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Salmonella enterica, a gram-negative pathogen, causes a spectrum of human infections including enterocolitis
and typhoid fever. We previously showed that Salmonella flagellin played a role in suppressing intestinal
mucosal inflammation in a murine model of acute enterocolitis. In this study, we examined the role of flagellin
in the typhoid-like systemic murine Salmonella infection by measuring bacterial proliferation, inflammation,
leukocyte recruitment, and cellular apoptosis in Peyer’s patches (PPs), mesenteric lymph node (MLN), and
spleen. We found that relative to an isogenic wild-type (WT) strain, aflagellate Salmonella exhibited increased
proliferation at 4 days postinfection in PPs and MLN but not spleen. The aflagellate mutant also elicited
increased local and systemic secretion of inflammatory cytokines such as interleukin-13, gamma interferon,
and tumor necrosis factor alpha and enhanced surface expression of ICAM-1 on macrophages and dendritic
cells (DCs). Furthermore, the recruitment of macrophages and DCs in PPs and MLN, but not spleen, was
enhanced upon infection with aflagellate Salmonella. The relative differences between WT and aflagellate
Salmonella were highly attenuated in Toll-like receptor 5-deficient (TLR5™/~) mice, indicating involvement of
TLR5-dependent signaling. Interestingly, infection with the aflagellate mutant also resulted in decreased levels
of T-cell apoptosis in PPs relative to infection with WT Salmonella. We postulate that the initial lack of
detection of the aflagellate mutant in the mucosa permits increased proliferation within the host and enhances
inflammatory signaling in nonepithelial cell types, which subsequently promotes leukocyte recruitment. In
contrast, lack of difference in any disease parameter measured in the spleen likely reflects that Salmonella
expression of flagellin is downregulated in this organ. Thus, the characteristic inflammatory pathology of
Salmonella infection occurs only in PPs and to a lesser extent in MLN during the initial phases of infection and

these early responses are dependent on TLRS5.

Salmonella enterica is a food- and waterborne gram-negative
pathogen that causes a range of infectious diseases in a variety
of hosts. In humans, infection with Salmonella enterica serovar
Typhi typically causes severe systemic illness while infection
with serovar Typhimurium is commonly associated with self-
limiting gastroenteritis. S. enterica serovar Typhimurium infec-
tions are a common cause of food poisoning in industrialized
countries. While the infection is usually confined to the intes-
tinal tract, it can sometimes result in severe complications and
is a particular threat to immunocompromised persons. In con-
trast, systemic infections by S. enterica serovar Typhi, often
referred to as “typhoid fever,” commonly cause severe, some-
times lethal, illness, making this bacterium a major menace in
the developing world. Importantly, in contrast to Salmonella-
induced gastroenteritis, systemic infections with S. enterica se-
rovar Typhi are not typically associated with significant intes-
tinal injury during early stages of disease.

The mechanisms of Salmonella infection in mice have been
extensively studied. The most efficient route of systemic infec-
tion appears to be that, following ingestion and gastric passage,
Salmonella reaches the small intestine lumen, where it crosses
the epithelium overlaying mucosal lymphoid aggregates, or
Peyer’s patches (PPs). The epithelium overlaying PPs—the
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follicle-associated epithelium—contains specialized entero-
cytes, referred to as “microfold” cells (or M cells), that are
adapted for uptake of particulate antigens and are exploited by
Salmonella to breach the epithelial barrier (31). PPs are dis-
tributed all along the small intestine, predominantly in the
distal ileum. Histologically, they are composed of a subepithe-
lial dome region containing dendritic cells (DCs) and discrete
B-cell-rich germinal centers with a surrounding T-cell region.
Salmonella initially enters the PPs and replicates intracellularly
within DCs. This provokes inflammatory processes resulting in
recruitment and accumulation of monocytes/macrophages,
neutrophils, and additional DCs (22, 31). Neutrophils and
monocytes predominately accumulate in the subepithelial
dome, whereas monocytes alone are found in the T-cell area
(25). DCs present in the subepithelial dome region migrate to
the T-cell region following initial invasion (31). Free bacteria
or infected DCs then egress via the lymphatics to reach the
mesenteric lymph node (MLN) and ultimately to systemic re-
ticuloendothelial tissues of the spleen and liver.

As with most pathogens, Salmonella possesses a range of
virulence factors that are necessary to invade and survive in the
hostile environment encountered within the host. One of these
virulence factors is the flagella responsible for the bacterial
motility and chemotaxis, which allows the organism to move in
response to environmental signals (23). The long helical fila-
ment of flagella is mainly composed of monomers of two dis-
tinct but related bacterial flagellin proteins, FliC and F1jB (18).
It is now well known that flagellin monomers are recognized by
the innate immune system via extracellular Toll-like receptor 5
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(TLRS), a member of the TLR family (21, 37). TLRS is ex-
pressed on the basolateral surface of intestinal epithelial cell
lines and human colon (8, 24, 37) and on CD11c" lamina
propria DCs (33). TLRS is able to sense flagellin from a variety
of flagellated pathogens, including enteropathogenic Esch-
erichia coli and Salmonella. Additionally, flagellin released or
shed from intracellular bacteria can be recognized by the
cytoplasmic pattern recognition receptors IPAF (IL-1B-con-
verting enzyme protease activating factor) and/or NAIP5 (neu-
ronal apoptosis inhibitor protein 5), expressed inside antigen-
presenting cells such as macrophages (7, 13, 17, 20, 29).
Flagellin has been shown to potently induce inflammation via
the NF-«kB and mitogen-activated protein kinase pathways and
stimulate the production of cytokines such as tumor necrosis
factor alpha (TNF-a), interleukin-8 (IL-8), IL-1B, and IL-18
(13, 26, 41), and thus represents a major proinflammatory
determinant of Salmonella. We have shown that in in vitro
epithelial systems, aflagellate Salmonella (FliC™ FIjB™) was
virtually devoid of the potent proinflammatory signaling me-
diated by isogenic wild-type (WT) Salmonella (41). Addition-
ally, we have demonstrated in an acute model of murine
enterocolitis that aflagellate Salmonella, while showing sup-
pressed inflammation and epithelial apoptosis at very early
stages (6 to 24 h post oral infection), stimulated markedly
increased mucosal inflammation and apoptosis at 48 h, sug-
gesting a time-dependent attenuating effect of flagellin on both
cellular inflammation and apoptosis (39). Interestingly flagellin
is rather involved in the early innate response in the bovine
ileal loop model (40). In contrast to studies of Salmonella
enterocolitis in which many bacteria directly invade through-
out the gut epithelium, the role of flagellin in systemic infec-
tion, in which infection occurs via the PPs, is not known.

Salmonella has been shown to induce several types of pro-
grammed cell death (6, 11), a fundamental mechanism neces-
sary to eliminate infected, damaged, or superfluous cells.
Apoptotic programmed cell death is characterized by the con-
densation of the nucleus and the cytoplasm and the fragmen-
tation of the cell, leading to the formation of apoptotic bodies
eliminated by macrophages, thus preventing release of noxious
cellular contents (6). However, any type of cell death can also
become deleterious and cause pathological tissue damage
when it is prolonged or amplified, as often occurs during in-
fection with a pathogen such as Shigella (42). Salmonella is able
to induce apoptosis in several cell types, including both epi-
thelial cells and leukocytes (16, 22, 30).

In this study, we examine the role of Salmonella flagellin in
a typhoid fever model in C57BL/6 mice. We report that a
mutant lacking flagellin is able to replicate more efficiently in
PPs and to a lesser extent in the MLN, leading to an increase
in inflammatory mediator expression and leukocyte recruit-
ment in these tissues. We also observed that this effect does not
occur in the spleen. Furthermore, the aflagellate mutant de-
creases T-cell apoptosis at day 4 postinfection via TLRS-inde-
pendent mechanisms.

MATERIALS AND METHODS

Bacterial strains. The strains used in this study are the Salmonella enterica
serovar Typhimurium WT strain SL3201, which is mouse virulent and resistant to
nalidixic acid (14, 27), and the aflagellate fliC fliB (fliC::Tnl0 fljB5001::MudJ)
mutant, which is resistant to kanamycin (9, 27). For infection studies, bacteria
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were grown for 12 h at 37°C under microaerophilic conditions in Luria-Bertani
(LB) broth. Bacteria were washed once in phosphate-buffered saline (PBS) and
resuspended in PBS to yield ~3 X 10° CFU/ml.

Mouse typhoid fever model. TLR5~/~ mice backcrossed with C57BL/6 mice
(38) as well as the WT littermates were used between 8 and 10 weeks of age.
Mice were infected as previously described (25) with the following modifications.
Food and water were removed 4 h before the infection. One hundred microliters
of 5% NaHCOj; was inoculated by oral gavage to neutralize gastric acidity, and
10 min after this treatment, 3 X 108 CFU in 100 .l was inoculated by oral gavage.
In all experiments, the number of inoculated bacteria was determined by plating
on LB agar. For the coinfection experiment, equal numbers (1.5 X 108 CFU) of
both strains were inoculated, and mice were sacrificed 4 days postinfection.
Blood was collected, and PPs, MLN, and spleen were removed. One-third of PPs,
MLNs, and spleens were either fixed in 10% buffered neutral formalin and
embedded in paraffin or embedded in OCT (optimal cutting temperature) me-
dium and frozen at —80°C. Two-thirds of these organs were kept to be further
analyzed by flow cytometry.

Flow cytometry analysis. PPs, MLNs, and spleens were treated as previously
described (25) for fluorescence-activated cell sorter (FACS) analysis with the
following modifications. Cells of these organs were chopped and then treated
with 1.7 mg/ml collagenase IV (Worthington) in 500 wl Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum, 1% Na pyruvate, and 1%
glutamine for 30 min at 37°C. Cellular dissociation was achieved by thorough
pipetting. Ten microliters of this suspension was lysed with 1% Triton X-100, and
various dilutions were plated on LB agar containing either 30 wg/ml nalidixic acid
for the WT strain or 45 wg/ml kanamycin for the aflagellate mutant. After a first
centrifugation, the remaining supernatants were recovered and frozen for sub-
sequent determination of cytokines. Cells were then washed three times in FACS
buffer (1X PBS, 2% fetal bovine serum, 0.1% sodium azide) and filtered. Spleen
was additionally treated 5 min on ice by 0.14 M NH,CI to lyse red blood cells. Fc
receptors were blocked for 10 min by incubation with 200 pwg/ml mouse immu-
noglobulin G (Sigma) and stained with different antibodies for 20 min: CD86
(clone GL1; BD Pharmingen), CD11c (clone HL3; BD Pharmingen), ICAM-1
(clone 3E2; BD Pharmingen), F4/80 (clone BMS; Caltag), or CD4 (clone RM4-5;
Caltag). If necessary, streptavidin-conjugated secondary antibody conjugated
with either phycoerythrin (PE) or allophycocyanin (APC) (Caltag) was used to
detect biotinylated ICAM-1 and F4/80. Staining with annexin V-fluorescein-5-
isothiocyanate (FITC) and propidium iodide (PI) for apoptosis was performed
using the apoptosis detection kit (Molecular probes) according to the manufac-
turer’s instructions. Cells were analyzed on a FACScalibur flow cytometer (Bec-
ton Dickinson Immunocytometry Systems). Data were analyzed with FlowJo
software.

Cytokine measurement. The level of cytokines was measured by enzyme-
linked immunosorbent assay using either Quantikine immunoassay kit (gamma
interferon [IFN-y], IL-1B, and IL-12p70) or the Duo Set enzyme-linked immu-
nosorbent assay development kit (TNF-a) (R&D Systems) according to the
manufacturer’s instructions.

Histological analyses. Paraffin-embedded sections were stained for terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) by the
in situ cell death detection kit (Roche Diagnostics Corp.) according to the
manufacturer’s instructions. Briefly, after a treatment for 30 min at 60°C, sec-
tions were rehydrated by being dipped for 3 min twice in xylenes, once in 100%
ethanol, once in 95% ethanol, once in 70% ethanol, and once in water. A
permeabilization step of 10 min in 0.1% Triton X-100-0.1% Na citrate was
performed, and the sections were stained with the TUNEL reaction mixture for
1 h at 37°C.

Frozen sections (6 pm) were air-dried for 30 min before being fixed with
acetone (10 min at —20°C). For TUNEL staining, frozen sections were imme-
diately fixed with 4% paraformaldehyde (20 min at room temperature). Sections
were blocked for 1 h in 3% bovine serum albumin prior to being stained by
monoclonal antibodies (MAbs). The following MAbs were used: CD11b (clone
M1/70; BD Pharmingen), F4/80 (clone BMS8; Caltag), Grl (clone 1A8; BD
Pharmingen), B220 (clone RA3-6B2; BD Pharmingen), CD3a (clone145-2C11;
BD Pharmingen), CD8a (clone 53-6.7; BD Pharmingen), CD11c (clone HL3; BD
Pharmingen), CD4 (clone RM4-5; Caltag), and anti-Salmonella CSA-1 (KPL).
TUNEL staining of frozen sections was performed according to the protocol
developed by Vijay-Kumar et al. (39).

Paraffin-embedded sections were also stained for poly(ADP-ribose) polymer-
ase (PARP) using a MAD against cleaved PARP (Asp214) (Cell Signaling)
according to the manufacturer’s instructions. Sections were rehydrated as for
TUNEL staining and placed in antigen retrieval buffer (10 mM Na citrate, pH 6)
in a decloaking chamber for 10 min. Sections were then blocked for 1 h in a
mixture of 1X Tris-buffered saline, 3% bovine serum albumin, and 0.1% Triton



VoL. 77, 2009

X-100 before being probed with anti-PARP overnight at 4°C. After three washes
in 1X Tris-buffered saline-0.1% Triton X100, sections were treated for 1 h at
room temperature with horseradish peroxidase (Amersham)-conjugated anti-
rabbit immunoglobulin G and revealed with fast diaminobenzidine (Sigma) for
20 min.

Statistical analysis. The statistical method used to analyze results was Stu-
dent’s ¢ test with two-tailed distribution with GraphPad Prism.

RESULTS

Deletion of the Salmonella flagellin eventuates in an in-
creased bacterial load in the PPs and MLN but not spleen.
Oral S. enterica serovar Typhimurium infection induces a sys-
temic disease in mice reminiscent of human typhoid fever (10,
32). To begin characterizing the role of flagellin in this systemic
model of Salmonella infection, we enumerated bacteria in PPs,
MLN, and spleen. C57BL/6 mice from our animal facility (lit-
termates of TLR5 ™/~ mice) were inoculated by gavage and
sacrificed 4 days after the challenge, and PPs, MLN, and spleen
were recovered. Viable bacteria in the PPs, MLN, and spleen
were quantified. We found that the number of salmonellae in
PP and MLN infected by the aflagellate mutant (FliC™ FjB™)
was significantly higher than those of mice treated with the WT
strain (three- and fivefold, respectively) (Fig. 1A). In contrast,
no significant difference in the bacterial load (less than two-
fold) was observed between spleens of mice treated with the
WT strain and those of mice treated with the aflagellate mu-
tant, suggesting that the mechanisms that allow aflagellate
bacteria to proliferate more extensively were no longer acting
in the spleen.

To further study the role of flagellin in the proliferation of
the aflagellate mutant, we performed a coinfection experiment
in which WT mice were infected with an equal number of
bacteria of both the WT strain and the flagellate mutant in a
systemic model. As shown in Fig. 1B, the number of aflagellate
bacteria recovered from the PPs, MLN, and spleen was signif-
icantly higher than the number of WT bacteria. To verify that
this difference is not due to a defect of growth of the WT strain,
we performed a similar experiment in vitro. LB medium was
inoculated with equal numbers of bacteria of both the wild-
type strain and the aflagellate mutant. No difference of growth
was observed (data not shown), suggesting that both strains
grow similarly. Taken together, these results suggest that the
aflagellate mutant may have a greater proliferation due to an
absence of recognition by the innate immune system.

Aflagellate Salmonella enhances the release of inflammatory
mediators. We next determined whether mice infected with
the aflagellate mutant showed a modified production of in-
flammatory cytokines as a response to the increased bacterial
load. We measured TNF-«, IL-1p3, IL-12p70, and IFN-vy in the
serum of noninfected and infected mice at day 4 postinfection.
The aflagellate Salmonella increased significantly the level of
IFN-v in the serum (Fig. 2A). We also determined the level of
these different cytokines in PPs, MLN, and spleen at day 4
postinfection (see Materials and Methods). The level of
TNF-a, IL-1B, and IL-12p70 was significantly increased in PPs
infected with the aflagellate mutant compared to those treated
with the WT strain (Fig. 2B). Only IFN-y was highly increased
(8.5-fold) in MLN of mice infected with the aflagellate mutant,
whereas no difference was observed in the spleen when mice
were infected with the aflagellate mutant (Fig. 2B). Thus, in
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FIG. 1. The bacterial load in PPs and MLN increases in the ab-
sence of flagellin. (A) In a systemic model at day 4 postinfection, PP,
MLN, and spleen cells were isolated from WT and TLR5™/~ mice
infected with WT S. enterica serovar Typhimurium or an aflagellate
mutant (C"B7) and plated on petri dishes, and the bacterial load was
determined. Data are representative of at least five individually ana-
lyzed mice. (B) A similar experiment in which WT mice were infected
with equal numbers of bacteria of both strains was performed. PP,
MLN, and spleen cells recovered from the animals were plated on petri
dishes containing 30 wg/ml nalidixic acid for the WT strain and 45
wg/ml kanamycin for the aflagellate mutant, and the bacterial load was
determined. Data are representative of at least four individually ana-
lyzed mice. *, P < 0.05; *%, P < 0.01; %%, P < 0.001.

accordance with its ability to achieve greater levels of coloni-
zation 4 days postinfection, aflagellate Salmonella -elicits
greater cytokine production at this time point.

Aflagellate Salmonella increases the emigration of leuko-
cytes into PPs and MLN. Since we found that the inflammatory
cytokine level was increased by infection with the aflagellate
mutant, we next examined whether the recruitment of leuko-
cytes was also modified during this systemic infection model.
To assess leukocyte infiltration to intestinal lymphoid tissue,
we measured via flow cytometry the percentages of cells in the
PPs, MLN, and spleen that were macrophages and DCs. As
shown in Fig. 3, the percentage of macrophages and DCs of
mice administered WT Salmonella was higher than that of
noninfected mice (two- to fourfold). Furthermore, a signifi-
cantly greater increase in levels of macrophages and DCs was
observed when mice were infected with the aflagellate mutant
(Fig. 3B). In contrast, no significant difference in the percent-
ages of macrophages and DCs was observed in the spleen
between mice treated with the WT strain and those treated
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FIG. 2. The level of cytokines in serum and organs at day 4 postinfection increases in the typhoid fever model when mice are treated with the
aflagellate mutant. (A) Level of IFN-y and IL-12 in the serum of noninfected (NI) mice or mice infected with WT S. enterica serovar Typhimurium
or an aflagellate mutant (C™B™). Data are representative of at least six individually analyzed mice. (B) PP, MLN, and spleen cells were dissociated
with collagenase, and the level of cytokines was determined in the cell supernatant (see Materials and Methods). Data are representative of at least
seven individually analyzed mice. *, P < 0.05; #*, P < 0.01; »%%, P < 0.001.

with the aflagellate mutant (<1.5-fold) as well as between
noninfected and WT-treated mice (Fig. 3).

Aflagellate Salmonella increases ICAM-1 expression. As we
found that leukocyte recruitment was increased in PPs and
MLN, we examined whether markers involved in leukocyte
migration were enhanced in the typhoid model. ICAM-1 ex-
pression is controlled by inflammation and is involved in leu-
kocyte recruitment and retention. We observed that, relative to
mice infected with WT Salmonella, macrophages recovered
from PPs of mice infected with the aflagellate mutant showed
enhanced ICAM-1 expression on their surface (Fig. 4). Simi-
larly, DCs from mice infected with aflagellate Salmonella also
exhibited elevated ICAM-1 expression (Fig. 4). Interestingly,
ICAM-1 expression on macrophages or DCs was not modified

in MLN and spleen when mice were infected with the WT
strain or the aflagellate mutant (data not shown). Collectively,
these data indicate that the aflagellate Salmonella proliferated
to a greater degree and were more efficient in provoking local
and systemic inflammation, and therefore more virulent in
extramucosal tissues. This is analogous to our previous finding
with increased parameters of cellular injury in the mucosa
during short-term enterocolitis with the same aflagellate mu-
tant (39).

TLRS is involved in the modulation of Salmonella dissemi-
nation and inflammatory activation by flagellin. To investigate
whether the increased bacterial loads observed in the PPs and
MLN resulted from the aflagellate bacterium’s evasion of
TLRS signaling, we measured the relative abilities of WT- and
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FIG. 3. The absence of flagellin increases the percentage of macrophages and DCs. PP, MLN, and spleen cells of WT and TLR5 ™/~ mice
noninfected (NI) or infected with WT S. enterica serovar Typhimurium or an aflagellate mutant (C”B™) were isolated at day 4 postinfection and
stained for F4/80 (A; macrophages) and CD11c (B; DCs) for flow cytometric analysis. Data are representative of at least four individually analyzed

mice. *, P < 0.05; %, P < 0.01; %%, P < 0.001.

aflagellate Salmonella to colonize these sites in mice lacking
TLRS. We observed that, relative to WT littermates, TLR5 7/~
mice exhibited modestly higher levels of WT Salmonella in the
PPs (about 2-fold) and markedly higher levels in the MLN
(about 10-fold). Moreover, the relative difference between WT
and aflagellate bacteria was strikingly diminished in TLRS /™~
mice (3-fold to 1.8-fold in the PPs and 5.5-fold to 2-fold in the
MLN) (Fig. 1). This is in contrast to infection in the WT mouse
background, where the aflagellate mutant markedly overpro-
liferated compared to the WT Salmonella, indicating that this
growth-enhancing effect of the aflagellate condition in a nor-
mal mouse was recapitulated by flagellate Salmonella during
infection in a mouse with the inability to perceive extracellular
flagellin (Fig. 1). Thus, a substantial portion, but likely not all,
of the increased colonization attained by aflagellate Salmonella
likely reflects the lack of activation of TLRS by the aflagellate
strain. Additionally, we also observed an increased percentage
of macrophages in PPs and MLN of TLR5 /~ mice compared
to those of WT mice (Fig. 3). Similarly, the difference in
ICAM-1 expression observed between the WT strain and the
aflagellate mutant on WT macrophages and DCs was not ob-
served in TLR5 ™/~ mice (Fig. 4), and the difference in the
percentage of macrophages and DCs in PPs and MLN was also
strongly attenuated in TLR5 '~ mice treated with the aflagel-
late mutant (Fig. 3). Taken together, these results suggest that
TLRS is involved in the ability to sense invasive WT Salmo-
nella, control bacterial numbers, and, as a consequence, mount
an inflammatory response.

Aflagellate Salmonella decreases T-cell apoptosis in PPs in
the systemic model. Programmed cell death is another charac-
teristic cellular response to Salmonella infection. We had pre-
viously observed increased epithelial apoptosis in a short-term
enterocolitis model (39) and sought to determine if similar
events were occurring in systemic infection. We thus investi-
gated whether PP cells were undergoing apoptosis during ty-
phoid-like infection. PPs and spleen were recovered 4 days
postinfection, paraffin embedded, and stained with TUNEL,
which detects DNA strand breaks occurring during apoptosis
or pyroptosis. As shown in Fig. 5A, the number of cells under-
going cell death was slightly lower in the PPs of mice infected
with the aflagellate mutant than in those treated with the WT

Salmonella. In contrast, no difference in the number of apop-
totic cells was observed in spleen (data not shown). To confirm
that cells stained by TUNEL were undergoing apoptosis, PPs
were stained for the detection of cleaved PARP, a polymerase
inactivated by caspase during apoptosis, and cells expressing an
inactivated PARP were indeed present in the germinal center
of PPs (Fig. 5B).

In order to determine the cell type that undergoes apoptosis,
we stained PP frozen sections using both TUNEL and antibody
markers for specific subsets of leukocytes. Our data showed
that apoptotic cells in PPs were not macrophages (CD11b™,
F4/80"), DCs (CD11c"), neutrophils (Grl*), or B cells
(B220™") (data not shown), but rather T cells (CD3", CD4 ", or
CD8™") (Fig. 6). Interestingly, although some CD8™ cells were
also apoptotic, they do not seem to be the main target of
Salmonella (Fig. 6).

To further examine Salmonella-induced apoptosis of T cells,
we performed an analysis by flow cytometry. PP cells gated on
CD4 were stained for annexin V and PI. Annexins are able to
bind to negatively charged phospholipids that are exposed
when cells undergo apoptosis, while PI stains permeable dead
cells. The number of apoptotic CD4" cells (annexin V" PI")
from PPs infected with the WT strain was significantly de-
creased compared to that from noninfected PPs, suggesting
that Salmonella infection induces CD4™" cell apoptosis (Fig.
5C). PP cells of mice treated with a Salmonella lacking flagellin
contained a significantly smaller number of CD4™ cells in early
apoptosis than those infected by the WT strain (Fig. 5C). No
difference was observed in the spleen. Taken together, these
results thus suggest that flagellin makes a significant contribu-
tion to the apoptosis of germinal center T cells induced by WT
Salmonella in a mouse model of typhoid.

Since the presence of flagellin on Salmonella modifies T-cell
apoptosis, we decided to determine whether bacteria could act
directly on T cells. The localization of bacteria in PPs was thus
examined. Bacteria were observed at different places in the PPs
and not only in germinal center regions where apoptosis occurs
(data not shown), suggesting that their action may be indirect
rather than direct. We also investigated whether TLRS was
involved in the T-cell apoptosis. We still observed a decreased
number of TUNEL" stained cells when TLR5 ™/~ mice were
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FIG. 4. The absence of flagellin increases ICAM-1 expression on macrophages and DCs in a systemic model. PP cells of wild-type and TLR5 "/~

mice noninfected (NI) or infected with WT S. enterica serovar Typhimurium or an aflagellate mutant (C”B™) were isolated at day 4 postinfection,
gated on F4/80 or CD11c, and stained for ICAM-1 for flow cytometric analysis. Data are representative of at least six individually analyzed mice.

infected with the aflagellate mutant (Fig. 5A), suggesting that
TLRS is not involved in this process.

DISCUSSION

In this report, we showed that aflagellate Salmonella gener-
ated an aggravated systemic disease, manifested by increased
expression of inflammatory mediators, adhesion molecules
such as ICAM-1, and consequent leukocyte recruitment. The
number of bacteria recovered from PPs and MLN (but not
spleen) in the systemic model was enhanced when mice were
infected with the aflagellate mutant.

In a previously published model of Salmonella enteroco-

litis, we showed that aflagellate Salmonella exhibited a de-
creased inflammatory response in the first 6 to 12 h post-oral
infection, presumably because of the lack of perception on
the part of the epithelia. However, by 48 h, the aflagellate
bacteria elicited markedly greater mucosal inflammation
and epithelial apoptosis, secondary to increased bacterial
load and secondary inflammatory events in phagocytes in
the lamina propria (39). In the present work, we report
similar events in lymphoid and reticuloendothelial tissues in
a systemic model. We hypothesize that the increased bacte-
rial load of the aflagellate bacteria, likely given a “head
start” in proliferation due to initial lack of detection by
TLRS present in the epithelial layer, accounts for the dif-



VoL. 77, 2009

INFLAMMATION DURING SYSTEMIC SALMONELLOSIS

4127

Y
o
1

W
o
1

Number of TUNEL* cells
g ¢

o
!

> &

4
é’)‘
&

<
WT Mice TLR5” mice
B — - .
S ‘f > 2\:‘ 20— —
& - C K
. - 4 —
5 [7}
] © 154
by 1] =
e : & L
» - 4 10
e s & A ¥ . £
<} ¥ . v § o3
. af" RSN, e 5-]
i r- . b v <
e DR W ::
P e o3
R 0-
SN PNE pres o

PP Spleen

FIG. 5. An aflagellate mutant of S. enterica serovar Typhimurium decreases apoptosis in PPs in WT mice in a systemic model. (A) PPs and
spleen of mice noninfected (NI) or infected with WT S. enterica serovar Typhimurium or an aflagellate mutant (C”B™) retrieved at 4 days
postinfection were stained with TUNEL or hematoxylin and eosin stain. Data are representative of at least seven individually analyzed mice. (B) PP
of a mouse infected with the aflagellate Salmonella was stained for the detection of PARP. (C) At day 4 postinfection, cells were isolated from
PPs of mice noninfected (NI) or infected with WT S. enterica serovar Typhimurium or an aflagellate mutant. They were gated for CD4 and stained
with annexin V and PI for flow cytometric analysis. Data are representative of at least three individually analyzed mice. *, P < 0.05.

ference in pathogenic effect in nonepithelial tissues, with the
exception of the spleen.

The bacterial loads in the spleen were similar when mice
were infected with the WT and the aflagellate mutant, possibly
indicating that spleen at 4 days postinfection is not yet the main
infectious site (25). Schmitt et al. found that at early stages of
a systemic infection model (days 6 to 8), the aflagellate mutant

was slightly less capable of reaching the spleen than the WT
strain and a similar number of bacteria was recovered from the
spleen whether the mice were infected with the WT strain or
the aflagellate mutant (28). These results are consistent with
ours. The aflagellate mutant does not exhibit a modified ca-
pacity to survive within macrophages in vitro (data not shown
and see reference 20), ruling out increased intracellular sur-
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FIG. 6. PP cells undergoing apoptosis are T cells. PPs from mice
infected with an aflagellate Salmonella mutant were double stained

with antibodies for a subset of cells (CD3, CDS, or CD4) and for
TUNEL.

vival. However, another explanation may be that Salmonella
flagellin gene expression is modulated throughout the infec-
tious process. Interestingly, flagellin is not expressed at the
early stage when bacteria are within epithelial cells or macro-
phages. Although flagellin is not expressed when present in
macrophages during all stages of infection, it seems to be
expressed in epithelial cells at a later stage of infection, sug-
gesting that flagellin expression is indeed regulated by the
stage of infection but also by the environment (2, 5, 12). Fur-
thermore, the flagellin gene is expressed only in PPs and its
expression dramatically decreases when bacteria reach the
spleen during systemic salmonellosis (3, 4, 15, 19), suggesting
that by the time Salmonella invades this organ, all organisms

INFECT. IMMUN.

are functionally aflagellate. Indeed, we did not find flagellin in
the spleen by Western blot analysis (data not shown). Thus, the
absence of flagellin expression in the spleen could also account
for the unchanged bacterial load observed in the spleen of
mice infected with the WT strain and the aflagellate mutant.

Our past work in the epithelia showed that aflagellate Sal-
monella induced markedly greater mucosal apoptosis, an effect
related to the inability of epithelial cells to upregulate anti-
apoptotic proteins and protect themselves from proapoptotic
stimuli. In contrast, in our present data with systemic infection,
apoptosis was reduced in lymphoid tissues infected by aflagel-
late bacteria. In this context, by 4 days, an inflammatory milieu
is well established by secondary inflammatory events likely
mediated by TLR2 and -4. Inflammatory signaling is generally
accepted to have antiapoptotic effects by the transcriptional
upregulation of a battery of antiapoptotic genes such as those
coding for inhibitor of apoptosis proteins, A20, BCL family
members, etc. We hypothesize that the decreased apoptosis
seen in PPs infected with aflagellate Salmonella is a conse-
quence of the enhanced local inflammation (itself a conse-
quence of increased bacterial proliferation), possibly providing
a degree of protection for cells within the lymphoid tissues.
The lack of effect in the TLR5 ™/~ animals is consistent with
the model that inflammatory signaling by other TLRs (e.g.,
TLR2 and -4) mediated the indirect protection. Additionally,
leukocytes may be perceiving flagellin via the intracellular cy-
toplasmic Nod-like receptors IPAF and NAIP, which are well
known to induce potent flagellin-dependent cell death in DCs
and macrophages (1, 7, 20, 36).

We did not find bacteria present in PPs interacting with
apoptotic cells, suggesting that apoptotic stimulation is not a
direct result of bacterial invasion. A previous study showed
that when Salmonella is in contact with T cells, it decreases
TCR expression of both CD4* and CD8™ cells but does not
enhance T-cell apoptosis (34, 35). This is consistent with our
results suggesting that bacteria may act indirectly through an-
tigen-presenting cells or by the production of cytokines.

Taken together, our results show that the Salmonella mutant
lacking flagellin in the systemic model is able to disseminate
and/or replicate more easily than the WT and indicate the key
role played by flagellin during initial infection (before it is
downregulated). Other Salmonella pathogen-associated mo-
lecular pattern proteins such as lipopolysaccharide and pepti-
doglycan would be available to induce the production of in-
flammatory regulators (e.g., cytokines), which subsequently
increases ICAM-1 expression and leukocyte migration. This
suggests that flagellin may have a suppressive role in the dis-
semination and/or replication of Salmonella through its recog-
nition by the innate immune system. As a molecule detected by
the mucosal innate immune system, flagellin allows the host to
perceive a local invasion. This early warning induces classical
acute inflammation that controls (if not eliminates) the infec-
tion. A component of the inflammatory response is the up-
regulation of antiapoptotic proteins that provide some degree
of protection to cells in the site of infection and inflammation.
A parallel detection and response system in infected leuko-
cytes uses the IPAF/NAIP system to elicit cell death in this cell
type. A property of flagellin, unique among pathogen-associ-
ated molecular pattern proteins, is that it is a protein and thus
under transcriptional control. Thus, the pathogen has the abil-
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ity to downregulate this potent inducer of inflammatory/apop-
totic signaling. This is especially apparent in the spleen, where
flagellin is downregulated, and no different effects were noted
in the inflammatory parameters of WT versus aflagellate Sal-
monella infection. Thus, in systemic infection, the significance
of flagellin-elicited inflammation may be relevant only in the
initial mucosal and mesenteric phases.
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