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Leptospirosis, caused by pathogenic spirochetes, is a zoonotic disease of global importance. The detailed pathogenesis of lepto-
spirosis is still unclear, which limits the ideal treatment of leptospirosis. In this study, we analyzed the expression of Toll-like
receptor 2 (TLR2) and TLR4 in target organs of both resistant mice and susceptible hamsters after Leptospira interrogans serovar
Autumnalis infection. TLR2 but not TLR4 transcripts in mouse organs contrasted with delayed induction and overexpression in
hamster organs. Coinjection of leptospires and the TLR2 agonist Pam3CSK4 into hamsters improved their survival rate, allevi-
ated tissue injury, and decreased the abundance of leptospires in target organs. The production of interleukin-10 (IL-10) from
tissues was enhanced in hamsters of the group coinjected with leptospires and Pam3CSK4 compared with the leptospira-injected
group. Similarly, IL-10 levels in TLR2-deficient mice were lower than those in wild-type mice. A high ratio of IL-10/tumor necro-
sis factor alpha (TNF-�) levels was found in both infected wild-type mice and hamsters coinjected with leptospires and
Pam3CSK4. Moreover, TLR2-dependent IL-10 expression was detected in peritoneal macrophages after leptospira infection. Our
data demonstrate that coinjection of leptospires and Pam3CSK4 alleviates the pathology of leptospirosis in hamsters; this effect
may result from the enhanced expression of TLR2-dependent IL-10.

Leptospirosis, caused by pathogenic spirochetes, is responsible
for a worldwide zoonotic disease. Infected hosts present a di-

verse array of clinical manifestations ranging from asymptomatic
forms to jaundice, renal failure, and even death (1). After infection
of maintenance hosts, leptospires rapidly disseminate to almost all
tissues during early stages, followed by clearance, except from the
kidney, causing chronic infection (2). As the main maintenance
hosts, rodents can shed pathogenic leptospires in their urine,
which contaminate water and soil. Humans and animals may ac-
quire this disease by direct contact with urine or indirectly from
contaminated water (3). Thus, the renal carrier state constitutes
an important aspect of the persistence and epidemiology of lepto-
spirosis (3). Although the mechanisms of leptospira-induced im-
munoreaction have been noted in several studies, the role of in-
nate immune responses in protection against leptospirosis is
poorly understood (4).

Toll-like receptors (TLRs) acting as pattern recognition recep-
tors (PRRs) can recognize a variety of pathogen-associated molec-
ular patterns (PAMPs) (5). Genetic data from mouse studies have
demonstrated that the sole receptor for classical enterobacterial
lipopolysaccharide (LPS) is indeed TLR4 (6), but highly purified
leptospiral LPS utilizes both TLR2 and TLR4 in mice and only
TLR2 in humans (7). Previous studies have shown that TLR4 is
vital for the control of the leptospiral burden in vivo, whereas both
TLR2 and TLR4 control the leptospiral burden in the kidney, and
tissue differences in TLR signaling may exist (8, 9). In vitro, many
hemolysins of Leptospira induce proinflammatory cytokines
through both the TLR2- and TLR4-dependent c-Jun N-termi-
nal kinase (JNK) and nuclear factor �B (NF-�B) pathways (10),
and leptospiral membrane proteins stimulate proinflamma-
tory chemokines by TLR2 in renal proximal tubule cells (11). All
those studies indicate that the TLRs, particularly TLR2 and TLR4,
can play a crucial role in the development of leptospirosis. How-
ever, the models of leptospirosis used in those studies are mostly
mice, which are resistant to leptospiral infection. Hamsters, which

are susceptible animals, also have TLR2 and TLR4. Are the differ-
ent outcomes of leptospirosis in mice and hamsters due to differ-
ent TLR inductions? Leishmania major-infected bone marrow-
derived dendritic cells upregulate TLR2 expression only in
C57BL/6 mice, which are resistant to Leishmania major infection
(12). Thus, the investigation of dynamic mRNA expression pro-
files of TLR2 and TLR4 between mice and hamsters after lepto-
spiral infection may contribute to a better understanding of the
pathogenic mechanism of leptospirosis.

It has been reported that the development of severe lesions in
target organs of susceptible individuals can be correlated with the
sustained overexpression of cytokines and chemokines and Lepto-
spira burden compared to those in asymptomatic or less suscep-
tible animals (13). Both clinical studies and animal experiments
indicate that the levels of interleukin-10 (IL-10)/tumor necrosis
factor alpha (TNF-�) are connected with the outcome of leptospi-
rosis (13, 14). Therefore, these cytokines and chemokines are cor-
related with the progression of leptospirosis. Although studies of
the leptospira-induced inflammatory response through activation
of TLRs have been reported (8, 9, 15), there is little information
demonstrating a relationship of TLRs with an anti-inflammatory
cytokine, for example, IL-10, after leptospiral infection. The acti-
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vation of TLRs can induce cytokine secretion (16). Therefore, de-
termination of the relevant TLR causing the changes in IL-10/
TNF-� levels will contribute to new treatment strategies against
leptospirosis.

As the animal models most frequently used for leptospirosis,
hamsters and mice recapitulate its acute and chronic phases, re-
spectively (17, 18). Studying any differences in innate immune
responses to Leptospira between these two animal models will help
illustrate the pathogenesis of leptospirosis and find new treatment
strategies. In this study, we characterized the mRNA expression
levels of TLR2 and TLR4 in susceptible hamsters and resistant
mice after Leptospira infection, and we evaluated the efficacy of
Pam3CSK4 against leptospirosis in hamsters. Using primary peri-
toneal macrophages from mice and hamsters, we showed that the
expression of IL-10 was TLR2 dependent.

MATERIALS AND METHODS
Ethics statement. All animals were maintained on standard rodent chow
with water supplied ad libitum and with a 12-h light/12-h dark cycle dur-
ing the experimental period. All animal experiments were performed ac-
cording to regulations of the Administration of Affairs Concerning Ex-
perimental Animals in China. The protocol was approved by the
Committee on the Ethics of Animal Experiments of the First Norman
Bethune Hospital of Jilin University, China (2013 clinical trial [2013-
121]).

Bacterial strains and animals. Pathogenic Leptospira interrogans se-
rovar Autumnalis (56606) was kindly provided by Xiaokui Guo. The
strain was cultivated at 29°C in Ellinghausen-McCullough-Johnson-Har-
ris (EMJH) liquid medium, and pathogenicity was maintained by passage
in hamsters. The concentration of bacterial cells was determined by using
a Petroff-Hausser counting chamber and dark-field microscopy. The
strain had undergone �5 in vitro passages before being used to infect
mice. BALB/c mice and Syrian golden hamsters (Mesocricetus auratus)
were provided by the Baiqiuen Medical College of Jilin University (Jilin,
China). C57BL/6J wild-type (WT), TLR2-deficient (TLR2�/�), and
TLR4�/� mice were provided by the Model Animal Research Center of
Nanjing University.

Experimental infections. Just before infection, bacteria in early sta-
tionary phase were centrifuged, resuspended in endotoxin-free phos-
phate-buffered saline (PBS), and counted by using a Petroff-Hausser
chamber. To detect the expression of TLR2 and TLR4 in hamsters and
mice, 4- to 6-week-old female BALB/c mice and hamsters were inoculated
intraperitoneally with 0.5 ml of PBS containing 106 leptospires. For TLR2
agonist testing, hamsters were inoculated with 106 leptospires either alone
or mixed with 100 �g of a single TLR2 agonist, the synthetic triacylated
lipopeptide Pam3CSK4 (InvivoGen, San Diego, CA) (12, 19). Hamsters
treated with Pam3CSK4 after 6 h of infection were also studied. To test the
role of TLR2 in mice, WT and TLR2�/� mice were inoculated with 106

leptospires. Kinetic analyses of gene expression and target organ histology
were conducted postinfection (p.i.). For leptospiral infection in hamsters,
except for cytokine detection at 24 h p.i., other detections were conducted
during the 21-day experimental period. Surviving hamsters were hu-
manely euthanized after 21 days by using CO2.

Effect of Pam3CSK4 on leptospiral growth. To analyze the influence
of Pam3CSK4 on leptospiral growth, 106 leptospires in 0.5 ml of EMJH
medium supplemented with or without 100 �g of Pam3CSK4, which was
dissolved in sterile water, were cultured at 29°C. Growth was analyzed for
4 days by using a Petroff-Hausser chamber and a dark-field microscope.

Bacterial load and PCR assay. The leptospiral burdens in infected
organs were determined by quantitative PCR (qPCR) using an Applied
Bioscience 7500 thermocycler and FastStart Universal SYBR green Master
(Roche Applied Science, Germany). The samples used for DNA extraction
were treated as previously described (19). Specimens (0.09 to 0.15 g) of
liver, lung, and kidney tissues were homogenized and centrifuged, after

which the supernatant was subjected to DNA extraction using the
TIANamp Bacteria DNA kit (Tiangen, China) according to the manufac-
turer’s instructions. The concentration of DNA was measured by spec-
trometry. The genomic DNA of a counted number of leptospires was used
as a calibrator for qPCR. Specific primers of the lipL32 gene were used as
previously described (20). The results were expressed as the number of
genome equivalents per milligram of organ DNA.

Culture of primary mouse macrophages and infection by Lepto-
spira. Hamsters and WT, TLR2�/�, and TLR4�/� mice were injected
with 2 ml of 3% thioglycolate medium (BD Biosciences, Sparks, MD).
Three days after the injection, peritoneal macrophages were isolated by
washing the peritoneal cavity with PBS. The cells were cultured at 37°C in
5% CO2 in RPMI 1640 medium supplemented with 10% fetal bovine
serum. A total of 1 � 106 cells/well were seeded onto 6-well culture plates
in 2 ml of fresh culture medium. After incubation for 6 h at 37°C in 5%
CO2, the cells cultured in RPMI 1640 medium supplemented with 10%
fetal bovine serum were challenged with leptospires at a multiplicity of
infection (MOI) of 100 leptospires per cell with or without Pam3CSK4.
The cells were then incubated for 24 h; thereafter, the cells were harvested,
and total RNA extraction was performed.

Real-time and reverse transcription-qPCR (RT-qPCR). Total RNA
was extracted from cells or 0.05 to 0.1 g of organs by using TRIzol (Invit-
rogen, USA) according to the manufacturer’s instructions. RNA was re-
verse transcribed into cDNA by using random primers from a TransScript
One-Step gDNA Removal kit and cDNA Synthesis SuperMix (TransGen
Biotech, China). Quantification of relative mRNA concentrations was
conducted by using an Applied Bioscience 7500 thermocycler and Fast-
Start Universal SYBR green Master (Roche Applied Science, Germany).
PCR conditions were as follows: 50°C for 2 min and 95°C for 10 min,
followed by 45 cycles of amplification at 95°C for 15 s and 60°C for 60 s.
The primers selected for this study are listed in Table 1. By using the

TABLE 1 Sequences of primers used for qPCR assays

Gene
Primer
type Sequence (5=–3=)

Mouse GAPDH Sense AGGTCGGTGTGAACGGATTTG
Antisense GGGGTCGTTGATGGCAACA

Hamster GAPDH Sense GATGCTGGTGCCGAGTATGT
Antisense GCAGAAGGTGCGGAGATGA

Mouse TLR2 Sense TTTGCTCCTGCGAACTCC
Antisense GCCACGCCCACATCATTC

Hamster TLR2 Sense TGTTTCCCGTGTTACTGGTCAT
Antisense CACCTGCTTCCAGACTCACC

Mouse TLR4 Sense TTCAGAGCCGTTGGTGTATC
Antisense CTCCCATTCCAGGTAGGTGT

Hamster TLR4 Sense ACGACGAGGACTGGGTGAGA
Antisense GCCTTCCTGGATGATGTTGG

Mouse TNF-� Sense CCTATGTCTCAGCCTCTTCTCAT
Antisense CACTTGGTGGTTTGCTACGA

Hamster TNF-� Sense GGTGATACCAGCAGACGG
Antisense CTTGATGGCGGACAGGA

Mouse IL-10 Sense GACAACATACTGCTAACCGACTCC
Antisense ATGCTCCTTGATTTCTGGGC

Hamster IL-10 Sense AAGGGTTACTTGGGTTGCC
Antisense AATGCTCCTTGATTTCTGGC
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EQUATION method, the level of expression of the target gene was nor-
malized to the level of the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH).

Histopathological examination. Animals were humanely euthanized
with CO2, and primary organs (liver, kidney, and lung) were immediately
removed. To evaluate changes in the target organs, livers, kidneys, and
lungs were fixed in 10% neutral buffered formalin; dehydrated, paraffin
embedded, and sliced, followed by staining with hematoxylin and eosin
(H&E). Pathological changes were examined by using a microscope
(Olympus, Japan). The severity of leptospire-induced lesions was graded
as described previously (21). Briefly, tubulointerstitial nephritis was
graded as follows: 0 for normal, 1 for mild, 2 for moderate, and 3 for
severe. Liver pathology was graded based on the average number of in-
flammatory foci in 10-by-10 fields as follows: 0 for normal, 1 for 1 to 3 foci,
2 for 4 to 7 foci, and 3 for �7 foci. The extent of pulmonary hemorrhage
was graded as follows: 0 for no hemorrhage, 1 for a single focus, 2 for
multiple foci, and 3 for locally extensive hemorrhage.

Data analysis. Comparisons between groups were performed by using
one-way analysis of variance (ANOVA) followed by the Newman-Keuls
test. Survival differences between the study groups were compared by
using the Kaplan-Meier log rank test. P values of �0.05 were considered
significant.

RESULTS
TLR2 but not TLR4 transcript levels in mice contrast with de-
layed induction in hamsters. The expression of TLR2 in all of the

organs of mice increased at 6 h p.i., reaching a peak at 24 h p.i. for
kidney, 12 h p.i. for liver, and day 2 p.i. for lung. In contrast,
induction was delayed in hamsters (Fig. 1). The expression of
TLR4 was suppressed or less induced during early infection in
both mice and hamsters, except for the livers of mice, where it was
overexpressed and reached a peak at 12 h p.i. (Fig. 2). In hamsters,
TLR4 was highly induced at day 4 p.i., similarly to the expression
of TLR2. The induction of both TLR2 and TLR4 was delayed in
hamsters (Fig. 1 and 2). Throughout the time course, the levels of
TLR2 and TLR4 in the kidneys of mice returned to normal after
day 11 p.i. Only transcript levels, not protein levels, of TLR2 and
TLR4 were measured. These results indicated that the expression
levels of TLR2 and TLR4 were different between resistant mice
and susceptible hamsters. In consideration of the early regulation
of TLR2 in mice but not hamsters, TLR2 might play an important
role in the development of leptospirosis.

The TLR2 agonist Pam3CSK4 improves the survival rate, al-
leviates the pathology of leptospirosis, and decreases the abun-
dance of leptospires in hamster. To test the role of the induction
of TLR2 against leptospirosis in hamsters, the TLR2 agonist
Pam3CSK4 was used as a coinjection with leptospires. We ana-
lyzed the effect of Pam3CSK4 on leptospiral growth. The data
revealed that Pam3CSK4 had nothing to do with leptospiral
growth during 4 days (Fig. 3A). The hamster group injected with a

FIG 1 Modulation of TLR2 mRNA expression in tissues after injection of
leptospires. TLR2 mRNA levels in kidneys, livers, and lungs from BALB/c mice
and hamsters were quantified by RT-qPCR at a series of time points. The
results were normalized to the expression level of the housekeeping gene
GAPDH. Bars show the levels of TLR2 (means 	 standard deviations) in
tissues of mice and hamsters at each time point (n 
 3). The levels of TLR2 in
different tissues from three healthy individuals at 0 h were given a value of 1.0.
Different mRNA expression levels between the infected group and the healthy
group (0 h) were compared by one-way ANOVA. *, P � 0.05.

FIG 2 Modulation of TLR4 mRNA expression in tissues after injection of
leptospires. TLR4 mRNA levels in kidneys, livers, and lungs from BALB/c mice
and hamsters were quantified by RT-qPCR at a series of time points. The
results were normalized to the expression levels of the housekeeping gene
GAPDH. Bars show levels of TLR4 (means 	 standard deviations) in tissues of
mice and hamsters at each time point (n 
 3). The levels of TLR4 in different
tissues from three healthy individuals at 0 h were given a value of 1.0. Different
mRNA expression levels between the infected group and the healthy group (0
h) were compared by one-way ANOVA. *, P � 0.05.
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mix of leptospires and Pam3CSK4 showed a higher survival rate
than that of the group receiving only leptospires (infected con-
trols) (Fig. 3B). Kidney, lung, and liver lesion grades were lower
for the group coinjected with Pam3CSK and leptospires than for

the infected controls (Fig. 3C). Representative photographs of
hamster kidneys and lungs were selected from the group coin-
jected with Pam3CSK and leptospires and the infected controls.
Dramatic lesions with hemorrhage were found in renal tissues of

FIG 3 Influence of TLR2 agonist Pam3CSK4 on pathology of hamsters with leptospirosis. (A) Effect of Pam3CSK4 on leptospiral growth. A total 106 leptospires
in 0.5 ml of EMJH medium supplemented with or without 100 �g of Pam3CSK4 were cultured at 29°C. Growth was analyzed for 4 days by using a Petroff-Hausser
chamber and a dark-field microscope. Each data point exhibits the means from triplicates 	 standard deviations for three independent experiments. P values
of �0.05 were considered significant (*, P � 0.05). (B) Survival curves of hamsters in the infected control group (n 
 6) and the group coinjected with leptospires
and Pam3CSK4 (n 
 6). Hamsters were injected with leptospires or coinjected with leptospires and Pam3CSK4. *, P � 0.05 versus untreated controls as
determined by a by Kaplan-Meier log rank test. (C) Histopathology scores for kidneys, livers, and lungs of hamsters. The data represent the mean histopathology
scores for the two groups of hamsters. Statistical analysis of the results for infected controls (n 
 6) and the group coinjected with leptospires and Pam3CSK4 (n 

6) was performed by using the Wilcoxon rank sum test. *, P � 0.05. (D) Histopathology of kidneys (a and b), livers (c and d), and lungs (e and f) of hamsters in
the infected control group (a, c, and e) and the group coinjected with leptospires and Pam3CSK4 (b, d, and f). Magnification, �200. Samples were collected over
a 21-day experimental period, and representative photographs are presented. (E) Leptospiral burdens in the kidneys, livers, and lungs of hamsters in the infected
control group (n 
 6) and the group coinjected with leptospires and Pam3CSK4 (n 
 6) as determined by qPCR. Samples were collected over a 21-day
experimental period. The results are presented as numbers of genome equivalents per microgram of tissue DNA, and the differences were compared by one-way
ANOVA. *, P � 0.05. (F) Survival curves of hamsters treated with Pam3CSK4 6 h after infection with leptospires (n 
 8) and untreated controls (n 
 8). Hamsters
were injected with leptospires. Six hours later, Pam3CSK4 (100 �g) was intraperitoneally injected into hamsters. *, P � 0.05 versus untreated controls as
determined by a Kaplan-Meier log rank test.
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the infected controls (Fig. 3Da). In contrast, the kidneys of the
group coinjected with Pam3CSK and leptospires showed little ev-
idence of hemorrhage (Fig. 3Db). The livers of infected control
hamsters showed more inflammatory foci and a wider intercellu-
lar space than did those of the group coinjected with Pam3CSK
and leptospires (Fig. 3Dc and d). Severe pulmonary hemorrhages
were found in the lungs of infected controls (Fig. 3De), whereas no
hemorrhagic foci were found in the group coinjected with
Pam3CSK and leptospires (Fig. 3Df).

The leptospiral burdens in the kidneys, livers, and lungs of
hamsters from the group coinjected with Pam3CSK and lepto-
spires and the infected control group were measured by qPCR. A
lower leptospiral burden was found in the group coinjected with
Pam3CSK and leptospires than in the infected controls (Fig. 3E).
The differences are statistically not significant and represent
trends. To test the efficacy of Pam3CSK injected 6 h after infection
with leptospires, we studied the survival rate compared to that of
the group coinjected with leptospires and normal saline (un-
treated controls). Injection of the TLR2 agonist Pam3CSK4 6 h
after infection with leptospires also improved the survival rate of
the hamsters (Fig. 3F).

TLR2 contributes to the control of leptospiral burden in kid-
ney and alleviates pathology in mice. To test the role of the in-
duction of TLR2 against leptospirosis in mice, C57BL/6J WT and
TLR2�/� mice were infected with 106 leptospires. Leptospiral bur-

den and histopathology of the kidney, liver, and lung were studied
at 4 days p.i. The lesion grades for kidneys, lungs, and livers were
higher for TLR2�/� mice than for WT mice (Fig. 4A). Although
the TLR2�/� mice did not die from leptospirosis (data not
shown), aggravated inflammatory cell infiltration was found in
TLR2�/� mice (Fig. 4Bb) compared to WT mice (Fig. 4Ba). The
livers of WT mice showed moderate inflammation (Fig. 4Bc).
However, severe inflammation with a mass of inflammatory foci
was found in TLR2�/� mice (Fig. 4Bd). The lungs of WT mice
were almost normal (Fig. 4Be), in contrast to the pulmonary hem-
orrhage and interstitial pneumonia in TLR2�/� mice (Fig. 4Bf).

The leptospiral burdens in the kidneys, livers, and lungs of WT
and TLR2�/� mice were measured by qPCR. Interestingly, the
leptospiral burdens in livers and lungs of WT and TLR2�/� mice
were comparable, whereas the leptospiral burden in the kidney
was higher for TLR2�/� mice than for WT mice (Fig. 4C).

The TLR2 agonist Pam3CSK4 improves the IL-10/TNF-� ra-
tio. Only transcript levels, and not protein levels, were measured.
The expression levels of IL-10 and TNF-� in hamsters and mice
were measured by RT-qPCR. Hamsters were injected with a mix
of the TLR2 agonist Pam3CSK4 and leptospires. Samples were
collected 24 h after infection with leptospires. IL-10 expression in
kidney, liver, and lung was significantly improved in hamsters of
the group coinjected with Pam3CSK4 and leptospires than in the
infected controls, whereas TNF-� expression was improved only

FIG 4 TLR2 contributes to the control of leptospiral burden in kidney and alleviates pathology in mice. (A) Histopathology scores for the kidneys, livers, and
lungs of mice. The data represent the mean histopathology scores for the two groups of mice. Statistical analysis of results for WT mice (n 
 6) and TLR2�/� mice
(n 
 6) was performed by using the Wilcoxon rank sum test. *, P � 0.05. (B) Histopathology of kidneys (a and b), livers (c and d), and lungs (e and f) of WT mice
(a, c, and e) and TLR2�/� mice (b, d, and f) after infection with leptospires at 4 days p.i. Magnification, �200. Representative photographs are presented. (C)
Leptospiral burdens in kidneys, livers, and lungs of WT mice (n 
 6) and TLR2�/� mice (n 
 6) as determined by qPCR at 4 days p.i. The results are presented
as numbers of genome equivalents per microgram of tissue DNA, and the differences were compared by one-way ANOVA. *, P � 0.05.
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in the lungs, as shown in Table 2. The IL-10/TNF-� ratio was
improved in the kidneys, livers, and lungs of hamsters in the group
coinjected with Pam3CSK4 and leptospires compared with in-
fected controls (Fig. 5A).

The expression levels of IL-10 and TNF-� in tissues of WT and
TLR2�/� mice were also quantified by RT-qPCR 4 days after in-
fection with leptospires. IL-10 expression was dramatically inhib-
ited in the lungs of TLR2�/� mice compared to those of WT mice.
Interestingly, upregulated TNF-� was found in the kidneys and
lungs of TLR2�/� mice, as shown in Table 3. The IL-10/TNF-�
ratio was reduced in the kidneys, livers, and lungs of TLR2�/�

mice compared to that in WT mice (Fig. 5B).
IL-10 expression after leptospiral infection is TLR2 depen-

dent in peritoneal macrophages. The IL-10 expression level in
mice and hamsters was connected with the induction of TLR2.
Peritoneal macrophages from hamsters and WT, TLR2�/�, and
TLR4�/� mice were used. For peritoneal macrophages from ham-
sters, cells were challenged with leptospires or with leptospires and
Pam3CSK4 for 24 h, followed by RNA extraction from cells and
RT-qPCR to measure IL-10 and TNF-� expression levels. The
IL-10 level was dramatically lower in TLR2�/� but not TLR4�/�

macrophages (Fig. 6A). TLR2 and TLR4 had no influence on
TNF-� levels (Fig. 6B). The TLR2 agonist Pam3CSK4 improved
IL-10 but not TNF-� levels in peritoneal macrophages from ham-
sters (Fig. 6C). This result explains the improved IL-10/TNF-�
ratio in hamsters treated with Pam3CSK4.

DISCUSSION

Leptospirosis, a reemerging infectious disease, has a variety of an-
imal hosts for pathogenic leptospires in nature (22). The detailed
pathogenesis of leptospirosis is still unclear. TLR4 was recognized
as playing a key role in protecting against leptospiral infection and
contributing to the control of the leptospiral burden in vivo (8). In
our study, the expression level of TLR4 did not increase rapidly in
either mice or hamsters, except for the livers of mice. The poorer
outcome and greater leptospiral burden in hamsters than in mice
were not attributable simply to the expression of TLR4, although
TLR4 could control the leptospiral burden.

We found that the induction of TLR2 was different between
mice and hamsters. Furthermore, our results revealed that the
expression of the anti-inflammatory cytokine IL-10 was depen-
dent on TLR2 in peritoneal macrophages of mice and hamsters
during leptospiral infection. TLR2-dependent IL-10 production
has been studied for other pathogens such as Helicobacter pylori
and Porphyromonas gingivalis (23, 24). This work is the first to
illustrate the connection between TLR2 and IL-10 during L. inter-
rogans infection. The different TLR2-dependent IL-10 expression
levels in mice and hamsters may help explain the pathogenesis of
leptospirosis. A higher leptospiral burden was found in the kid-
neys of TLR2�/� mice, showing that TLR2 controls bacterial
growth in the kidney, which is consistent with results of previous
studies (9).

Some studies have reported that the TLR2 agonist Pam3CSK4
could control Staphylococcus aureus and Leishmania major infec-

TABLE 2 Relative normalized expression levels of cytokinesa

Organ
Presence of
Pam3CSK4

Mean expression level (fold induction) 	 SE
(n 
 3)

IL-10 TNF-�

Kidney � 0.0343 	 0.0272 0.1668 	 0.1916
� 0.2349 	 0.2104* 0.1719 	 0.0626

Liver � 1.6743 	 0.4519 8.5212 	 1.9813
� 12.8796 	 7.0677* 8.5382 	 1.7210

Lung � 1.3286 	 0.5489 2.9089 	 0.8059
� 14.2053 	 10.9635* 16.1554 	 6.2201*

a Hamsters were intraperitoneally infected with leptospires either alone or mixed with
Pam3CSK4. The expression levels of IL-10 and TNF-� in each tissue were quantified by
RT-qPCR at 24 h p.i. *, P � 0.05 for the group coinjected with leptospires and
Pam3CSK4 versus infected controls as determined by one-way ANOVA followed by the
Newman-Keuls test.

FIG 5 IL-10/TNF-� ratios in mice and hamsters after injection of leptospires. (A) IL-10/TNF-� ratios in hamsters in the infected control group and the group
coinjected with leptospires and Pam3CSK4 at 24 h p.i. based on the data shown in Table 2. (B) IL-10/TNF-� ratios in WT and TLR2�/� mice at 4 days p.i. based
on the data shown in Table 3.

TABLE 3 Relative normalized expression levels of cytokines in micea

Organ
Mouse
type

Mean expression level (fold induction) 	 SE
(n 
 3)

IL-10 TNF-�

Kidney TLR2�/� 4.3941 	 1.8864 53.4172 	 18.3277*
WT 6.5701 	 3.2300 19.8598 	 11.9571

Liver TLR2�/� 3.9898 	 1.6002 6.7567 	 5.3288
WT 6.8564 	 3.7698 1.1072 	 0.1316

Lung TLR2�/� 1.4039 	 0.4742* 3.1589 	 1.3706*
WT 3.1605 	 0.8553 0.8719 	 0.2210

a Wild-type and TLR2-deficient mice were intraperitoneally infected with leptospires.
The expression levels of IL-10 and TNF-� in each tissue were quantified by RT-qPCR at
4 days p.i. *, P � 0.05 for TLR2�/� mice versus WT mice by one-way ANOVA followed
by the Newman-Keuls test.
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tions (12, 25). However, little is known about the activation of
TLR2 using Pam3CSK4 against leptospiral infection. In our study,
treatment with Pam3CSK4 6 h after infection with leptospires also
improved the survival of hamsters, although the rate of survival
was lower than that with the coinjection. This result indicated that
TLR2 activation during early leptospiral infection protected
against leptospirosis in hamsters. TLR2 induction occurred earlier
in mice than in hamsters, and mice presented with sublethal in-
fection. Tissue injury was severe, and the leptospiral burden in
kidney was heavy in TLR2�/� mice compared with that in WT
mice. This result indicated that TLR2 plays a role during early
infection but is not sufficient to prevent disease or its outcomes.

The association between the levels of cytokines and the clinical
outcome of leptospirosis has been controversial. One group
showed that a low ratio of IL-10/TNF-� levels was associated with
a poor outcome for leptospirosis (13, 14). However, another
group reported the identification of a positive correlation between
the IL-10/TNF-� ratio and fatal outcomes (26). Our results could
not demonstrate a precise association between the levels of cyto-
kines and clinical outcomes for leptospirosis. However, a higher
ratio of IL-10/TNF-� in hamsters treated with Pam3CSK4 was
associated with improved survival, and a lower ratio of IL-10/
TNF-� in TLR2�/� mice was associated with severe tissue injury

and increased leptospiral burdens in the kidney, liver, and lung
compared with those in WT mice. Further study will consider
whether there is synergistic action between the TLR2 agonist
Pam3CSK4 and antibiotics against leptospirosis in clinical appli-
cations.

In conclusion, our work is the first to show evidence of differ-
ences in the expression profiles of TLR2 and TLR4 depending on
host susceptibility to leptospirosis. These differences may influ-
ence the downstream expression of IL-10 and the IL-10/TNF-�
ratio. TLR2 activation using Pam3CSK4 improved survival, alle-
viated the pathology of leptospirosis, and decreased the abun-
dance of leptospires in hamsters. TLR2 activation also had a pro-
tective role against sublethal infection in mice. These findings will
contribute to a better understanding of the pathogenic mecha-
nism of leptospirosis and reveal new treatment strategies.
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