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T-cell immunoglobulin and mucin domain 3 (Tim3) plays an important role in the Th1-mediated immune
response; however, its effect on the efficacy of tumor vaccines has not been fully evaluated. Here, we
demonstrate the effect of Tim3 pathway inhibition on tumor growth in mice. Lewis lung carcinoma
(3LL) cells expressing a Tim3 pathway inhibitor, when injected into mice, showed suppressed tumor
growth and a reduced frequency of CD4"CD25*Foxp3* T-cells. Furthermore, Tim3 pathway inhibition sig-
nificantly enhanced the efficacy of a prophylactic tumor vaccine and marginally enhanced the efficacy of
a therapeutic tumor vaccine. However, when given in combination with the chemotherapeutic agent,
5-fluorouracil, the therapeutic tumor vaccine capable of Tim3 pathway inhibition had no additional
anti-tumor effect. Our results show that Tim3 pathway inhibition can enhance tumor vaccine efficacy.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Cancer immunotherapy relies on promoting the patient’s im-
mune response against the malignant tumor. Immune adjuvants
such as BCG and imiquimod have been approved for the treatment
of superficial bladder cancer and basal cell carcinoma, respectively
[1]. Prophylactic cancer vaccines against oncogenic viruses have
also proved to be effective. However, because of their tendency
to promote tumor tolerance, therapeutic cancer vaccines such as
antigen-specific vaccines and cytokine-based whole tumor-cell
vaccines remain in development [1]. Tumor tolerance is estab-
lished through immunoregulatory molecules, including CTLA-4,
and cells, including CD4"CD25*Foxp3* regulatory T-cells (Tregs),
both of which have served as immunotherapeutic targets [2-6].
For example, treatment with anti-CTLA-4 monoclonal antibody is
associated with augmented anti-tumor immunity in a subset of
patients previously vaccinated with autologous tumor cells [2,3].

Tim3 is also regarded as a potential target molecule for immu-
notherapy. Activation of Tim3 inhibits the activity of Th1 cells and
production of IFN-v, both of which play important roles in anti-
tumor immunity [7,8]. Tim3, a transmembrane protein that con-
tains an immunoglobulin- and a mucin-like domain, is expressed
on many cells including Th1 cells, CD8 T-cells, monocytes, and
dendritic cells [9-12]. Interaction of Tim3 with its ligands,
phosphatidylserine and galectin-9, modulates the function of these
cells [13,14]. Tim3 expressed by monocytes and dendritic cells
facilitates phagocytosis of apoptotic cells and up-regulates
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cross-presentation of apoptotic cell-associated antigens through
interaction with phosphatidylserine [12,14]. Galectin-9 induces
the death of Th1 cells, which results in the suppression of both
Th1 autoimmunity and the generation of Th17 cells [13,15]. Stim-
ulation of Tim3 with an agonistic antibody promotes inflammation
through the activation of innate immune cells [16]. However, the
role of Tim3 in tumor biology has been the subject of a small
number of studies. To evaluate Tim3 as a target for tumor immuno-
therapy, we examined the tumor-suppressive efficacy of cells
expressing a Tim3 pathway inhibitor, a protein consisting of the
Tim3 extracellular domain fused to the human IgG1 Fc region
(Tim3-hlg). We found that the administration of cells expressing
Tim3-hlg before, during, or after tumor development in mice sup-
pressed tumor growth but did not enhance the tumor-suppressive
effect of the chemotherapeutic agent 5-fluorouracil (5-FU).

2. Materials and methods
2.1. Plasmids and cell clones

The Tim3-hlg expression vector pIRES-EGFP-Tim3-hlg was con-
structed as previously described [17]. Lewis Lung Carcinoma cell
line (3LL) was cultured in DMEM with 10% fetal bovine serum,
100 pg/mL streptomycin sulfate, and 100 [U/mL penicillin sulfate
(Gibco-BRL, Invitrogen, Carlsbad, CA, USA), and transfected with
pIRES-EGFP-Tim3-hlg, pIRES-EGFP-hlg, or pIRES-EGFP using Lipo-
fectamine reagent (Invitrogen). Transformed cells were selected
in medium containing 2 mg/mL neomycin, sorted twice for the
expression of green fluorescence protein (GFP) using a FACS
Vantage (Becton Dickinson, San Jose, CA, USA), and then cloned
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twice by limiting dilution. Clones secreting Tim3-hlg were named
T1 and T2; control clones secreting human IgG1 Fc region were
named H1, H2, and H3; and clones containing the empty vector
pPIRES-EGFP were named G1 and G2. All clones express GFP.

2.2. Reverse transcription (RT)-PCR

RNA was isolated from stable cell clones using RNAzol Bee
(Tel-Test Inc., Friendswood, TX, USA). cDNA was synthesized from
total RNA using RNase H™ reverse transcriptase (Invitrogen) and
oligo(dT);2-1s (Invitrogen). Amplification of cDNA for Tim3-hlg
was performed using primers TIM-3F, 5-GCT AGC ATG TIT TCA
GGT CTT ACC CTC AAC TGT G-3/, and HIgCR, 5-CGG GAT CCT CAT
TTA CCC TGC GAC AG-3'. Amplification of cDNA for hlg was per-
formed using primers HIgCF, 5'-GAA GAT CTG CAC CTG AAC TCC
TGG GG-3/, and HIgCR.

2.3. MTT assay

Cell growth was measured using a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) colorimetric assay. Cells
(5 x 10%) were seeded in 96-well culture plates and incubated for
the indicated days. Then, MTT solution (5 mg/mL in PBS) (Sigma-
Aldrich) was added to each well and, after 3 h of incubation, the
medium was replaced with DMSO. The optical density was mea-
sured at 540 nm. Cell numbers were calculated using a standard
curve, which was devised using cells with various known cell
numbers.

2.4. Evaluation of tumor growth

C57BL/6 mice (8-week old males) were injected subcutaneously
with 3 x 10° 3LL-derived tumor cells on the right flank. Tumor
growth was monitored every other day by measuring the length
(a) and width (b) of the tumor with a Vernier caliper. Tumor vol-
ume was calculated using the formula: (a x b?) x 0.523.

2.5. Tumor vaccination

For tumor vaccination with transiently transfected cells, 3LL
cells were transfected with plasmid 36 h prior to injection, treated
with mitomycin (50 pg/mL) for 1 h, washed three times, and then
injected subcutaneously on the back of the mouse. Mice then were
challenged subcutaneously with G1 cells on the right flank. For
5-FU treatment, mice were injected peritoneally with 70 mg/kg
5-FU (Choongwae Pharm. Co., Seoul, Korea) on day 9 and day 11
after injection of G1. Animal care and experimental procedures
were carried out under approval from the Animal Care Committee
of Ajou University School of Medicine (AMC35).

2.6. Flow cytometry

Lymphocytes were isolated from tumor-draining, right axillary
lymph nodes (dLNs) and from non-draining, left internal jugular
lymph nodes (ndLNs). Cells were stained with FITC-conjugated
anti-FoxP3 antibody (Ab) (eBioscience, San Diego, CA, USA),
PE-conjugated anti-CD25 Ab (BD Pharmingen), and APC-
conjugated anti-CD4 Ab (BD Pharmingen). Stained cells were
analyzed on a FACS Calibur flow cytometer (Becton-Dickinson).

2.7. Immunoprecipitation and Western blotting (IP-Western blotting)

Anti-human IgG Ab and protein G agarose were used to
immunoprecipitate Tim3-hlg from the culture supernatant of cells
transiently transfected with pIRES-EGFP-Tim3-hlg. Immunoprecip-
itates were washed, applied to SDS-PAGE, and then subjected to

Western blotting with horseradish peroxidase-conjugated anti-
human IgG Ab and ECL Plus Western blot detection system (Pierce,
Rockford, IL, USA).
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Fig. 1. The effect of Tim3-hlg expression by tumor cells on tumor development. (A)
RT-PCR for Tim3-hlg and hlg expression in stable clones. Specific primers for Tim3-
hlg and hlg, respectively, were used. (B) Tumor growth of stable clones. Cells were
injected subcutaneously into C57BL/6 mice, and tumor volume was measured. (C)
IP-Western blot for Tim3-hlg expression. -, untransfected 3LL cells; EGFP, 3LL cells
transiently transfected with pIRES-EGFP; hlg, 3LL cells transiently transfected with
PIRES-EGFP-hlg; Tim3-hlg, 3LL cells transiently transfected with pIRES-EGFP-Tim3-
hlg; =, light chain of Ab specific to human IgG. (D) Tumor growth of cells transiently
transfected with pIRES-EGFP-Tim3-hlg. Mice were injected subcutaneously with
3LL cells that had been transiently transfected with expression vector and cultured
for 36 h before injection. (B,D) More than 5 mice per group were used. Represen-
tative data from two independent experiments are shown.
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3. Results

3.1. Tim3-hlg expression in tumor cells suppresses tumor growth in
mice

To examine the effect of Tim3 pathway inhibition on tumor
growth, we established a selection of 3LL-derived stable, test and
control clones. We verified these clones by flow cytometric analy-
sis for GFP (data not shown) and by RT-PCR for Tim3-hlg and hlg
mRNA expression (Fig. 1A). We then injected these cell clones into
mice subcutaneously and analyzed tumor growth every other day
for 3 weeks (Fig. 1B). The tumor growth rate was highest in those
injected with G1 or G2 and lowest in mice injected with T1 or
T2. However, in vitro, the growth rate of H2 and H3 was higher
than that of G1, G2, T1, or T2 (Supplementary Fig.). The differences
in growth rate of the clones in vitro and in vivo could possibly be
due to the expression of foreign antigen, GFP and hlg; which could
serve as tumor Ags, however, tumor growth was not correlated
with GFP or hlg expression level. These results suggest, therefore,
that the reduced tumor growth rate of clones T1 and T2 could be
due to the expression of Tim3 pathway inhibitor, Tim3-hlg. To
investigate further, we examined tumor growth in mice injected
with cells transiently transfected with the Tim3-hlg expression
vector. The transfection efficiency of the Tim3-hlg expression

vector and control vectors was similar (36.6% for EGFP, 57.2% for
hlg, and 39.7% for Tim3-hlg) (data not shown). We first confirmed,
by IP-Western blotting (Fig. 1C), that Tim3-hlg was being ex-
pressed appropriately and then observed tumor growth in mice in-
jected with these cells. Tumor growth was significantly slower in
mice injected with cells transiently expressing Tim3-hlg compared
to controls (transiently expressing hlg or EGFP) (Fig. 1D). Concor-
dantly, the survival rate was significantly higher in mice injected
with cells transiently expressing Tim3-hlg rather than control cells
(data not shown). These results imply that Tim3 pathway inhibi-
tion, even if it is transient in the early stages of tumor develop-
ment, may suppress tumor growth.

3.2. Tim3-hlg expression enhances the efficacy of prophylactic tumor
vaccine

Our observation of tumor suppression by Tim3-hlg prompted us
to investigate the effect of Tim3-hlg on anti-tumor immunity. We
reasoned that if Tim3-hlg enhanced tumor immunity, prophylactic
tumor vaccination with cells expressing Tim3-hlg would suppress
growth when mice were subsequently challenged with tumor cells.
We therefore immunized mice with 3LL cells expressing Tim3-hlg
or hlg, the proliferative capacity of which had been eliminated by
mitomycin-treatment. Ten days later, mice were challenged with
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Fig. 2. The tumor-suppressive effect of prophylactic vaccine with whole tumor cells expressing Tim3-hlg. (A) The mice were vaccinated subcutaneously with 3LL cells that
had been transiently transfected with pIRES-EGFP-hlg (hlg) or pIRES-EGFP-Tim3-hlg (Tim3-hlg) and treated with mitomycin to prevent proliferation. Mice injected with PBS
were used as a control. Ten days later, the mice were challenged with G1 cells and tumor growth was measured. Five mice per group were used. Representative data from two
independent experiments are shown. Data represent means * SD. *p < 0.005 between hlg and Tim3-hlg. (B) Transfection efficiencies of cells used for vaccination determined

by detection of GFP using flow cytometry.



M,J. Lee et al./Biochemical and Biophysical Research Communications 402 (2010) 88-93 91

G1 cells. Tumor growth was similar among mice that were unvac-
cinated and those that had been vaccinated with hig-expressing
cells. However, tumor growth was significantly suppressed in mice
vaccinated with Tim3-hlg-expressing cells compared to that in
mice vaccinated with hlg-expressing cells (p < 0.005, Fig. 2). These
results imply that Tim3-hlg may enhance the efficacy of prophylac-
tic tumor vaccine.

3.3. The frequencies of CD4"CD25"Foxp3* regulatory T-cells in mice
given Tim3-hlg expressing tumor cells

As tumors develop, the frequency of CD4"CD25 Foxp3* regula-
tory T-cells (Tregs) increases, and these cells can suppress the
anti-tumor immune response [18,19]. Furthermore, Tim3 pathway
inhibition suppresses the function of Tregs in auto- and allo-
immune responses, as well as in transplantation models [9,20].
However, the relevance of the relationship between Tim3 pathway
inhibition and Tregs in tumor models has not been well studied.
We wanted to know, therefore, whether Tim3-hlg expression
affected the frequency of Tregs. Using 3-color flow cytometry, we
analyzed the frequencies of Tregs in mice at 21 days after the injec-
tion of tumor cells stably expressing Tim3-hlg (Fig. 3A). The fre-
quencies of Tregs in non-draining LNs were similar among all
mice; however, the frequencies of Tregs in draining LNs were
significantly decreased in mice with T1 or T2 Tim3-hlg expressing
tumors, compared to mice given G1 or G2 clones. To determine
whether the decreased frequency of Tregs was the result of direct
modulation by Tim3-hlg or a reflection of the reduced tumor mass,
we analyzed the frequency of Tregs in LNs from mice vaccinated
with tumor cells expressing either Tim3-hlg or hlg, and then chal-
lenged with G1 tumor cells (Fig. 3B). Ten days after challenge, the
tumor volume was similar in all mice and the frequency of Tregs
was slightly, but significantly, increased in mice with tumor cells
compared to the tumor-free control mice (p < 0.05). However, the
frequency of Tregs in tumor-bearing mice was similar in all groups
regardless of vaccination. These results suggest that Tim3-hlg may
reduce the frequency of Tregs indirectly through the inhibition of
tumor growth.

3.4. Tim3-hlg expression marginally enhances the efficacy of the
therapeutic tumor vaccine but not of the chemotherapy

We evaluated whether Tim3 pathway inhibition might enhance
the efficacy of the therapeutic tumor vaccine (Fig. 4A). Mice with a
tumor between 45 and 80 mm> on day 6 after tumor challenge
were vaccinated on day 7 and on day 16 with mitomycin-treated
cells expressing either Tim3-hlg or hig. Although there was no sig-
nificant difference between unvaccinated control mice and mice
vaccinated with cells expressing hlg, tumor growth was signifi-
cantly reduced in mice vaccinated with cells expressing Tim3-hlg
compared to unvaccinated control mice (p <0.05 on day 8, 14,
20, and 21 after tumor challenge). However, there was no signifi-
cant difference between mice vaccinated with cells expressing
hlg and with cells expressing Tim3-hlg.

Next, we examined whether a therapeutic tumor vaccine
expressing Tim3-hlg might enhance the efficacy of chemotherapy
(Fig. 4B). The tumor-bearing mice were administered with 5-FU
on day 9 and day 11 after tumor challenge, and then with mitomy-
cin-treated cells expressing Tim3-hlg on day 11 and on day 13.
Tumor growth was markedly reduced in mice administered with
5-FU; however, there was no significant difference between mice
administered with 5-FU alone and administered subsequently with
cells expressing Tim3-hlg in addition to 5-FU. Using this protocol,
there was a tendency for decreased tumor growth in mice vacci-
nated with cells expressing Tim3-hlg compared to control mice;
however, the difference in growth was not statistically significant.
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Fig. 3. The effect of Tim3-hlg expression by tumor cells on the frequency of
CD4"CD25*Foxp3* Treg cells. (A) The frequency of Treg cells in dLN and ndLN of
mice injected subcutaneously with G1, G2, T1, or T2, 23 days before isolation of
lymph nodes. (B) The frequency of Treg cells was determined in dLN of mice
vaccinated with cells expressing hlg or Tim3-hlg, and then challenged with G1 cells
10 days after the vaccination. Ten days after G1 cell challenge, dLN cells were
labeled with APC-conjugated anti-CD4, PE-conjugated anti-CD25, and FITC-conju-
gated anti-Foxp3 and then analyzed by flow cytometry. CON, tumor-free, normal
mice; PBS, tumor-bearing mice without tumor vaccine; hlg, tumor-bearing mice
vaccinated with 3LL cells transiently expressing hlg; Tim3-hlg, tumor-bearing mice
vaccinated with 3LL cells transiently expressing Tim3-hlg. Each symbol represents
each mouse (6-12 mice per group). The bar represents the mean (*p < 0.001).

These results suggest that Tim3 pathway inhibition can enhance
the efficacy of therapeutic tumor vaccine depending on the admin-
istration protocol.

4. Discussion

Recent findings regarding the role of Tim3 in tumor develop-
ment suggest that Tim3 is a promising target for anti-tumor
immunotherapy. The interaction of Tim3 with galectin-9 enhances
anti-tumor immunity and prolongs the survival of tumor-bearing
mice [21]. Nasopharyngeal tumors secrete exosomes containing
galectin-9, which have been implicated in immune escape by the
tumor through the induction of tumor-specific Tim3* T-cell death
[22]. Furthermore, Tim3 expressed in lymphoma-associated endo-
thelium leads to tumor progression through the inhibition of CD4*
T-cell activation and Th1 polarization [23]. In addition, the interac-
tion of Tim3 expressed by endothelial cells with melanoma cells
facilitates metastasis through the activation of NF-kB in the
melanoma cells [24]. In this study, we demonstrate the tumor-
suppressive effect of Tim3 pathway inhibition by subcutaneous
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Fig. 4. The effect on tumor progression of therapeutic vaccine with whole tumor
cells expressing Tim3-hlg. (A) Mice were injected subcutaneously with 3 x 10° G1
cells and then vaccinated on day 7 and day 16 with mitomycin-treated 3LL cells
transiently transfected with pIRES-EGFP-hlg or pIRES-EGFP-Tim3-hlg. Mice injected
with PBS were used as a control. *PBS vs Tim3-hlg p <0.05. (B) Mice injected
subcutaneously with G1 cells were given intraperitoneal 5-FU on day 9 and day 11
after G1 inoculation (5-Fu). One group of mice was subcutaneously vaccinated with
mitomycin-treated 3LL cells (6 x 10° cells) transiently expressing Tim3-hlg on day
11 and day 13 after G1 inoculation (5-Fu+ Tim3-hlg). PBS, control group not treated
with 5-FU nor vaccinated; Tim3-hlg, vaccinated without 5-FU treatment. (A,B) More
than five mice per group were used. Representative data from two independent
experiments are shown.

administration of tumor cells transiently expressing Tim3-hlg. The
expression of Tim3-hlg by tumor cells delayed tumor growth in mice
even when only around 30% of tumor cells were transiently express-
ing Tim3-hlg. ELISA analysis shows that this level of expression cor-
responds to a dose of approximately 35 ng of Tim3-hlg protein (data
not shown). Therapeutic vaccination with tumor cells expressing
Tim3-hlg also showed a transient inhibitory effect on tumor growth
and, compared to the report of Dardalhon and colleagues [25], in
which 100 pg of inhibitory anti-Tim3 Ab was given intraperitone-
ally, the quantity of Tim3-hlg administered in our study was
decreased by 1000-fold. An increased amount and frequency of
Tim3-hlg expressing tumor vaccine may further enhance the
tumor-suppressive effect.

Tim3 modulates innate and adaptive immune cell function. It up-
regulates cross-presentation of antigen by dendritic cells through

increased phagocytosis of apoptotic cells, whereas it down-regu-
lates Th1, CD8 T-, and NK-cell activation [9,12,14,25,26]. The Tim3
pathway also regulates the generation and function of immunosup-
pressive cells such as CD11b*Ly-6G* myeloid cells (MDSC) and
CD4*CD25*Foxp3* Tregs in a Tim3 transgenic mouse and an autoim-
mune murine model, respectively [9,27]. An elevated proportion of
Treg cells in the total CD4" T-cell population have been detected in
several different human cancers, including lymphoma, lung, and
ovarian tumors [5,19,28]. We also observed an increased frequency
of Tregs in tumor-draining LNs and a lower frequency of Tregs in
mice bearing Tim3-hlg expressing tumors than in control mice;
however, we could not conclude that Tim3-hlg expression directly
regulated Treg generation since decreased frequency could be due
to lower tumor burden rather than Tim3 pathway inhibition. Our
findings show that Tim3-hlg expressing prophylactic tumor vaccine
suppressed tumor growth through the inhibition of the Tim3 path-
way, independent of the Treg cell frequency.

Although we could not dissect the underlying mechanisms of
the tumor-suppressive effect of Tim3 pathway inhibition, two pos-
sibilities are conceivable. First, Tim3 pathway inhibition may pro-
mote anti-tumor immunity by suppressing the generation of
MDSCs. The frequency of MDSCs is increased in various tumors,
the depletion of which leads to anti-tumor immunity and tumor
regression [29-32]. In a Tim3 transgenic mouse model and a galec-
tin-9 (Tim3 ligand) transgenic mouse model, an increase in MDSCs
and inhibition of immune responses are observed [27]. Interest-
ingly, we found that Tim3-hlg expressing therapeutic tumor vac-
cine did not exhibit an additive inhibitory effect on tumor
growth when given in combination with 5-FU, which has recently
been reported to selectively kill MDSCs and thus enhance anti-
tumor immunity [33]. Second, Tim3 pathway inhibition may
enhance anti-tumor immunity by antagonizing phagocytosis of
apoptotic cells and thereby circumventing the immunosuppressive
effect of apoptosis. Tim3 binds phosphatidylserine on the apoptotic
cell surface and facilitates phagocytosis of apoptotic cells. Tim3
pathway inhibition reduces phagocytosis of apoptotic cells and in-
duces autoantibody production, indicating the break of peripheral
tolerance [12]. In concordance with this, the efficacy of a therapeu-
tic vaccine for melanoma is significantly augmented when the
phagocytosis of apoptotic cells is inhibited by the binding of milk
fat globule epidermal growth factor 8 to phosphatidylserine [34].

Conclusively, our results suggest that Tim3 pathway inhibition
can enhance the efficacy of tumor vaccination and anti-tumor
immunity.
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