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Toll-Like Receptor 2 (TLR2) and TLR9 Play Opposing Roles in Host
Innate Immunity against Salmonella enterica Serovar Typhimurium
Infection

Renhui Zhan,? Qiuju Han,® Cai Zhang,? Zhigang Tian,®® Jian Zhang?®

Institute of Immunopharmacology & Immunotherapy, School of Pharmaceutical Sciences, Shandong University, Jinan, China®; School of Life Sciences, University of
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Toll-like receptors (TLRs) are evolutionarily conserved host proteins that are essential for effective host defense against patho-
gens. However, recent studies suggest that some TLRs can negatively regulate immune responses. We observed here that TLR2
and TLR9 played opposite roles in regulating innate immunity against oral infection of Salmonella enterica serovar Typhimu-
rium in mice. While TLR9™/~ mice exhibited shortened survival, an increased cytokine storm, and more severe Salmonella hepa-
titis than wild-type (WT) mice, TLR2™’~ mice exhibited the opposite phenomenon. Further studies demonstrated that TLR2
deficiency and TLR9 deficiency in macrophages both disrupted NK cell cytotoxicity against S. Typhimurium-infected macro-
phages by downregulating NK cell degranulation and gamma interferon (IFN-v) production through decreased macrophage
expression of the RAE-1 NKG2D ligand. But more importantly, we found that S. Typhimurium-infected TLR2™'~ macrophages
upregulated inducible nitric oxide synthase (iNOS) expression, resulting in a lower bacterial load than that in WT macrophages
in vitro and livers in vivo as well as low proinflammatory cytokine levels. In contrast, TLR9~'~ macrophages showed decreased
reactive oxygen species (ROS) expression concomitant with a high bacterial load in the macrophages and in livers of TLR9™'~
mice. TLR9™’'~ macrophages were also more susceptible than WT macrophages to S. Typhimurium-induced necroptosis in
vitro, likely contributing to bacterial spread and transmission in vivo. Collectively, these findings indicate that TLR2 negatively
regulates anti-S. Typhimurium immunity, whereas TLR9 is vital to host defense and survival against S. Typhimurium invasion.

TLR2 antagonists or TLRY agonists may thus serve as potential anti-S. Typhimurium therapeutic agents.

During the early stages of infection, the innate immune system
serves as the first line of defense against microbial replication
and spread before an adaptive response is mounted (1). As one
mechanism to elicit a rapid and appropriate innate immune re-
sponse against pathogen infection, pattern recognition receptors
(PRRs) evolved in the host to recognize various microbial molec-
ular patterns. In response, pathogens evolved to use many differ-
ent tactics, including subversion of some of these host antimicro-
bial immune mechanisms, in order to ensure their multiplication,
survival, and persistence in the host (2). This ongoing interplay
between host innate immune responses and pathogen virulence
factors largely determines the outcome of most infections.

As the most widely studied PRRs, Toll-like receptors (TLRs)
play a crucial role in pathogen recognition and the induction of
immune responses. Currently, 11 and 13 TLRs have been identi-
fied in humans and mice, respectively. They are widely expressed
on many cell types, such as macrophages, neutrophils, dendritic
cells (DCs), and mucosal epithelial cells. TLR signaling results in
the induction of reactive oxygen species (ROS) and the activation
of the transcription factor NF-kB, which in turn induces proin-
flammatory cytokine production as well as the upregulation of
costimulatory molecules, inducible nitric oxide synthase (iNOS),
antimicrobial peptides, and other defense molecules (3). Al-
though all TLRs share many common functions, further research
has shown that individual TLR signaling pathways diverge and
have unique functions. For instance, during intestinal bacterial
infection, TLR2 activation may increase the severity of intestinal
barrier disruption through a specific effect on the permeability of
epithelial tight junctions in the intestine (4). In sharp contrast,
TLR9 expressed on antigen-presenting cells (APCs) is essential for
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APC expansion in the mesenteric lymph nodes of mice during
infection (5). Indeed, the contribution of each individual TLR to
the host response to infection depends on the type of pathogen
and the entry routes of the infection.

Salmonella enterica is a Gram-negative pathogen that infects a
wide range of animals, including humans (6). TLR ligands for
TLR4, TLR2, TLR5, and TLR9 have been found in Salmonella
enterica, including lipopolysaccharide (LPS), bacterial lipopro-
teins, flagellin, and CpG DNA, respectively. The principal clinical
syndromes associated with Salmonella infection range from self-
limited gastrointestinal infections to systemic infections (7). Re-
cently, acute liver injury has been reported in humans infected
with Salmonella enterica serovar Typhi through the oral route, and
this condition has been termed Salmonella hepatitis; patients usu-
ally present with hepatomegaly and a moderate elevation in
transaminase levels (8, 9).
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In murine models of human-specific S. Typhi infection using
Salmonella enterica serovar Typhimurium infection, acute hepa-
titis can endanger the survival of infected mice (10). The process of
S. Typhimurium infection normally proceeds as follows. After
entry into a host by the intestinal route, S. Typhimurium dissem-
ination occurs by first invading epithelial and M cells to enter the
blood directly or by passing through lymphatic vessels and mes-
enteric lymph nodes (11). Once in the blood, S. Typhimurium
exists either as an extracellular bacterium or an intracellular bac-
terium associated with CD18* leukocytes. Bacteria are opsonized
but not lysed by complement factors in the circulation and are
rapidly cleared from the blood to reach the intracellular location
sites, including liver, spleen, or bone marrow. Regardless of the
infection routes of S. Typhimurium, the liver is recognized as a
common site for secondary bacterial colonization due to the he-
matogenous spread of the bacteria, and this hepatic infection can
adversely affect the survival of infected mice (10). Current studies
show that pathogen invasion and replication within the liver are
main causes of Salmonella hepatitis (10, 12), and the integrated
macrophage-NK response is considered to be an important first
line of defense against S. Typhimurium in the liver (13). Despite
observing these clinical manifestations of S. Typhimurium infec-
tion in the liver, our understanding of the mechanisms driving the
emergence of this particular virulence against the host remains
relatively poor.

In the present study, we focused on studying the TLR-activated
function of host macrophages as well as the cross talk between NK
cells and S. Typhimurium-infected macrophages in the liver. We
found that TLR2 and TLRY display opposing roles in the host
against S. Typhimurium immune responses.

MATERIALS AND METHODS

Mice. Male wild-type (WT) C57BL/6 mice (6 to 8 weeks old) were pur-
chased from Beijing HFK Bioscience, Ltd. (Beijing, China). TLR2™'~ and
TLR4 ™'~ mice were kindly provided by Shao Bo Su (Sun Yat-Sen Univer-
sity, Guangzhou, China). TLR9™/~ mice on the C57BL/6 background
were obtained as a gift from Shizuo Akira (Osaka University, Osaka, Ja-
pan). Mouse handling and experiments were conducted in accordance
with the guidelines for experimental animals from Shandong University
(Shandong, China). All animal manipulations were performed in class II
biological cabinets.

Bacterial strain and culture. A virulent atrichia S. Typhimurium
strain (ATCC 14028) was inoculated on Luria-Bertani (LB) agar plates
and cultured at 37°C overnight; bacteria were then cultured in LB broth
for 12 h. Bacterial cultures reaching saturation density were diluted (1:
100) and cultured to the mid-logarithmic growth phase (optical density at
600 nm [ODg,] = ~0.4 to ~0.6). Bacterial cultures were centrifuged and
washed with LB broth or 1X phosphate-buffered saline (PBS) twice be-
fore use.

Antibodies. The following monoclonal antibodies (MAbs) were used
in this study: fluorescein isothiocyanate (FITC)-anti-NKI.1 (clone
PK136), PerCp-Cy5.5—anti-CD3e (clone 145-2c11), phycoerythrin (PE)—
anti-CD69 (clone H1.2F3), APC-anti-NKG2D (clone ¢x5), PE—anti-
gamma interferon (IFN-y) (clone XMG1.2), PerCpCy5.5—anti-F4/80
(clone BM8), FITC-anti-CD11b (clone M1/70), FITC-anti-TLR2 (clone
6C2), PE—anti-TLR4 (clone UT41), and FITC—anti-TLR9 (clone M9.D6)
were purchased from eBioscience (San Diego, CA); anti-Qa-1b (clone
6A8.6F10.1A6) was purchased from BD Biosciences (Franklin Lakes, NJ);
and PE—anti-RAE-1 (clone 186107), APC—anti-H60 (clone 205326), and
PE-anti-MULT-1 (clone 237104) were purchased from R&D Systems
(Minneapolis, MN). Streptavidin-conjugated FITC (BD Biosciences) was
used as a secondary reagent to identify biotinylated primary antibodies.
Each antibody was titrated to determine the optimal staining concentra-
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tion for maximal signal. All fluorescence-activated cell sorting (FACS)
data were acquired on a FACSCalibur (BD Biosciences) flow cytometer
and analyzed with WinMDI 2.9 software.

S. Typhimurium infection. For in vivo experiments, age-matched
mice were used at 8 to 10 weeks old. Mice were infected orally by the
intragastric (i.g.) route with 200 wl of 5 X 10° or 5 X 10* S. Typhimurium
CFU in sterile LB by using a gavage needle. An equal volume of a sterile LB
broth vehicle was administered as a mock-infected control. For in vitro
infection, peritoneal macrophages were resuspended in RPMI 1640 con-
taining 15% fetal bovine serum (FBS), and 1.2 X 10° cells were allowed to
adhere to each well in a 12-well flat-bottom plate. Macrophages were
infected by S. Typhimurium at a multiplicity of infection (MOI) of 10:1
for 1 h. And then these cells were washed with PBS, and fresh culture
medium containing gentamicin antibiotic (100 g/ml) was added for 1 h;
gentamicin was reduced to 10 pg/ml for the remainder of the experiment.

Bacterial enumeration. After homogenization, macrophages or liver
tissues were lysed with 0.1% Triton X-100 in PBS to release bacteria. A
dilution series in PBS was plated on LB agar plates and incubated over-
night at 37°C; colonies were then counted from triplicate samples.

Serum ALT levels. Blood samples were collected at the time of sacri-
fice. Samples were centrifuged at 900 X g for 15 min, and the aqueous
phase was used as the serum. Serum alanine aminotransferase (ALT) lev-
els were measured by a commercially available kit (RSbio, Shanghai,
China) according to the manufacturer’s instructions.

Cytokine analysis. Liver tissue (0.1 g) from sacrificed mice was ho-
mogenized in 0.5 ml of PBS. Homogenates were spun down at 20,000 X g
for 10 min at 4°C, and supernatants were collected. Cytokine levels in liver
and serum were analyzed using a cytometric bead array (CBA) assay (BD
Biosciences) according to the manufacturer’s instructions.

Necroptosis analysis. Peritoneal macrophages were infected with S.
Typhimurium as described above for 4 h, and necroptosis of infected
macrophages was detected by the annexin V-propidium iodide (PI) dou-
ble-staining kit (BestBio, Shanghai, China) according to the manufactur-
er’s instructions.

ROS and iNOS measurement. Peritoneal macrophages were infected
with S. Typhimurium as described above for 12 h. ROS levels were mea-
sured by the reactive oxygen species assay kit (Beyotime, Shanghai, China)
according to the manufacturer’s instructions, and iNOS levels were mea-
sured by the nitric oxide synthase assay kit (Beyotime) according to the
manufacturer’s instructions.

Histopathology. Liver tissues were harvested at day 7 postinfection,
fixed in 10% neutral buffered formalin, and then embedded in paraffin for
sectioning. Sections were then processed for hematoxylin and eosin
(H&E) staining by using the standard protocols. The sections were ob-
served by light microscopy.

Preparation of hepatic mononuclear cells. Hepatic mononuclear
cells (MNCs) were isolated as previously described (14). Briefly, livers
were removed aseptically from mice and pressed through a 200-gauge
stainless steel mesh. The cells were resuspended in 40% Percoll (Sigma-
Aldrich, St. Louis, MO), gently overlaid on 70% Percoll, and centrifuged
at 600 X gfor 30 min at room temperature. Hepatic MNCs were collected
from the interphase.

MACS of NK cells. NK cells were enriched (>90% purity) from the
spleen by magnetic-activated cell sorting (MACS) (Miltenyi-Biotec, Au-
burn, CA) by using a mouse NK cell isolation kit according to the manu-
facturer’s instructions.

Cytotoxicity assay. As with the target cells, peritoneal macrophages
were infected with S. Typhimurium as described above and incubated
with 1 ml of 2 mM carboxyfluorescein succinimidyl ester (CFSE) (Molec-
ular Probes, Eugene, OR) for 15 min at 37°C; these cells were then washed
with PBS 3 times to stop the reaction. NK cells were isolated from WT
mice and added to target cells at a 5:1 effector/target (E:T) ratio at 37°C for
12 h. After incubation, cells were washed once and labeled with an opti-
mized dose of 0.25 pg/ml 7-aminoactinomycin D (7-AAD) (BD Biosci-
ences) for 15 min to identify dead cells. After a final wash, cells were mixed
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FIG 1 Survival of S. Typhimurium-infected WT, TLR2™/~, TLR4~'~, and
TLR9™'™ mice. Age-matched WT, TLR2™'~, TLR4™'~, and TLR9™'~ mice
were 1.g. infected with 5 X 10> CFU of S. Typhimurium, and survival was
monitored every day; n = 6 mice in each group. *, P < 0.05 by the log-rank
curve comparison test.

thoroughly to interrupt cell-cell contact and resuspended at 300 pl/tube
in FACS buffer for immediate analysis. Cells that were double-positive for
CFSE and 7-AAD were identified as the killed target cells, and the specific
cytotoxicity was calculated as follows: percent lysis = (number of CFSE
and 7-AAD double-positive cells/number of CFSE single-positive cells) X
100%.

Statistical analysis. All analyses were performed using GraphPad
Prism (San Diego, CA). Survival data were analyzed using the log-rank
test. Data were analyzed for statistical significance using one-way analysis
of variance (ANOVA). Statistical analysis was performed using a paired
Student ¢ test. A P value of <0.05 was considered statistically significant.

RESULTS

TLR2, TLR4, and TLRY play different roles in host resistance to
S. Typhimurium infection. To begin determining how S. Typhi-
murium infection triggered host innate immune responses, we
first investigated which host innate immune responses were acti-
vated upon infection with a virulent atrichia S. Typhimurium
strain, which contained ligands for TLR2, TLR4, and TLR9. We
first evaluated the survival of S. Typhimurium-infected TLR27'™,
TLR4~'~, and TLR9 ™'~ mice orally infected with a high lethal
dose (5 X 10° CFU) of S. Typhimurium. Compared to WT and
TLR4~'~ mice that died around day 12 postinfection, TLR9 ™/~
mice were significantly more susceptible to S. Typhimurium in-
fection, as they all died within 5 days after infection; in contrast,
TLR2™'™ mice were significantly more resistant than WT mice
(Fig. 1). These data indicate that TLR9 signaling plays a positive
role in host resistance to S. Typhimurium infection and is critical
for the survival of mice under S. Typhimurium infection, whereas
activation of TLR2 signaling by S. Typhimurium may negatively
regulate host immune responses against infection.

TLR9 protects the host against systemic inflammation in-
duced by S. Typhimurium infection. Inflammation is the host’s
attempt at self-protection against pathogen invasion, but exces-
sive inflammatory responses can eventually lead to severe tissue
damage, sometimes resulting in death. Since we established that
TLR2- and TLR9-mediated innate immune responses are both
regulated after S. Typhimurium infection, we next wondered
whether their downstream effects were related to their ability to
initiate inflammation against the pathogen in the host. To address
this, we orally infected WT, TLR2™'~, and TLR9™'~ mice with a
low dose (5 X 10* CFU) of S. Typhimurium for 7 days and then
determined serum cytokine levels. In response to low-dose S. Ty-
phimurium infection, inflammatory mediator levels were signifi-
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cantly higher in TLR9™'~ mice than in WT and TLR2™/™ mice,
especially the endogenous pyrogens interleukin 6 (IL-6), IL-18,
and tumor necrosis factor alpha (TNF-a), the inflammatory cy-
tokines IFN-vy and IL-17 (Fig. 2A), and the chemokines granulo-
cyte colony-stimulating factor (G-CSF), monocyte chemoattrac-
tant protein 1 (MCP-1), and macrophage inflammatory protein 1
(MIP-1) (Fig. 2B). In contrast, the levels of these inflammatory
mediators were similar between TLR2™'~ and WT mice after S.
Typhimurium infection, but the level of transforming growth fac-
tor B (TGF-B3), a powerful immunosuppressive factor, was much
higher in TLR2™'~ mice than in WT mice. Meanwhile, the Th2
cytokine IL-10, an important regulatory cytokine in inflamma-
tion, was also elevated in infected TLR9 ™/~ mice (Fig. 2C). These
results showing that TLR9 deficiency resulted in systemic inflam-
mation in response to S. Typhimurium infection could provide an
explanation for the early death of TLR9 ™/~ mice and suggested
that TLR9 normally functioned to protect the host against a sys-
temic cytokine storm after S. Typhimurium infection.

TLR9 protects from severe Salmonella hepatitis after S.
Typhimurium infection. As an important complication of S. Ty-
phimurium infection, Salmonella hepatitis impairs pathogen
clearance and threatens survival. To determine the effect of TLR-
mediated innate immunity on the pathogenesis of Salmonella
hepatitis, we assessed histopathology, bacterial burden, and cyto-
kine levels in the livers of S. Typhimurium-infected mice. On day
7 postinfection, TLR9 '~ mice exhibited significant hepatomeg-
aly accompanied by apparent bacterial plaque in the liver tissues;
however, TLR2~'~ mice showed only a slight increase in liver
weight over that of the WT mice (Fig. 3A). Furthermore, H&E-
stained liver sections and significantly higher ALT levels indicated
severe liver injury in TLR9™'~ mice compared to that in infected
WT mice, whereas lymphocyte infiltration was rarely observed in
the liver tissues from infected TLR2™/~ mice (Fig. 3B and C).
Since pathogen invasion was the key cause of Salmonella hepatitis,
we determined S. Typhimurium localization and bacterial num-
ber within the liver. As shown in Fig. 3D, infected TLR9™'~ mice
had significantly higher bacterial numbers in livers than infected
WT mice, while infected TLR2™'~ mice exhibited significantly
lower bacterial numbers. Furthermore, production of inflamma-
tory mediators, including TNF-a, IL-18, IL-6, MCP-1, and
IFN-v, was increased in liver homogenate supernatants from in-
fected TLR9 '~ mice compared to that in infected WT mice, but
only marginal levels were detected in infected TLR2™'~ mice (Fig.
3E). These findings showed that TLR9 deficiency aggravated the S.
Typhimurium infection-mediated hepatic inflammation ob-
served in WT mice, while TLR2 deficiency dampened this hepatic
inflammation, thus indicating that TLR9 normally functioned to
eliminate bacteria and therefore reduce inflammation-related im-
munopathology in the liver, whereas TLR2 normally functioned
to promote bacterial survival within the host.

TLR2 and TLR9 play opposing roles in macrophage-medi-
ated bactericidal activity. TLR-mediated recognition, phagocy-
tosis, and elimination of pathogens by macrophages are key pro-
cesses in antimicrobial innate immunity. In order to address
whether TLR2 or TLRY activation influenced macrophage-medi-
ated clearance of S. Typhimurium, we tested macrophage func-
tion in TLR2™/~ or TLR9™'~ mice. First, we evaluated how S.
Typhimurium infection in vitro influenced TLR2 and TLRY ex-
pression on WT peritoneal macrophages and found that TLR2
expression was markedly increased 12 h postinfection, whereas
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FIG 2 Systemic immune responses in mice following S. Typhimurium infection. Age-matched WT (n = 6), TLR2™'~, and TLR9 '~ (n = 4) mice were i.g.
infected with 5 X 10* CFU of S. Typhimurium (ST), and serum was harvested at 7 days postinfection. Inflammatory cytokine (A), chemokine (B), and
immunosuppressive cytokine (C) levels were measured by CBA. n.d., not detected. Values are expressed in pg/ml or ng/ml serum as the means = standard
deviations (SD); statistical significance was determined as P values of <0.05 (*) and <0.01 (**) compared with infected WT mice.

TLR9 expression was significantly decreased (Fig. 4A). The num-
ber of live bacteria residing in in vitro-infected TLR9 ™'~ perito-
neal macrophages was significantly higher at 4 h postinfection
than that in WT macrophages, while significantly fewer live bac-
teria were detected in TLR2~'~ macrophages (Fig. 4B) than in WT
macrophages. Functionally, iNOS activity was increased in
TLR2™'~ macrophages (Fig. 4C) compared to that in WT macro-
phages, although ROS levels were similar between the 2 groups
(Fig. 4D). In contrast, no significant change in iNOS activity was
detected in infected TLR9™'~ macrophages compared to that in
WT macrophages, but a reduction in ROS levels was observed
between the 2 groups (Fig. 4C and D).

S. Typhimurium expresses Salmonella pathogenicity island 1
(SPI-1) and 2 (SPI-2) genes (15) that allow it to not only survive
and replicate within host macrophages but also to utilize phago-
cytes as a carrier to transfer bacteria from the intestine to the
systemic circulation, which then delivers the bacteria into the liver
(16). Once inside the liver, necroptosis caused by S. Typhimurium
invasion, also known as a passive method of cell death by pro-
grammed necrosis, can promote typhoid granuloma formation
and tissue necrosis in the liver that can lead to higher bacterial
burden and increased inflammation. Compared with WT and
TLR2™'~ macrophages, TLR9 '~ macrophages were more sensi-
tive to S. Typhimurium-induced necroptosis (Fig. 4E), which is
consistent with the observed higher bacterial burden after oral
infection with S. Typhimurium in TLR9™'~ mice than in WT mice
shown above. Collectively, these results suggested that the oppos-
ing roles of TLR2 and TLRY on macrophage-mediated clearance
of S. Typhimurium might determine S. Typhimurium localiza-
tion and number within the liver, which could then affect the
degree of inflammation in Salmonella hepatitis.
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TLR2 and TLRY both affect the sensitivity of S. Typhimu-
rium-infected macrophages to NK cell-mediated cytolysis. After
being delivered into the liver via the circulatory system, S. Typhi-
murium proliferates in Kupffer cells, and the innate immune sys-
tem provides the first line of defense against invading microorgan-
isms by inducing a variety of inflammatory and antimicrobial
responses. NK cells are an important component of the innate
immune system and have been shown to interact with infected
macrophages, including Kupffer cells. This interaction plays a vi-
tal role in the clearance of intracellular pathogens through the
natural cytotoxicity receptor NKG2D and its ligands, including
RAE-1, H60, and MULT-1, expressed on intracellular pathogen-
infected mononuclear phagocytes (17, 18).

To begin determining whether and how TLR2 and/or TLR9
played any role in the NK-macrophage interaction, we first tested
whether and how NK cell frequency and function changed after
oral S. Typhimurium infection in WT, TLR2™'~, and TLR9™/~
mice. As shown in Fig. 5A, the NK cell percentage was elevated in
both infected WT and TLR9 /™ mice, peaking at 3 days postinfec-
tion in TLR9™'™ mice and at 5 days postinfection in WT mice; in
contrast, the NK cell percentage did not significantly change in
TLR2™'" mice over the 7-day observation period. Further analysis
showed that expression of the CD69 activation marker was signif-
icantly increased on hepatic NK cells from WT and TLR9 ™/~ mice
on day 7 after infection (Fig. 5B). However, the degranulation
marker CD107a, a molecule representing activated NK cell cyto-
toxic activity, was significantly lower in both TLR2™'~ and
TLR9™'~ mice than in WT mice after infection (Fig. 5C); similar
results were observed for the percentage of IFN-y"™ NK cells (Fig.
5D). Thus, even though the percentage of CD69" NK cells in-
creased in TLR9™’~ mice, the lower CD107a and IEN-vy expres-

April 2015 Volume 83 Number 4


http://iai.asm.org

TLR2, TLR9, and Salmonella enterica Serovar Typhimurium

>

Cc D

g15 600 x - M
: " =500 2 1: '%'
B10 E 400 - >
) - * ‘ =] D 8 %
i . Y a ~ 300 ek 27
g slis = - ®Y 2 200 8 '!'.
o < D 6
aQ 100 s
g0 0 |
> o 4
= ST -+ - + -+ ST+ =+ O -l WA
-l — — — —_— — —
WT  TLR2*- TLR9* WT  TLR2* TLR9* W TLR2TTLRS
B E 600 ke 800 e
500
3 400
E
2
wT 3 100
L 50
4
= 23 ** nd 5
ST - + -+ -+ ST -_+ -_+ -_+ ST - + -+ -+
WT TLR2* TLR9" WT  TLR2* TLR9* WT TLR2* TLR9"
TLR27- 4 80
j dedke - *k
z 3 T 60
g 2 20
7, 3
0.1 20
/- o *k w *%
TLRY = o.os0 nddnd o nd> nd
8T: # s # om ST - + - + - +

— — — — —
WT TLR2* TLR9* WT TLR2* TLR9™
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SD; statistical significance was determined as P values of <0.05 (*) and <0.01 (**) compared with infected WT mice.

sion in NK cells in infected TLR2™'~ and TLR9™’~ mice than in
WT mice showed that they harbored functionally deficient NK
cells against S. Typhimurium, indicating that TLR2 and TLR9
both normally played a role in promoting NK cell activation after
infection.

To next determine whether TLR2 and TLRY played a role in the
cross talkamong NK cells, macrophages, and S. Typhimurium, we
first evaluated the percentage of activated CD69 " NK cells in WT
mice after S. Typhimurium or S. Typhimurium-infected macro-
phages were injected into the livers of WT mice by tail vein injec-
tion. While infection with S. Typhimurium alone increased the
percentage of CD69™ NK cells above that of the noninfected con-
trol, NK cell activation by injection of S. Typhimurium-infected
macrophages was much lower than that by injection of S. Typhi-
murium alone (Fig. 6A). In vitro experiments further demon-
strated that S. Typhimurium directly activated liver MNC-derived
WT, TLR2™/~, and TLR9™’~ NK cells in a similar manner (Fig.
6B), indicating that NK cell activation by S. Typhimurium was
independent of TLR2 or TLRY activity. However, compared to
WT NK cells cocultured with S. Typhimurium-infected WT mac-
rophages, the CD69" NK cell percentage was significantly de-
creased when WT NK cells were cocultured with S. Typhimu-
rium-infected TLR2™'~ or TLR9 '~ macrophages, which was
similar to that for NK cells alone; and this increase of CD69" NK
cell percentage was inhibited, as cocultured cells were separated in
Transwell chambers, indicating that this macrophage-expressed
TLR2- and TLR9-mediated effect on NK cell function occurred in
a manner dependent upon cell-cell contact (Fig. 6C). Consistent
with this inhibited NK cell activation, NK cell cytotoxicity against

April 2015 Volume 83 Number 4

Infection and Immunity

S. Typhimurium-infected TLR2™'~ or TLR9™'~ macrophages
was also lower than that against S. Typhimurium-infected WT
macrophages (Fig. 6D). These results showed that both TLR2
and TLRY deficiency suppressed the sensitivity of S. Typhimu-
rium-infected macrophages to NK cell-mediated cytolysis, in-
dicating that both TLR2 and TLRY played a role to promote NK
cell-mediated cytolysis against S. Typhimurium-infected mac-
rophages.

Previous studies have shown that interactions between
NKG2D and its ligands RAE-1, H60, and MULT-1 are involved in
NK cell recognition and lysis of infected mononuclear phagocytes
(17, 19). We therefore attempted to determine whether TLRs in-
fluence the expression of NKG2D on NK cells or NKG2D ligands
on macrophages in order to address how the macrophages might
communicate with NK cells to affect NK cell function. Flow cy-
tometry analysis showed that the percentages of NKG2D" NK
cells from liver lymphocytes of WT, TLR2™'~, and TLR9™'™~ mice
infected with S. Typhimurium were all decreased (Fig. 6E). While
the percentage of RAE-1* macrophages (RAE-1" Md) increased
after S. Typhimurium infection in WT, TLR2™'~,and TLR9™ '~
macrophages in vitro, the extent of elevation after infection was
much lower in TLR2™/~ and TLR9 '/~ macrophages than in WT
macrophages (Fig. 6F). In contrast, Qa-1, the ligand for the
NKG2A inhibitory receptor, was downregulated in all macro-
phage phenotypes after S. Typhimurium infection, but no detect-
able differences in the magnitude of expression with infection
among these groups were observed (Fig. 6F); furthermore, no sta-
tistically significant changes in macrophage expression of H60 and
MULT-1 were detected between WT and either TLR2™'~ or
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FIG 4 TLR2 and TLR9 signaling are involved in eliminating S. Typhimurium infection in macrophages. (A) TLR2 expression and TLR9 expression in peritoneal
macrophages from WT mice were analyzed by FACS after in vitro stimulation with S. Typhimurium for 12 h. Results are representative of 3 independent
experiments. (B) Intracellular bacterial levels in peritoneal macrophages from mice infected with S. Typhimurium for 4 h. (C and D) Peritoneal macrophages
were stimulated with S. Typhimurium (MOI = 10:1) for 12 h, iNOS generation was analyzed by the nitric oxide synthase assay kit (C), and the mean fluorescence
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h, and macrophage necroptosis was measured by FACS using annexin V-PI double staining. For the left panel, one representative from 3 independent
experiments is shown. Data are expressed as the means = SD from at least 3 independent experiments. Statistical significance was determined as P values of <0.05

(*) and <0.01 (**) compared with infected WT mice.

TLR9 '~ macrophages (data not shown). Collectively, these re-
sults showed that TLR2 and TLR9 deficiency enhanced the resis-
tance of S. Typhimurium-infected macrophages to NK cell lysis
through inhibiting RAE-1 expression, indicating that TLR2 and

TLR9 normally functioned to upregulate RAE-1 and promote NK
cell lysis of S. Typhimurium-infected macrophages.

DISCUSSION

As the key sensors for pathogen-associated molecular patterns
(PAMPs), TLRs play an essential role in host defense against mi-
crobes by recognizing conserved microbial molecules (18). Previ-

A B . L )
0 SWRZ"' . 100 ous studies show that TLR activation induces APC maturation,
304 W TLR9-- < 80 enhances antigen presentation, and upregulates costimulatory
S 0 * molecules and cytokine production. However, individual TLRs

© . . . . .
S 40 can display different functions in pathogen clearance depending
20 on differences in the virulence of a specific pathogen and the route
0 of infection (20). Thus, for these reasons, our current understand-
o 1 3 5 7 ST = “4 s - ing regarding the contributions of each TLR to host defense
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c D In the present study, we investigated the roles of TLR2, TLRY,
- 600 &0 and TLR4 in the innate immune response to atrichia S. Typhimu-
"o: 400 S rium infection, a Salmonella strain that lacks flagellin. Interest-
3] * * = x . ingly, we found that, compared to WT mice, TLR2 ™/~ mice were
S 200 £ 2 more resistant, TLR9 ™'~ mice were more susceptible (Fig. 1), and
L TLR4~'~ mice exhibited a similar response in terms of survival
0 after high-dose oral S. Typhimurium infection. Talbot et al. pre-
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“WT TLRZ: TLRSE W TLR>: TLRS* viously observed that TLR4™'~ mice had an increased rate of sur-

FIG 5 TLR2 or TLRY deficiency reduces liver NK cell activation during S.
Typhimurium infection. WT, TLR2™'~, and TLR9™'~ mice were i.g. infected
with 5 X 10* CFU of S. Typhimurium. (A) The percentage of NK1.1*CD3~
NK cells within liver MNCs was analyzed from day 0 to day 7. CD69 expression
(B) and the MFI of CD107a expression (C) on NK1.1"CD3 ™ liver NK cells
were measured by FACS analysis. (D) The percentage of IFN-y-producing
NK1.1"CD3" from mice 7 days after S. Typhimurium infection was also mea-
sured by FACS analysis. Data are expressed as the means = SD from at least 4
mice. Statistical significance was determined as P values of <0.05 (*) com-
pared with infected WT mice.
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vival following S. Typhimurium infection compared to that of WT
mice (21), but this seeming contradiction to our data may be due
to the different experimental design or different virulent S. Typhi-
murium strain used between the studies. Since septicemia is the
main cause of S. Typhimurium-induced death in mice, the differ-
ence in susceptibility between TLR2™'~ and TLR9™'~ mice indi-
cated that TLR2 and TLR9 may have opposing effects on the host
immune response in terms of resistance to, and clearance of, S.
Typhimurium.
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staining. (E) The percentage of NKG2D *NK1.1*CD3 ™ liver lymphocytes from mice infected with S. Typhimurium for 7 days was measured by FACS analysis.
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compared with the mock-infected group, Pvalues of <0.01 (AA) compared with the infected TLR2™/~ macrophage group, and Pvalues of <0.05 (*) and <0.01

(**) compared with the infected WT macrophage group.

Inflammation is the prerequisite of immune responses to
pathogens. But tissue injury caused by acute inflammation also
affects the survival of S. Typhimurium-infected mice (22). Indeed,
extremely high levels of inflammatory mediators were observed in
serum from TLR9 ™'~ mice 7 days after infection (Fig. 2); these
included IFN-vy, TNF-a, IL-6, IL-12p40, IL-17, and IL-18 proin-
flammatory cytokines as well as MIP-1f, G-CSF, and MCP-1,
which were all potent neutrophil chemoattractants. Neutrophils
are known to be the first white blood cells to enter the tissue during
acute inflammation and to be particularly effective at killing ex-
tracellular S. Typhimurium (23). TNF-a, IL-12, IFN-v, and IL-18
production are necessary for controlling S. Typhimurium growth
in the acute stage of infection. However, the excessive production
of these cytokines in TLR9™'~ mice suggested a more severe in-
flammatory reaction in these mice. Although a cytokine storm in
infected TLR9™'~ mice may be beneficial to eliminating a higher
bacterial load, this overexpression of inflammatory mediators
may also cause an immunopathology that could very likely explain
the hastened death observed in infected TLR9™’~ mice. Interest-
ingly, infected TLR9™'~ mice also exhibited a markedly higher
level of serum IL-10 than infected WT mice, which could suppress
bactericidal responses and ultimately promote the macrophages
in acting as hosts for S. Typhimurium replication, leading to fur-
ther increased bacterial burden (24). Thus, these data reveal that
TLR9 normally plays a critical role in the control of anti-S. Typhi-
murium-induced excessive hepatic inflammation.

TLR2 is known as an activating signal on phagocytes. In con-
trast to TLR9™'~ mice, TLR2™’/~ and WT mice exhibited only
slightly increased inflammatory cytokine and chemokine produc-
tion after S. Typhimurium infection (Fig. 2). We also observed
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that TLR2™/~ mice displayed much higher TGF- levels than WT
and TLR9™'~ mice in response to S. Typhimurium infection.
TGF-B is well known as a key regulator of inflammation and also
functions as an anti-inflammatory cytokine through upregulating
IL-10 (25). Consistent with our findings, TGF-[ treatment in Sal-
monella infection has been shown to reduce bacterial numbers in
the organs of infected mice by inducing IL-1a, IFN-vy, and NO
production (26). Macrophages are a major source of TGF-3 upon
stimulation by microorganisms, and TLR2 and TLRY expressed
on macrophages might be involved in the regulation of TGF-f3
production. Thus, these data reveal that TLR2 normally promotes
hepatic inflammatory reaction to S. Typhimurium infection. Tak-
ing the TLR2 and TLR9 data together, these findings demonstrate
that the opposing effects of TLR2 and TLR9 in host immune re-
sponse during S. Typhimurium infection lie in their different roles
in regulating hepatic inflammation.

The excessive production of inflammatory cytokines in S. Ty-
phimurium-infected mice was likely due to uncontrolled patho-
gen infection. The typical S. Typhimurium course of infection
occurs in a host by first ingesting the Salmonella into the intestine,
where the bacteria can then directly enter the blood (11). Once in
the blood, S. Typhimurium can travel extracellularly or in CD18™"
leukocytes to secondary sites. The liver in particular is a common
site of secondary bacterial colonization, which can have an effect
on the survival of infected mice depending on the severity of the
ensuing Salmonella hepatitis (10). Here, TLR9™'~ mice showed
much more severe Salmonella hepatitis and higher bacterial bur-
den than WT mice 7 days postinfection; however, TLR2™'™ mice
presented only slightly elevated readouts of infection and lower
bacterial burdens than WT mice (Fig. 3). These results suggest that
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TLRY activation may be critical for controlling S. Typhimurium
infection in the liver, while TLR2 activation may exacerbate
pathogen invasion.

Macrophages are a key component of the innate immune sys-
tem. After engulfing pathogens, macrophages are activated and
produce massive cytokines and chemokines, resulting in an in-
flammation reaction. The pathogenesis of severe hepatic damage
involved in Salmonella hepatitis may be multifactorial and include
contributions from bacterial endotoxin (LPS), local inflamma-
tion, and host immune reactions. Since LPS released by virulent S.
Typhimurium strains within Kupffer cells is the key determinant
of hepatic damage (12), we speculate that the differing numbers of
Salmonella CFU residing in the livers of WT and TLR-deficient
mice will affect the degree of liver injury. To test this hypothesis,
we evaluated TLR2 and TLR9 expression levels on WT peritoneal
macrophages after in vitro infection with S. Typhimurium. While
TLR2 expression increased on the macrophage surface, both sur-
face and intracellular TLR9 expression decreased after engulfing S.
Typhimurium (Fig. 4). This expression data suggest the possibility
that TLR2 expression may be unfavorable for S. Typhimurium
clearance, an idea supported by the data showing that TLR2™'~
macrophages exhibit a significantly lower bacterial load and
higher iNOS activity than WT and TLR9~'~ macrophages. Thus,
S. Typhimurium may utilize the TLR2 signaling pathway as a sub-
version technique to avoid the endocellular digestion process, and
more iNOS in infected TLR2™'~ macrophages may be due to its
high TLR4 expression (data not shown), which is known to be
involved in iNOS production in macrophages (27). In contrast to
TLR2 function, TLR9 functions as an excellent antimicrobial
mechanism in macrophages; indeed, our data show that TLR9
activation is essential for ROS production, as previously shown in
DCs (28), and also protects against necroptosis, which will help to
prevent bacterium spread in the host.

NK cells are another important component of the innate im-
mune system, playing a central role in response to intracellular
bacterial infection. Besides degranulation and IFN-y secretion
(29, 30), NK cells can also lyse S. Typhimurium-infected mono-
cytes as a major mechanism to remove bacteria from the liver (31).
Here, we observed that both TLR2 deficiency and TLR9 deficiency
decreased NK cell degranulation (CD107a) and IFN-y expression
in response to S. Typhimurium infection (Fig. 5), suggesting that
TLR2 and TLR9 normally function to promote NK cell function
and activation. Our data also showed that the percentage of acti-
vated CD69" NK cells actually increased in TLR9 ™/~ mice, but
these cells might be nonfunctional NK cells based on their low
expression of CD107a and IFN-v, although this idea remains to be
formally tested. Investigation into the mechanism underlying how
TLR2 and TLRY were involved in regulating NK cell function after
S. Typhimurium infection showed that although S. Typhimurium
alone directly activated WT, TLR2™'~, and TLR9 '~ NK cells in
vitro, TLR2 or TLRY deficiency in S. Typhimurium-infected mac-
rophages inhibited NK cell activation in a cell-to-cell-dependent
manner (Fig. 6A to C). This result suggested that the cross talk
occurring between NK cells and S. Typhimurium-infected mac-
rophages involved TLR2 and TLR9 functions. NK cell cytotoxicity
is dependent on the balance between activating and inhibitory
receptors expressed in NK cells. NKG2D is an important activat-
ing receptor for NK cell-mediated cytolysis, and murine NKG2D
interacts with RAE-1, H60, and MULT-1 ligands. The TLR signal-
ing pathway activation is known to regulate RAE-1 expression
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FIG 7 Working model for TLR2 and TLR9 contribution to the protection
from S. Typhimurium infection. In response to S. Typhimurium infection,
TLR2 and TLRY normally function to upregulate RAE-1 and promote NK
cell-mediated lysis of S. Typhimurium-infected macrophages. However, in
macrophage-mediated clearance of S. Typhimurium, TLR9 promotes bacteri-
cidal activity and reduces inflammation-related immunopathology, whereas
TLR2 normally functions to promote bacterial survival within macrophage
and results in systemic inflammation.

(32). Here, although RAE-1 surface expression increased after in-
fection in WT, TLR2™'~, and TLR9 '~ macrophages, the magni-
tude of RAE-1 upregulation was attenuated in TLR2 ™'~ and
TLR9™'~ macrophages compared to that in WT macrophages and
was accompanied by increased resistance of these macrophages to
NK cell-mediated cytolysis (Fig. 6). These data indicate that TLR2
and TLRO likely participate in NK-macrophage cross talk after S.
Typhimurium infection by regulating RAE-1 expression. In addi-
tion, we found that S. Typhimurium may also regulate NK cell
cytolysis as a bacterial self-protection mechanism independent of
TLR activity by downregulating NKG2D on NK cells.

In summary (Fig. 7), these findings collectively suggest that
TLR2 and TLRY likely play different roles in the immune response
to S. Typhimurium infection. Although we found that both TLR2
and TLR9 promote NK cell cytolytic function against S. Typhi-
murium-infected macrophages, our data reveal that the roles of
TLR2 and TLRY in macrophage-mediated clearance of S. Ty-
phimurium are opposite. TLR9 activation is critical for con-
trolling S. Typhimurium infection in the liver; indeed, TLR9
expression is propitious to clearance of S. Typhimurium in the
host, where TLR9 deficiency leads to macrophage dysfunction,
which then contributes to a cytokine storm, system inflamma-
tion, severe Salmonella hepatitis, and shortened survival. In con-
trast to TLRY, our data reveal that TLR2 activation exacerbates
pathogen invasion, where TLR2 deficiency augments the resis-
tance to S. Typhimurium by enhancing the bactericidal capability
of macrophages, reducing S. Typhimurium load, and suppressing
inflammation. These results also suggest that TLR2 antagonists or
TLRY agonists may serve as potential anti-S. Typhimurium ther-
apeutic agents.
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