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Tim-3 Induces Th2-Biased Immunity and Alternative Macrophage
Activation during Schistosoma japonicum Infection
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T cellimmunoglobulin- and mucin-domain-containing molecule 3 (Tim-3) has been regarded as an important regulatory factor
in both adaptive and innate immunity. Recently, Tim-3 was reported to be involved in Th2-biased immune responses in mice
infected with Schistosoma japonicum, but the exact mechanism behind the involvement of Tim-3 remains unknown. The pres-
ent study aims to understand the role of Tim-3 in the immune response against S. japonicum infection. Tim-3 expression was
determined by flow cytometry, and increased Tim-3 expression was observed on CD4" and CD8* T cells, NK1.1* cells, and
CD11b" cells from the livers of S. japonicum-infected mice. However, the increased level of Tim-3 was lower in the spleen than
in the liver, and no increase in Tim-3 expression was observed on splenic CD8" T cells or CD11b™ cells. The schistosome-in-
duced upregulation of Tim-3 on natural killer (NK) cells was accompanied by reduced NK cell numbers in vitro and in vivo.
Tim-3 antibody blockade led to upregulation of inducible nitric oxide synthase and interleukin-12 (IL-12) mRNA in CD11b™
cells cocultured with soluble egg antigen and downregulation of Argl and IL-10, which are markers of M2 macrophages. In sum-
mary, we observed schistosome-induced expression of Tim-3 on critical immune cell populations, which may be involved in the
Th2-biased immune response and alternative activation of macrophages during infection.

S chistosomiasis is a human helminth infection that is estimated
to afflict 200 million people worldwide (1). The pathogenesis
of schistosomiasis is caused by egg-induced granuloma formation
and subsequent fibrosis in hepatic and intestinal tissues, which is
believed to be caused by the acquisition and accumulation of im-
mune cells in the affected organs. The immune response that oc-
curs during this process is complicated and poorly understood.
During the early stages of infection, a type 1 T-helper-cell (Th1)
response is induced by parasite migration and adult worms. As the
eggs are released from the mature adult worms, the response is
then polarized into a Th2 response 4 to 6 weeks after the initial
infection. This is then followed by the development of granulomas
around the eggs trapped in the liver. Macrophages surround the
deposited eggs and play a pivotal role in the formation of fibrosis
(2), since these cells are involved in Th2 development during
schistosomiasis (3) and undergo either M1 or M2 activation (4—
6). M2 macrophages are essential for host protection via the pro-
duction of interleukin-10 (IL-10) but simultaneously promote
progressive pathology due to granuloma formation (7, 8). Al-
though the pathogenesis of schistosomal infection has long been
known, the molecules and cells involved in immune triggering
against the parasite remain enigmatic.

T cell immunoglobulin- and mucin-domain-containing mol-
ecule 3 (Tim-3) is an important regulatory factor in both adaptive
and innate immunity (9). Tim-3 is preferentially expressed on
activated Th1 cells but not Th2 cells (10). After binding to its
ligand galectin-9, Tim-3 induces the death of Th1 cells and nega-
tively regulates the Th1 response (11-13). This process plays crit-
ical roles in autoimmunity, allergy, viral infection, and transplant
tolerance (9). Increased Tim-3 also leads to CD8™ T cell exhaus-
tion, thereby abrogating proliferation, cytotoxicity, and cytokine
production during viral infection (14, 15) and acute graft-versus-
host disease (16). Apart from T cells, Tim-3 is also expressed on a
variety of other immune cells, such as natural killer (NK) cells,
monocytes, macrophages, and mast cells (17-19). Tim-3 was re-
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ported to inhibit NK cell cytotoxicity and induce NK cell apopto-
sis in chronic hepatitis B infection (20) and atherosclerosis (21).

The role of Tim-3 on macrophages is complex. In studies of
pathogen infections (22), pregnancy (19), and murine experimen-
tal autoimmune encephalomyelitis (17), Tim-3 was found to pro-
mote macrophage activation. However, Tim-3 was also found to
inhibit macrophage activation in many other conditions. For in-
stance, Tim-3 decreases CD11b " -mediated inflammation in the
heart during acute coxsackievirus B3-induced myocarditis in mice
(18). Tim-3 expression decreases rapidly upon Toll-like receptor
(TLR) stimulation, and blocking Tim-3 signaling or silencing
Tim-3 expression leads to macrophage activation in peripheral
blood CD14" monocytes (23). Thus, the role of Tim-3 in macro-
phages is not fixed and may be controlled by different factors in
various contexts.

Although immune cells regulated by Tim-3 are critical to the
immune response against parasitic worms (24), few studies have
investigated the role of Tim-3 in schistosomal diseases. Upon in-
fection with Toxoplasma gondii, mice exhibit increased frequen-
cies of Tim-3" cells in the spleen and mesenteric lymph nodes
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(25). A recent study of Schistosoma japonicum infection discov-
ered that blockade of the galectin-9/Tim-3 pathway remarkably
reversed Th2-biased responses in splenic lymphocytes (26); how-
ever, the mechanism underlying this phenomenon has not been
determined. In the present study, we examined the expression of
Tim-3 on critical immune cell populations and further explored
the mechanism of Tim-3 in the regulation of immunity against S.
japonicum infection.

MATERIALS AND METHODS

Ethics statement. All procedures performed on animals in the present
study were conducted following animal husbandry guidelines of the Chi-
nese Academy of Medical Sciences. This research was reviewed and ap-
proved by the Experimental Animal Committee of the Chinese Academy
of Medical Sciences.

Animals and anti-TIM-3 treatment. Oncomelania hupensis parasites
were purchased from the Hunan Institute of Parasitic Diseases, Yueyang,
China. Freshly released cercariae were harvested immediately. Six-week-
old male C57BL/6 mice (specific pathogen free; Vital River Laboratory
Animal Technology Co., Ltd., Beijing, China) were percutaneously in-
fected with S. japonicum cercariae (20 parasites per mouse).

Preparation of soluble adult worm antigen (SWA) and soluble egg
antigen (SEA). Adult worms were obtained at 6 weeks postinfection by
manual separation under a light microscope. Eggs were obtained from the
liver and purified as previously described (27, 28). Briefly, S. japonicum-
infected mice were euthanized 6 weeks postinfection, and their livers were
removed, cut into pieces, and homogenized with a pestle. The homoge-
nates were passed through a series of stainless steel sieves with pore sizes
from 425 to 450 wm. The top sieve was rinsed continuously with 1.2%
NaCl, and the sieves were agitated to ensure that most of the eggs passed
through to the lowest sieve. The fluid that remained in the lowest sieve was
collected and poured into a glass petri dish. The dish was gently swirled,
and the eggs concentrated in the center of the vortex were collected. The
enriched eggs were then poured into another glass petri dish, and the
procedure was repeated. After three cycles, the resulting mature egg pop-
ulation was collected. The whole process was carried out on ice and with
fresh cold 1.2% NaCl to keep the eggs from hatching into miracidia.

The SWA and SEA were prepared according to previously reported
methods (28, 29), with minor modifications. Briefly, S. japonicum paired
adult worms and purified eggs were washed in phosphate-buffered saline
(PBS) five times to reduce contamination by host components. The
worms were suspended in 4°C PBS at concentration of 200 worms/ml, and
the eggs were suspended at concentration of 100,000 eggs/ml. The worms
or eggs were then homogenized on ice for 10 to 15 min with 10 pg of
protease inhibitor cocktail (Calbiochem, Darmstadt, Germany)/ml. The
crude mixture was precentrifuged at 200 X g at 4°C for 5 min, and
the supernatant was ultracentrifuged at 100,000 X gat 4°C for 90 min. The
supernatant was then sterilized by passing through a 0.2-pum-pore-size
filter. The SWA and SEA preparations were repeatedly treated with high-
capacity endotoxin removal resin (Pierce Biotechnology, Rockford, IL)
according to the manufacturer’s instructions. Endotoxin was detected at
levels of <0.005 EU/ml using a ToxinSensor Chromogenic LAL endo-
toxin assay kit (GenScript USA, Inc., Piscataway, NJ). Protein concentra-
tions were determined by using a BCA protein assay kit (Pierce Biotech-
nology) according to the manufacturer’s instructions.

Cell preparation, isolation, and culture. Hepatic mononuclear cells
(HMCs) were isolated by metrizamide gradient centrifugation as reported
previously (30), with minor modifications. Briefly, murine livers were
minced, pressed through a 200-gauge stainless steel mesh, and resus-
pended in PBS containing 2% fetal bovine serum (Gibco, Grand Island,
NY). Red blood cells (RBCs) were depleted with an RBC lysis solution
(155 mM NH,Cl, 10 mM KHCO3;, 1 mM EDTA, 170 mM Tris [pH 7.0]).
Cells were washed twice with PBS and resuspended in a 40% Percoll so-
lution (Pharmacia, Uppsala, Sweden). Hepatic parenchymal cells were
removed by gradient centrifugation, and the HMC-containing pellet at
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the bottom of the centrifuge tube was harvested. Murine spleens were cut
into pieces, minced, and pressed through a 200-gauge stainless steel mesh.
RBCs were depleted with RBC lysis solution as described above. The cells
were washed twice with PBS and then harvested for the following experi-
ments. CD11b™ cells were isolated from the HMCs using magnetic beads
(Miltenyi, Bergisch-Gladbach, Germany) according to the manufactur-
er’s protocol. NK cells were isolated from splenic cells using an NK cell
isolation kit (Miltenyi) according to the manufacturer’s protocol.

S. japonicum antigen stimulation assay and anti-Tim-3 antibody
treatment. Spleen cells or CD11b™ cells were cultured in triplicate at 107
cells/ml in 96-well plates in RPMI 1640 medium (HyClone/Thermo, Bei-
jing, China) supplemented with 10% fetal bovine serum (FBS). SWA or
SEA was added to the culture medium with PBS as control. In addition,
either 1 pg of anti-mouse TIM-3 purified antibody (catalog no. 14-5870;
eBioscience, San Diego, CA) or purified rat IgG2a K isotype control (cat-
alog no. 14-4321-85; eBioscience)/ml was simultaneously added. The cells
were incubated for indicated time points and then collected for the fol-
lowing experiments.

Flow cytometry. Cell concentrations were adjusted to 107 cells/mland
preincubated with rat IgG to reduce nonspecific binding. Cells were then
incubated with the following specific antibodies or isotype-matched con-
trols at the manufacturers’ recommended concentrations at 4°C for 30
min: anti-mouse CD3e—phycoerythrin (PE)-Cy5, anti-mouse CD4—flu-
orescein isothiocyanate (FITC), anti-mouse CD8a—FITC, anti-mouse
NKI1.1-FITC, anti-mouse CD11b-FITC, anti-mouse TIM-3-PE, rat
IgG2a K isotype control-PE-Cy5, rat IgG2a K isotype control-FITC, and
rat IgG2a K isotype control-PE (all from eBioscience). The apoptosis was
examined with an annexinV-FITC kit (NeoBioscience, Beijing, China).
Cells were detected and analyzed using a FACSCanto II flow cytometer
(BD Biosciences, San Jose, CA).

RNA isolation and quality control. Total RNA was extracted from
samples using an RNeasy minikit (Qiagen GmbH, Hilden, Germany), and
genomic DNA was completely removed from the RNA samples using the
Turbo DNA-free kit (Ambion, Austin, TX). RNA quantification and qual-
ity control were conducted using a NanoDrop ND-1000 spectrophotom-
eter (Thermo Fisher Scientific, Wilmington, DE) and denaturing agarose
gel electrophoresis.

Real-time quantitative reverse-transcription PCR. One microgram
of total RNA was reverse transcribed into cDNA using the SuperScript III
reverse transcriptase kit (Invitrogen, Carlsbad, CA) according to the man-
ufacturer’s instructions. The primers for Argl (forward, TGAAAGGAAA
GTTCCCAGATG; reverse, GTTCCCCAGGGTCTACGTCT), IL-10 (for-
ward, GCTCTTACTGACTGGCATGAG; reverse, CGCAGCTCTAGGA
GCATGTG), inducible nitric oxide synthase (iNOS; forward, TCCAGAA
GCAGAATGTGACCG; reverse, GGACCAGCCAAATCCAGTC), IL-12
(forward, CAATCACGCTACCTCCTCTTTT; reverse, CAGCAGTGCAG
GAATAATGTTTC), and B-actin (forward, TGCGTGACATCAAAGAG
AAG, reverse; TCCATACCCAAGAAGGAAGG) genes were used for real-
time PCR, which was performed using a Brilliant IT SYBR green QPCR
master mix kit (Agilent, Santa Clara, CA). Each reaction was performed in
a final volume of 25 i containing 12.5 ul of 2X Brilliant IT SYBR green
QPCR master mix, 80 ng of cDNA, and 1 pl of 10 uM paired forward and
reverse primers. The PCR program was performed for 40 cycles with de-
naturation at 95°C for 30 s, followed by annealing and extension at 60°C
for 1 min. A dissociation step (95°C for 15 s, 60°C for 1 min, 95°C for 15s,
and 60°C for 15 s) was added to confirm the amplification specificity for
each gene.

Histopathology and hematoxylin-and-eosin staining. Mice were eu-
thanized at 6 weeks postinfection. The livers were removed and embedded
in OCT compound, and serial cryosections of 5 pm were obtained. The
slides were fixed with 4% paraformaldehyde and stained with hematoxy-
lin and eosin. After dehydration and mounting, the histological samples
were observed using a Nikon microscope (Eclipse 80i; Nikon Instech Co.
Ltd., Tokyo, Japan), and the granuloma areas were measured using an
NIS-Elements BR 4.0.
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FIG 1 Increased Tim-3 expression on CD4" and CD8" T cells in S. japonicum-infected mice. HMCs (A, B, E, and F) and splenic immune cells (C, D, G, and H)
from S. japonicum-infected mice were collected at 0, 2, 4, 6, and 8 weeks postinfection, and Tim-3 expression on T cells was detected by flow cytometry. (A, C,
E, and G) Representative dot plots of Tim-3 expression on CD3* CD4™ T cells (A and C) and CD3™ CD8* T cells (E and G). The plots are representative of three
independent experiments with five to seven mice in each group per experiment. (B, D, F, and H) Comparisons of the proportions of Tim-3" cells in the CD3™
CD4™" T cell population (B and D) and in the CD3* CD8™ T cell population (F and H) among groups of mice at 0, 2, 4, 6, and 8 weeks postinfection (means +

standard deviations [SD]; *, P < 0.05; **, P < 0.01; ***, P < 0.001).

Statistical analysis. The data were analyzed using GraphPad Prism 5.0
and Microsoft Excel 2007. The Kruskal-Wallis nonparametric H test and
Mann-Whitney nonparametric U test were used for comparison between
groups. P values of <0.05 were considered significant.

RESULTS

Increased Tim-3 expression on both CD4" and CD8* T cells
from S. japonicum-infected mice. To gain a better understanding
of the potential involvement of Tim-3 in schistosomiasis, we ex-
amined the expression levels of Tim-3 on immune cells from
HMC and splenocyte preparations. Flow cytometric analysis re-
vealed a substantial increase in Tim-3 expression on CD4™" T cells
from both HMCs and splenic immune cells at 2 weeks postinfec-
tion, with a gradual decline in expression during weeks 2 to 8 (Fig.
1A to D). However, Tim-3 expression on CD4 ™ T cells at 8 weeks
postinfection was still higher than that on cells from uninfected
mice (Fig. 1A to D). Tim-3 expression levels on CD4 ™" T cells from
HMCs were much higher than the levels on splenic immune cells
(HMCs versus splenic immune cells: week zero, 6.40 = 0.77 versus
1.80 = 0.69, P = 0.0015; 2 weeks, 55.4 & 2.72 versus 6.40 = 0.92,
P = 0.0002; 4 weeks, 23.8 = 5.43 versus 5.34 * 0.88, P = 0.0044;
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6 weeks, 18.07 = 0.71 versus 3.83 = 0.14, P < 0.0001; 8 weeks,
9.67 = 0.65 versus 5.27 = 2.46, P = 0.6804; Fig. 1A to D), indi-
cating that the Tim-3 response was asynchronous in both the liver
and the spleen during schistosomiasis. For CD8" T cells, Tim-3
expression showed a response pattern similar to that observed in
CD4™ T cells in HMCs (Fig. 1E and F), but no obvious changes
were observed in splenic immune cells (Fig. 1G and H). An in vitro
assay was carried out with different concentrations of SWA or
SEA. Flow cytometry results showed that Tim-3 expression on
CD3™ cells was upregulated with the increase in schistosome an-
tigen concentration and that SWA and SEA had equal effects (Fig.
2A). Real-time PCR with splenic immune cells yielded similar
results (Fig. 2B).

Increased Tim-3 expression on NK cells results in NK cell
loss during schistosomiasis. NK cells are the main source of the
Th1 cytokine gamma interferon (IFN-v) in schistosomiasis (31),
and Tim-3 has been shown to inhibit IFN-y production and in-
duce NK cell apoptosis. Thus, the inhibitory effect of Tim-3 on NK
cells during schistosomiasis was investigated in the present study.
Flow cytometric analysis demonstrated that Tim-3 expression on
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FIG 2 Increased Tim-3 expression was associated with increased concentrations of schistosome antigens. Splenic immune cells from 6-week-old male C57BL/6
mice were collected and stimulated with 0, 10, 20, and 50 pug/ml SWA or SEA, respectively. After 24 h of incubation, cells were collected. (A) Representative
histograms of Tim-3 expression on CD3 ™ cells detected by flow cytometry. The plots are representative of three independent experiments with five to seven mice
in each group per experiment. (B) Comparisons of the relative expression of Tim-3 in the CD3™" cells under indicated antigen concentrations (means =+ SD; *,

P < 0.05;**, P < 0.01; ***, P < 0.001).

CD3~ NK1.17 cells from both HMCs and splenic immune cells
gradually increased from week zero to week 8 postinfection (Fig.
3A to D); however, there were no significant differences in Tim-3
expression between HMCs and splenic CD3~ NK1.17 cells (Fig.
3A to D and data not shown). As predicted, CD3~ NKI.1" cells
gradually decreased from both HMC and spleen lymphocyte pop-
ulations (Fig. 3E to H), and the proportion of NKI1.1% cells in
HMC lymphocytes was much higher than in splenic lymphocytes
(week zero, 15.3 = 4.36 versus 4.12 = 0.16, P = 0.0114; 2 weeks,
15.9 * 0.85 versus 3.86 £ 0.37, P = 0.0029; 4 weeks, 6.78 = 0.31
versus 2.48 + 0.72, P = 0.0007; 6 weeks, 3.87 = 0.70 versus 1.39 =
0.16, P = 0.0395; 8 weeks, 1.27 = 0.63 versus 1.17 = 0.20, P =
0.8365; Fig. 3E to H). To investigate whether the increased expres-
sion of Tim-3 on NK cells was induced directly by S. japonicum
infection, splenic immune cells were obtained from 6-week-old
male C57BL/6 mice and treated with 20 ng of SWA or SEA/ml.
Flow cytometric analysis showed that Tim-3 expression on
NKI.1% cells was increased in both SWA- and SEA-exposed
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(Fig. 4A) groups. Furthermore, in parallel with increased Tim-3
expression, the frequency of NK1.1" cells in splenic lymphocytes
decreased significantly after 48 h of treatment with 20 jug/ml SWA
or SEA (Fig. 4B). Flow cytometry analysis showed that SEA treat-
ment promoted NK1.17 cell apoptosis or death and that anti-
Tim-3 treatment reduced the proportion of the SEA-induced
apoptotic or dead cells (Fig. 4C). These results indicate that Tim-3
upregulation by S. japonicum antigens may be responsible for NK
cell loss during schistosomiasis.

Increased expression of Tim-3 is involved in macrophage po-
larization during schistosomiasis. As a cell population critical for
granuloma formation, macrophages play an important role in
schistosomiasis pathogenesis (2). Flow cytometric analysis
showed that Tim-3 expression on CD11b™ cells from HMCs of S.
japonicum-infected mice gradually increased until 6 weeks postin-
fection, after which it started to decrease (Fig. 5A and B). How-
ever, Tim-3 expression on CD11b* splenic immune cells of .
japonicum-infected mice did not vary over time (Fig. 5C and D).
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FIG 3 Increased Tim-3 expression and decreased proportion of NK1.17 cells in S. japonicum-infected mice. HMCs (A, B, E, and F) and splenic immune cells (C,
D, G, and H) from S. japonicum-infected mice were collected at 0, 2, 4, 6, and 8 weeks postinfection. (A to D) Tim-3 expression on CD3~ NK1.1" cells was
detected by flow cytometry. (A and C) Representative dot plots of Tim-3 expression on CD3~ NK1.17 cells. (Band D) Comparisons of the proportions of Tim-3"
cells within the CD3~ NK1.1" cell population among groups of mice at 0, 2, 4, 6, and 8 weeks postinfection. (E to H) CD3~ NKI1.1" cell proportions as detected
by flow cytometry. (E and G) are representative plots of CD3~ NK1.1" cell proportions in lymphocytes. The dot plots are representative of three independent
experiments with five to seven mice in each group per experiment. (F and H) Comparisons of the proportions of CD3~ NK1.17 cells in lymphocytes (means *+

SD; %, P < 0.05, **, P < 0.01; ***, P < 0.001).

Because SEA is the dominant antigen released by the parasites in
the liver, we used SEA to investigate the relationship between
schistosome antigens and increased Tim-3 expression, as well as
alternative macrophage activation. CD11b™ cells were isolated
from HMC:s of S. japonicum-infected mice at 6 weeks postinfec-
tion when the hepatic CD11b™ cells showed the highest levels of
Tim-3 expression. An anti-Tim-3 antibody was used to block the
Tim-3 pathway during SEA stimulation. Real-time reverse tran-
scription-PCR (RT-PCR) showed that anti-Tim-3 treatment led
to increased mRNA expression of iNOS (Fig. 6A) and IL-12 (Fig.
6B), which is characteristic of classically activated macrophages.
As expected, mRNA expression of Argl (Fig. 6C) and IL-10 (Fig.
6D), the key markers of alternatively activated macrophages, was
suppressed. Thus, Tim-3 blockade by anti-Tim-3 antibody polar-
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ized macrophages toward the M1 phenotype during schistosomi-
asis.

DISCUSSION

Schistosome infection induces dramatic fluctuations in Th1 and
Th2 responses, and the Th2 response becomes dominant after egg
deposition begins, invoking severe fibrotic granulomatous re-
sponses in the host liver (2). However, the detailed mechanism
underlying this Th1/Th2 transformation remains unclear. As an
important immune regulator in both adaptive and innate immu-
nity, Tim-3 has been reported to play a role during S. japonicum
infection (26). In the present study, we investigated the potential
role of Tim-3 in cellular immune regulation during the course of
S. japonicum infection and discovered that increased expression of
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FIG 4 Increased expression of Tim-3 induced by SWA and SEA led to NK cell loss. Splenic immune cells from wild-type C57BL/6 mice were treated with SWA
and SEA. (A and B) Cells were collected at 0, 24, and 48 h and analyzed by flow cytometry. (A) Representative histograms of Tim-3 expression on CD3~ NK1.1"
cells. (B) Representative histograms of CD3~ NK1.1" cell proportions in lymphocytes. (C) Cells were collected after 48 h of incubation, and NK cells were
isolated using magnetic beads. The apoptosis of NK cells was detected by flow cytometry. The results are representative of two independent experiments.
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FIG 5 Increased Tim-3 expression on CD11b* cells in S. japonicum-infected mice. HMCs (A and B) and splenic immune cells (C and D) from S. japonicum-
infected mice were collected at 0, 2, 4, 6, and 8 weeks postinfection, and Tim-3 expression on CD11b" cells was detected by flow cytometry. (A and C)
Representative dot plots of Tim-3 expression on CD11b ™ cells. The dot plots are representative of three independent experiments with five to seven mice in each
group per experiment. (B and D) Comparison of the proportions of Tim-3" cells within the CD11b™ cell population among groups of mice at 0, 2, 4, 6, and 8
weeks postinfection (means * SD; *, P < 0.05; **, P < 0.01; ***, P < 0.001).

Tim-3 on critical immune cells is associated with Th2-biased re-
sponses and alternative macrophage activation.

Tim-3 has been shown to negatively regulate Thl responses
and induce Th1 cell apoptosis by binding to galectin-9 (13). This
process plays a critical role in various diseases (9), and Tim-3 has
also been implicated in parasitic disease (26). In the present study,
we observed substantially increased expression of Tim-3 on CD4 ™"
and CD8™ T cells, NK cells, and macrophages in the livers of .

Relative expression >

@

Relative expression

of INOS (fold)

of Arg1(fold)

o
S

'
(=)
I

n
o
I

Oh

2h

*k

19G
h E3 anti-Tim-3
- &
=]
2
4h 8h 12h 24h
E3 I1gG
E3 anti-Tim-3

4h 8h 12h  24h

japonicum-infected mice during the 8-week infection period (Fig.
1, 3,and 5). Tim-3 expression was also increased on CD4™ T cells
and NK cells in the spleens of S. japonicum-infected mice, but this
increase was lower than that observed in the livers. Furthermore,
Tim-3 expression remained unchanged on CD8 " T cells and mac-
rophages in the spleens of infected mice (Fig. 1 and 2). This ob-
servation may explain why Qi et al. (26) did not detect increased
expression of Tim-3 in spleens of S. japonicum-infected mice by
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FIG 6 Tim-3 blockade polarized macrophages from the M2 to M1 phenotype. CD11b™ cells were isolated from HMCs of S. japonicum-infected mice euthanized
at 6 weeks postinfection. Anti-Tim-3 antibody was used to block the Tim-3 pathway following SEA treatment, and rat IgG was used as a control. Cells were
collected at 0, 2, 4, 6, and 8 h. Macrophage activation-related genes were quantified using real-time RT-PCR. (A) iNOS; (B) IL-12; (C) Argl; (D) IL-10. Gene
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RT-PCR, since slightly increased Tim-3 expression in schisto-
some-infected spleen cells could be masked by large numbers of B
cells that do not express Tim-3. In general, Tim-3 expression was
much higher in hepatic immune cells than in splenic cells during
schistosomiasis. Furthermore, an in vitro assay showed that in-
creased Tim-3 expression on CD3 ™ cells occurred along with the
increased concentration of schistosome antigen. It is postulated
that, with the accumulation of schistosome eggs in the liver, the
concentration of SEA would be increased in the organ. However,
the concentration of SWA in the blood was much lower than that
in the liver, which might explain the higher expression level of
Tim-3 on the hepatic immune cells compared to splenic immune
cells.

Increased Tim-3 expression promotes Th2-biased responses in
schistosomiasis. First, increased Tim-3 expression regulates
CD4™" T cell polarization. Tim-3 is specifically expressed on Thl
cells and induces Thl cell death, thus negatively regulating Th1
responses in various diseases (11-13). Our study shows that
Tim-3 expression dramatically increases on liver and splenic
CD4™" T cells of S. japonicum-infected mice at 2 weeks postinfec-
tion, with a gradual decline during the following 6 weeks (Fig. 1A
to D). It is well known that the Th1 response transforms to a Th2
response at 4 to 6 weeks after initial schistosomiasis infection (2);
thus, Tim-3 expression on CD4™ T cells correlated well with the Th1
response, and its decline accompanied the progression of the Th2
response. Therefore, variations in Tim-3 expression mirrored the
fluctuation of the Th1/Th2 response during schistosomiasis. Further-
more, the percentage of IFN-y* CD4" Thl cells was significantly
increased in spleen lymphocytes from S. japonicum-infected mice
cocultured with Tim-3-Fc fusion proteins throughout the 12-
week infection period, but a decrease in IL-4" CD4™ Th2 cells was
observed (26). Thus, the increased expression of Tim-3 on CD4™"
T cells could explain the Th2-biased response during schistosomi-
asis.

Second, it has been well-known that Tim-3 expression reduces
or inhibits cells that produce IFN-+y, a powerful Th1 cytokine and
mediator of defense against helminth infection. The results here
showed that increased Tim-3 expression on hepatic and splenic
NK cells was accompanied by decreased NK cell numbers in S.
japonicum-infected mice (Fig. 3). In vitro experiments also
showed that Tim-3 expression on splenic NK cells was upregu-
lated by either SWA or SEA, and stimulation with either of the
antigens led to NK cell apoptosis and reduced NK cell populations
(Fig. 4). It has also been reported that Tim-3 upregulation resulted
in the induction of NK cell apoptosis in atherosclerosis (21). Thus,
the loss of NK cells observed in schistosomiasis was likely due to
the increased cellular expression of Tim-3. NK cells have been
shown to be the main source of IFN-vy in schistosomiasis (31).
Thus, the Tim-3-induced loss of NK cells could lead to reduced
IFN-v production and played a role in promoting the Th1/Th2
transformation. Apart from its effects on NK cells, increased ex-
pression of Tim-3 has also been shown to induce CD8" T cell
exhaustion and decrease T cell cytokine production (14, 15).
CD8™ T cells are also an important source of IFN-y. Our study
found increased Tim-3 expression on CD8 ™" T cells from HMCs of
S. japonicum-infected mice (Fig. 1E and F). Thus, Tim-3 upregu-
lation could reduce IFN-y production in both NK cells and CD8*
T cells, and this might eventually promote Th2-biased responses
during schistosomiasis.

Third, it has been known that Tim-3 engages in alternative
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macrophage activation, which promotes Th2-biased responses (8,
32). The polarized Th1 response is associated with increased ex-
pression of inducible nitric oxide synthase (iNOS) by M1-type
macrophages, whereas the Th2 response is associated with M2
macrophage expression of arginase-1 (Argl) (33). The upregula-
tion of iNOS and downregulation of Argl by Tim-3 blockade in
SEA-stimulated macrophages was shown in the present study
(Fig. 5A and C). We also found upregulation of the M1-related
cytokine IL-12 and downregulation of the M2-related cytokine
IL-10 (Fig. 6B and D). Similar to our results, a study of TLR-
stimulated human CD14" monocytes showed that blocking
Tim-3 signaling or silencing Tim-3 expression led to a significant
increase in TLR-mediated IL-12 production and decreases in
IL-10 production (23). Thus, increased Tim-3 expression on mac-
rophages appears to promote alternative macrophage activation
during S. japonicum infection and subsequently mediates Th2-
biased responses through its regulation of macrophages.

Th2 responses lead to granuloma formation, which results in por-
tal hypertension and hepatic fibrosis (2). Apart from the upregulation
of M1 markers and downregulation of M2-related markers, anti-
Tim-3 antibody treatment inhibited the production of Argl in SEA-
stimulated macrophages (Fig. 6). The impact of M2 macrophages in
granuloma formation is largely dependent on the metabolism of L-
arginine into proline, a component of collagen, via Argl (34, 35). NK
cells also play important roles in granuloma formation. NK cell de-
pletion led to increased hepatic collagen content during late-stage
granuloma formation in Schistosoma mansoni-infected mice and
decreased levels of IL-12 mRNA expression in the liver (36). An-
other study found an increase of ca. 20% in the mean granuloma
diameter in anti-NK1.1 antibody-treated mice infected with S.
mansoni (37). Our study confirmed that increased Tim-3 expression
on NK cells was responsible for the loss of NK cells in schistosomiasis
(Fig. 3 and 4). Although in vivo experiments indicated anti-Tim-3
treatment was not strong enough to prevent schistosomal pathology,
the areas of individual granulomas in anti-Tim-3 antibody-treated
mice indeed showed a 32% reduction compared to the control group
(see Fig. S1 in the supplemental material).

In summary, our study found increased Tim-3 expression on
critical immune cell populations in S. japonicum-infected mice.
Increased Tim-3 expression induced by schistosome infection
promoted a Th2-biased response and alternative macrophage ac-
tivation through the regulation of CD4" and CD8™ T cells, NK
cells, and macrophages.
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