertion that
was likely acquired by horizontal gene transfer (34). Situated
within SPI-7 is the viaB locus (see Fig. S1A in the supplemental
material). This operon contains the genes for the regulation
(tviA), biosynthesis (tviBCDE), and export (vexABCDE) of the
virulence-associated (Vi) capsular polysaccharide (19). TviA is a
transcriptional activator of the viaB operon (35, 36) and regulates
virulence factors outside SPI-7, including the flagellar regulon
(25). TviA controls the expression of FliC (see Fig. S1B and S1C in
the supplemental material) by repressing the transcription of the
flagellar master regulator FlhDC (see Fig. S1D in the supplemental
material) in response to osmolarity (25, 37). TviA-mediated re-
pression of flagellin expression occurs under conditions that are
similar to those of the osmolarity encountered in tissue (plasma
osmolarity) (26). We hypothesized that TviA might repress the
transcription of the flagellar regulon, thereby concealing flagellin
from inflammasome sensing in macrophages. To test this hypoth-
esis, we infected THP-1 cells with an S. Typhi wild-type strain
(Ty2), a nonencapsulated 
tviB-vexE mutant (SW74) that ex-
presses tviA, a 
viaB mutant (SW347) that lacks the capsule bio-
synthesis genes as well as the regulator TviA (deletion of
tviABCDE vexABCDE), and a 
viaB 
fliC mutant (SW483). Cell
death (lactate dehydrogenase [LDH] release assay) and IL-1� se-
cretion were monitored at various time points (Fig. 2A and B; see
also Fig. S2 in the supplemental material). We reasoned that this
comparison would allow us to disentangle the contribution of the
Vi capsular polysaccharide from the contribution of TviA, since a
simple deletion of tviA is pleiotropic (35) and would affect Vi
capsular polysaccharide expression and fliC expression simulta-
neously. The S. Typhi wild-type strain and the nonencapsulated,
tviA-expressing 
tviB-vexE mutant induced similar levels of LDH
release (Fig. 2A; see also Fig. S2A and S2B in the supplemental
material) and IL-1� secretion (Fig. 2B; see also Fig. S2C and S2D
in the supplemental material) into the supernatant, suggesting
that the Vi capsular polysaccharide did not alter inflammasome
activation. In contrast, cells infected with the nonencapsulated

viaB mutant lacking the tviA gene secreted significantly larger
amounts of LDH and IL-1�. Inactivation of the fliC gene in the
absence of the negative regulator tviA (
viaB 
fliC mutant) sig-
nificantly diminished cell death and IL-1� production (Fig. 2A
and B; see also Fig. S2 in the supplemental material). This result
suggested that in the absence of TviA, FliC of S. Typhi triggers
inflammasome activation, which was similar to the flagellin-me-
diated inflammasome activation observed in nontyphoidal S. Ty-
phimurium (Fig. 1D). Collectively, these results suggested that
TviA enables S. Typhi to evade host detection through the inflam-
masome by negatively regulating the expression of FliC.

To directly test whether fliC transcription was indeed repressed
when bacteria were residing intracellularly, we infected differen-
tiated THP-1 cells with the S. Typhi wild-type strain (Ty2), a

tviB-vexE mutant (SW74), a 
viaB mutant (SW347), and a

viaB 
fliC mutant (SW483) precultured in TYE medium

Winter et al.

1550 iai.asm.org April 2015 Volume 83 Number 4Infection and Immunity

http://iai.asm.org


(Fig. 2C) or in tissue culture medium (see Fig. S3A in the supple-
mental material). Total RNA was isolated, and the abundance of
bacterial fliC mRNA (standardized to 16S rRNA) was determined
by quantitative reverse transcription-PCR (qRT-PCR) (Fig. 2C;
see also Fig. S3A in the supplemental material). Inactivation of
capsule biosynthesis genes (
tviB-vexE mutant) did not affect fliC
transcription; however, a significant increase in the level of fliC
mRNA was observed in the 
viaB mutant compared to the 
tviB-
vexE mutant (P � 0.01). Similarly, flagellin protein levels were
significantly increased in the viaB mutant in comparison with the
wild-type strain and the 
tviB-vexE mutant during infection of
THP-1 cells (Fig. 2D).

Introduction of TviA into S. Typhimurium decreases activa-
tion of the NLRC4 inflammasome. To further study the role of
TviA in evading inflammasome activation, we utilized an S. Ty-
phimurium strain in which the phoN gene was replaced with the S.
Typhi tviA promoter and coding sequence. The phoN gene en-
codes an acidic phosphatase that does not contribute to pathogen-
esis and is considered a neutral locus (26). Paralleling the results
from S. Typhi (see Fig. S1B in the supplemental material), the
expression of tviA reduced protein levels of FliC in S. Typhimu-
rium in vitro (see Fig. S1E in the supplemental material). No sig-
nificant expression of the second-phase flagellin FljB was detected
(data not shown).

We next investigated whether TviA-mediated changes in gene
transcription altered the interaction of S. Typhimurium with
mouse macrophages. To this end, murine bone marrow-derived
macrophages (BMMs) were infected with the S. Typhimurium
wild-type strain (IR715), the tviA-expressing phoN::tviA mutant
(SW474), and a flagellin-deficient 
fliC fljB mutant (SW473).
Neither the presence of tviA nor the lack of flagellin expression
altered the amount of bacteria recovered at the end of the experi-
ment (see Fig. S3C in the supplemental material). As demon-
strated in previous studies (7, 9), the 
fliC fljB mutant elicited
significantly (P � 0.01) less IL-1� secretion than did the wild-type
strain (Fig. 3A), indicating that in this model system, flagellin is a
major factor contributing to inflammasome activation. Most im-
portantly, the expression of tviA significantly (P � 0.05) reduced
IL-1� production in BMMs (Fig. 3A). Similar results were ob-
tained when human THP-1 cells were infected with S. Typhimu-

rium strains (see Fig. S3B in the supplemental material). In a sec-
ond set of experiments, BMMs were infected with the S.
Typhimurium wild-type strain, the tviA-expressing phoN::tviA
mutant, the flagellin-deficient 
fliC fljB mutant, and a phoN mu-
tant (AJB715), and LDH release after 16 h was determined, to
study the effect of tviA on cell death (Fig. 3B). Inactivation of phoN
did not alter cell death induced by S. Typhimurium, while the
flagellin-deficient 
fliC fljB mutant as well as the strain carrying
the tviA gene (phoN::tviA mutant) induced significantly less cell
death than did their isogenic parents (Fig. 3B). Mirroring the find-
ings with S. Typhi (Fig. 2C), the expression of tviA in S. Typhimu-
rium reduced fliC mRNA levels during infection of immortalized
murine bone marrow-derived macrophages (Fig. 3C). Collec-
tively, these data supported the concept that tviA reduces flagellin-
dependent pyroptosis in murine macrophages.

One critical step during the activation of the inflammasome is
the proteolytic cleavage of procaspase-1 into two fragments, p10
and p20 (11, 38). To test the hypothesis that TviA reduces inflam-
masome activation, we analyzed lysates of infected BMMs by
Western blotting by probing membranes with an antibody specific
for the cleaved p20 subunit. Both the S. Typhimurium wild type
and the phoN mutant induced processing of caspase-1, while no
caspase-1 cleavage was detected in cells infected with the tviA-
expressing phoN::tviA mutant or a phoN 
fliC fljB mutant
(SW681) (Fig. 4A), thus providing direct support for the hypoth-
esis that TviA-mediated repression of flagellin expression can me-
diate inflammasome evasion.

The inflammasome is activated upon the assembly of a multi-
protein complex, a process that is mediated by a NOD-like recep-
tor (NLR) and that is enhanced by the adaptor protein apoptosis-
associated speck-like protein containing a caspase recruitment
domain (ASC) (10, 11). In S. Typhimurium-infected murine mac-
rophages, inflammasome activation in response to flagellin trans-
location requires the NLR protein NLRC4 (7, 9, 39). To test the
hypothesis that the TviA-mediated repression of flagellar genes
diminishes the activation of the NLRC4 inflammasome, we in-
fected immortalized BMMs generated from wild-type (C57BL/6)
mice and isogenic NLRC4-deficient mice with S. Typhimurium
strains and measured the production of IL-1� (Fig. 4B; see also
Fig. S3D in the supplemental material). While the wild-type strain

FIG 3 Heterologous expression of TviA in S. Typhimurium reduces IL-1� secretion. The indicated S. Typhimurium strains were cultured in TYE broth prior to
infections. (A and B) Murine BMMs were infected with the indicated S. Typhimurium strains, and IL-1� secretion (A) (n � 3) as well as cell death (B) (n � 4)
were measured after 16 h. FliC-dependent IL-1� release and cell death are indicated by white bars, while LDH release and IL-1� secretion independent of FliC
(i.e., amount induced by a 
fliC fljB mutant [dashed lines]) are indicated by gray bars. (C) Immortalized BMMs isolated from wild-type animals were infected
with the indicated S. Typhimurium strains for 3 h. Total RNA was extracted from infected cells, and relative fliC mRNA levels, normalized to 16S rRNA levels,
were determined by quantitative RT-PCR (n � 4). Bars represent geometric means  standard errors. �, P � 0.001; ��, P � 0.01; ns, not statistically significant.
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and the phoN mutant induced IL-1� secretion into the superna-
tant by wild-type BMMs, significantly less cytokine production
was observed for cells infected with the phoN::tviA mutant or the
phoN 
fliC fljB mutant. Significantly less IL-1� was detected in
supernatants from NLRC4-deficient macrophages infected with
the wild type and the phoN mutant, demonstrating that inflam-
masome inactivation is in part dependent on this NLR. Most im-
portantly, no effect of TviA on IL-1� secretion was observed in the
absence of NLRC4 (Fig. 4B).

Due to the host restriction of S. Typhi, animal models available
to study typhoid fever pathogenesis are very limited. Since the
transfer of the tviA gene into S. Typhimurium recapitulated as-
pects of S. Typhi inflammasome evasion in vitro, we investigated
potential consequences of TviA-mediated flagellin repression in a
murine model of S. Typhimurium infection. In a model for the
systemic phase of infection, it was recently demonstrated that
flagellin-overexpressing S. Typhimurium strains are cleared in a
manner independent of IL-1� and IL-18. Infected macrophages
that undergo NLRC4-depdendent pyroptosis release bacteria into
the extracellular milieu. This removal of S. Typhimurium from its
intracellular location makes the pathogen susceptible to uptake
and killing by neutrophils, thus enhancing tissue clearance (12).
To test whether tviA-mediated repression of flagellin expression
could enhance bacterial survival in this model of the systemic
phase of infection, groups of C57BL/6 mice were intraperitoneally
infected with an equal mixture of the S. Typhimurium wild-type
strain and a phoN::tviA mutant. The bacterial loads of both strains
in the spleen were determined 48 h after infection (Fig. 4C). The
wild type was recovered in lower numbers than was the tviA-ex-
pressing strain. Most importantly, the expression of tviA in S.
Typhimurium did not impact bacterial numbers in the absence of
flagellin (fliC fljB mutant background) (Fig. 4C). Taken together,
these experiments suggested that TviA-mediated flagellin repres-
sion enhances the fitness of S. Typhimurium in this model of the
systemic phase of infection.

DISCUSSION

The innate immune system deploys a multitude of PRRs to detect
the presence of bacteria in the tissue, with the aim of clearing

invading microbes. Conversely, pathogenic microbes have
evolved mechanisms to overcome antibacterial host defenses. For
example, virulence-associated type III secretion systems in S. Ty-
phimurium accidentally translocate flagellin into the cytosol of
murine host cells in vitro, an event that triggers the activation of
the NLRC4 inflammasome and pyroptotic cell death (7, 9). S.
Typhimurium averts this course of events during infection of the
murine host by limiting the expression of flagellin. FliC is ex-
pressed in the lumen of the intestinal tract as well as in Peyer’s
patches, while the S. Typhimurium populations colonizing the
mesenteric lymph nodes and the spleen lack FliC expression (40–
42). Tissue-specific regulation of the flagellar regulon in the
mouse model is critical for colonization of systemic sites, since S.
Typhimurium mutants engineered to constitutively express FliC
induce pyroptosis of their macrophage host, with the extracellular
bacteria being rapidly cleared by neutrophils (12). Downregula-
tion of FliC expression in S. Typhimurium is mediated by PhoPQ
(41), a two-component system that is conserved between S. Typhi
and S. Typhimurium. It is conceivable that S. Typhi restricts FliC
expression in a PhoPQ-dependent manner and thus limits inflam-
masome activation once the bacteria have reached the mesenteric
lymph nodes or systemic sites of the human host.

In comparison to S. Typhimurium, S. Typhi exhibits an addi-
tional, tighter layer of flagellin regulation. Repression of flagellin
expression further reduces inflammatory cell death and cytokine
production by S. Typhi-infected macrophages. Downmodulation
of flagellin expression is coordinated by TviA, a transcriptional
regulator encoded within the S. Typhi-specific pathogenicity is-
land 7. Expression of TviA itself is regulated by the EnvZ/OmpR
system in response to osmolarity (43). Under conditions encoun-
tered in the gut lumen, TviA expression is repressed (26, 44), thus
permitting the production of flagella to assist in invasion through
motility. Once the bacteria reach the mucosa, the decrease in os-
molarity leads to the expression of TviA and a rapid repression of
flagellin expression (26). This swift downregulation of flagellin
production occurring in the mucosa has been shown to be critical
for reducing pattern recognition by TLR5 (26, 37) and limiting
adaptive immune responses (45). In addition to the recognition of

FIG 4 Effect of TviA on inflammasome activation. S. Typhimurium strains were cultured in TYE broth prior to infections. (A and B) Immortalized murine
BMMs were infected with the indicated S. Typhimurium strains for 16 h. (A) Cell lysates and supernatants were analyzed by Western blotting using caspase-1-
specific antiserum. The approximate locations of marker proteins are indicated. (B) Immortalized BMMs isolated from wild-type animals or Nlrc4-deficient
animals were infected with S. Typhimurium strains or mock treated, and IL-1� secretion was quantified (n � 3). (C) Groups of C57BL/6 animals (n � 4) were
intraperitoneally infected with an equal mixture of the wild type (IR715) and the phoN::tviA mutant (SW474) or the 
fliC fljB mutant (SW473) and the 
fliC fljB
phoN::tviA mutant (SW718). Bacterial numbers in the spleen were determined at 48 h postinfection, and the ratio of tviA-expressing strain over the strain lacking
the tviA gene (competitive index) was calculated. Bars represent geometric means  standard errors. �, P � 0.001; ��, P � 0.01; ns, not statistically significant.
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extracellular flagellin by TLR5 and subsequent NF-�B activation,
the mammalian host also senses the delivery of flagellin to the
cytosol of mononuclear cells such as macrophages or dendritic
cells, ultimately leading to the activation of the NLRC4 inflam-
masome. While flagellation is a property shared by commensal
and pathogenic bacteria, cytosolic access is a typical signature of
bacterial pathogens and thus a “pattern of pathogenesis” (2, 3).
The ability to differentiate between the localization of flagellin
(intracellular versus extracellular) allows the mammalian host to
discriminate pathogens from microbes with lower pathogenic po-
tential. Here we provide evidence that S. Typhi dampens inflam-
masome activation in human macrophage-like cells in a TviA-
dependent manner. The presence of the tviA gene reduced the
expression of the bacterial stimulant flagellin. Additionally, tviA
represses the expression of the invasion-associated type III secre-
tion system (46), which is involved in the translocation of bacterial
flagellin into cultured macrophages (7, 9). The concomitant
downregulation of the translocated bacterial flagellin as well as the
secretion apparatus by TviA may allow S. Typhi to mask the cyto-
solic translocation of flagellin, a pattern of pathogenesis, in the
intestinal mucosa.

Upon reaching the intestinal mucosa, extracellular bacteria are
phagocytosed by mononuclear cells (47). Evasion of inflam-
masome activation during early phases of the infection process by
S. Typhi may have multiple potential consequences. Inflam-
masome activation results in the release of IL-1� and IL-18, pro-
inflammatory cytokines critical for orchestrating innate immune
responses against S. Typhimurium (48–50). In addition to coor-
dinating cytokine release, inflammasome activation also results in
the death of infected macrophages (12). Upon initial invasion,
bacteria are thought to disseminate from the gastrointestinal tract
to deeper tissues inside CD18-expressing phagocytes (51), and
survival within macrophages is thought to be critical for replica-
tion within tissues (52, 53). Here we demonstrate that the expres-
sion of the S. Typhi regulator TviA in S. Typhimurium can reduce
flagellin-dependent cell death of murine macrophages and aug-
ments fitness in a systemic model of infection. These findings sug-
gest that evasion of inflammasome activation by S. Typhi by con-
cealing flagellin expression might be an important virulence
strategy aimed to aid in enhancing fitness within the human host.

Taken together, our data provide evidence that S. Typhi can
obscure a pattern of pathogenesis through stringent gene regula-
tion of the immunostimulant flagellin. This mechanism might
allow the organism to avoid death of the infected host cell and aid
the pathogen in establishing a protected niche.
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