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Abstract. T cell immunoglobulin and mucin domain-3 (Tim-3)
is originally recognized as a receptor of Thl cells. We found
that Tim-3 could be expressed in endothelial cells after
stimulation with tumor cell-released TLR4 ligand. Tim-3
expressed by endothelial cells does not function as the receptor
of galectin-9, but mediates the interaction of endothelial
cells with tumor cells. The engagement of endothelial cell-
expressed Tim-3 with a non-galectin 9 putative receptor on
B16 melanoma cells could trigger the NF-xB signaling
pathway in B16 cells. The activated NF-kB not only
promoted the proliferation of B16 cells, but also enhanced
apoptosis resistance of B16 cells by up-regulating Bcl-2 and
Bcl-xL and down-regulating Bax. Consistently, Tim-3
facilitated the survival of B16 cells in the blood stream,
arrested in the lung and following invasion, resulted in more
metastatic nodules in the lung. These findings suggest that
endothelial cell-expressed Tim-3 increases tumor cell
metastatic potential by facilitating tumor cell intravasation,
survival in blood stream and extravasation. Thus, anti-
inflammation or blockade of Tim-3 may contribute to the
prevention of metastasis.

Introduction

Chronic inflammation has long been known to be braided
with tumor growth, and considered to contribute to tumor
metastasis. Toll-like receptor (TLR) signaling is a key event
to mediate inflammation. TLRs can be expressed not only in
tumor-infiltrating leukocytes but also in other stromal cells,
such as endothelial cells. Importantly, endothelial cells also
contribute to tumor inflammation and metastasis (1-3). TLR4
expressed in endothelial cells can be activated by engaging
with TLR4 ligands such as LPS or high mobility group box 1
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(HMGBI1) (4.5). Subsequently, various inflammatory factors
are induced in endothelial cells (5-7). Therefore, in parallel
with the development of tumor inflammation, the phenotype
and function of tumor-associated endothelial cells may be
modified by TLR4 ligands. Regardless of the intensive study
of tumor-associated endothelial cells, the involvement of
endothelial cells in tumor inflammation and metastasis is still
incompletely elucidated.

T cell immunoglobulin and mucin domain-3 (Tim-3) was
originally recognized as a Thl-specific receptor that regulates
Th1 responses and maintains immune homeostasis and toler-
ance (8,9). However, recent studies have demonstrated the
expression of Tim-3 in other types of cells (10-12). Moreover,
the up-regulation of Tim-3 has been confirmed in different
inflammatory diseases (13-15). In this study, we found that
Tim-3 could mediate the communication between endothelial
cells and tumor cells. Using a mouse melanoma model, we
identified that the expression of Tim-3 in tumor-associated
endothelial cells could be induced by TLR4 ligand. Tim-3 in
turn promoted tumor growth and metastasis. These findings
provide new insight into the molecular basis for the inter-
action of tumor cells with endothelial cells in the process of
tumor metastasis.

Materials and methods

Mice and cell lines. C57TBL/6 mice were purchased from
Center of Experimental Animals of Chinese Academy of
Medical Science (Beijing, China). Melanoma B16-F1 cell
line, Chinese hamster ovary cell line (CHO), and murine
microvascular endothelial cell line bEnd.3 were purchased
from CCTCC (Wuhan, China) and ATCC (Manassas, VA),
respectively, and cultured according to their guidelines.

Immunohistochemistry. Mice were inoculated by injection of
1x10° tumor cells into right hind thigh muscle. Fifteen days
after inoculation, tumors were surgically excised for the
preparation of sections. The sections were fixed and stained
with rat anti-mouse Tim-3 mAb, biotinylated goat anti-rat
IgG, and streptavidin-conjugated horseradish peroxidase
(eBioscience, San Diego, CA). All animal experiments were
conducted according to our institutional guidelines.

Analysis of Tim-3 expressed in endothelial cells. Tumors or
lung tissues were digested with collagenase and hyaluronidase.
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The enriched endothelial cells were obtained from the dis-
sociated cells by Percoll density gradient centrifugation as
described previously (16). In other experiments, bEnd.3 cells
were stimulated with HMGB1 (100 ng/ml, R&D Systems,
Minneapolis, MN) for 48 h in absence or presence of AP-1
inhibitor Tanshinone IIA (2 M, Biomol, Plymouth Meeting,
PA) or NF-«B inhibitor (0.2 uM, Calbiochem, San Diego,
CA). The cells were analyzed by flow cytometry.

Flow cytometry. For the detection of Tim-3, the cells were
stained with PE-conjugated anti-mouse Tim-3 (eBiosciences)
or isotype control Rat IgG1, and then analyzed by flow
cytometry. In the indicated cases, the cells were co-stained
with APC-conjugated anti-mouse TLR4 and FITC-conjugated
anti-mouse CD31 antibodies and corresponding isotype anti-
bodies (eBioscience). For the detection of Tim-3-binding
putative receptor, the cells were incubated with Tim-3-Fc
(eBioscience) or human IgG (isotype control) and then stained
with PE-conjugated goat anti-human IgG-Fc (eBioscience)
for flow cytometric analysis.

Analysis of gene expression by conventional RT-PCR and
real-time RT-PCR. Total RNA was extracted from cells with
TRIzol reagent (Invitrogen) according to the manufacturer's
instructions. The mRNA level was determined by RT-PCR or
real-time RT-PCR as described previously (17). Primers were
designed with the Oligo Primer Analysis 4.0 software and
the sequences were blasted (http://www.ncbi.nlm.nih.gov/
BLAST/).

Western blot analysis. Western blot assay was done as
described previously (17). All antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA).

Assay of activity of NF-kB. The nuclear extract was prepared
with Nuclear Extraction kit (Millipore, Billerica, MA). The
activity of NF-«B in nuclear extract was determined by NF-xB
Assay kit (Millipore) according to the manufacturer's protocol.

Cell transfection. Eukaryotic expression vector pTim-3
carrying the cDNA encoding full-length mouse Tim-3 was
preserved in the laboratory (18). CHO cells were transfected
with pTim-3 or pcDNA3.1 with FuGene 6 transfection reagent
(Roche, Indianapolis, IN) according to the manufacturer's
protocol. After selection with G418, two clones were obtained,
which were designated as Tim-3-CHO (CHO/pTim-3) and
control-CHO (CHO/pcDNA3.1) respectively.

Cell fixation. Tim-3-CHO cells, Tim-3* bEnd cells (stimulated
with 1 pg/ml LPS for 48 h) or corresponding control cells
were plated in culture plate. Twenty-four hours later, the
cell confluence was >90%. Then, the culture medium was
discarded and the cells were fixed with 3% glutaraldehyde at
RT for 15 min and then washed three times.

Preparation of recombinant galectin 9. Expression plasmid
of galectin 9 was generated in vector pTrcHis2A (Invitrogen,
Carlsbad, CA) and was transformed into BL21 Escherichia
coli (Invitrogen). Protein induction and purification were done
as described previously (19). Purified galectin-9 was applied
to Detoxi-Gel (Pierce, Rockford, IL) for removal of endotoxin.
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Proliferation assay. B16 cells were seeded in 96-well plate
(5x10% per well) containing pre-fixed cells, and cultured for
48 h in the presence or absence of anti-Tim-3 blocking anti-
body (10 pg/ml). In the indicated cases, the cells were
cultured in the presence of NF-kB inhibitor. The proliferation
assay was performed with MTT Cell Proliferation kit (Roche
Diagnostics, IN) according to the manufacturer's instructions.

Apoptosis assay. bEnd.3 cells were cultured for 48 h in absence
or presence of galectin-9 (1 xM), then stained with PE-
Annexin V (BD Biosciences, San Diego, CA) and analyzed
by flow cytometry. Spleen T cells activated with Con A for
48 h were used as control. In other experiments, B16 cells
were cultured in the presence of pre-fixed cells for 48 h,
and then irradiated with UVB (200 J/m?) or treated with
mitomycin C (MMC, 10 ug/ml) for 12 h. The apoptosis of
cells were analyzed by flow cytometry. For the assay of B16
cell apoptosis in vivo, B16 cells were labeled with CFSE and
injected into mice (2x10° per mouse) via tail vein. Five and
twelve hours later, the whole blood was collected from mice.
After lysis of RBC, the left cells were analyzed by flow cyto-
metry. The proportion of apoptotic B16 cells were calculated
by Annexin-V*CFSE* cells/total CFSE* cells.

Adhesion assay. B16 cells were added to 6-well plate con-
taining pre-fixed Tim-3* cells in absence or presence of anti-
Tim-3 antibody. After 2-h incubation at 37°C, non-adherent
cells were harvested. Then, adherent cells were harvested by
treatment with trypsin. The percentage of adherent cells was
calculated.

Assay of tumor cell arrest and metastasis in the lung. B16
cells were labeled with CFSE and injected into mice (5x103
per mouse) via tail vein. Lungs were harvested from mice 5
and 24 h after the injection. Frozen sections were prepared
and analyzed by fluorescence microscopy. Fluorescent spots
were counted from 20 randomly chosen fields in the sections
of each mouse. For the analysis of tumor metastasis, B16
cells were injected into mice via tail vein. The mice were
sacrificed on day 15 for counting tumor nodules on the
surface of the lung.

Data analysis. Results were expressed as mean value + SD
and interpreted by one-way ANOVA. Differences were con-
sidered to be statistically significant at P<0.05.

Results

HMGBI induces Tim-3 expression in endothelial cells. To
explore the possible link of Tim-3 to tumor, we first stained
tumor tissues to analyze the cellular source of Tim-3 in a
murine melanoma model. The result showed that blood vessel
was positively stained (Fig. 1A). The analysis of flow cyto-
metry further confirmed that endothelial cells (CD31*) in
tumor indeed expressed Tim-3 (Fig. 1B). Tim-3 expression in
tumor was increased along with tumor progression (Fig. 1C).
Coincidently, the amount of HMGBI1 in the interstitial fluid
of tumor was also gradually increased (Fig. 1D). We then
investigated the effect of HMGB1 on Tim-3 expression by
using a mouse microvascular endothelial cell line bEnd.3.



ONCOLOGY REPORTS 24: 693-699, 2010 695
SPANDIDOS control anti-Tim-3
n PUBLICATIONS A Shadi— B C T 0.0020
' - o
W LB 0.0015
A > :B
" 2 0.0010
]
29 = 0.0005
o
L ~ m
TR, . 4 o.oooo
& 15 20 25
d10 d15 d20 T days aﬂer tumor inoculatioin
D HmcB1 — —| E O o.0008
& F HMGB1 (-) HMGB1 (+)
£ 400 & 0.0006 o
S 300 2 0.0004 E
-9: (14 *k
- 200 = 0.0002 -
m @
O 100 o 0.0000
= ¥
T 0 HMGB1 - + + + +
0 15 20 NF B inhibitor - + + - - .
days after tumor inoculation AP-1inhibitor - + F.

Figure 1. HMGBI induces expression of Tim-3 in endothelial cells. (A and B) Detection of Tim-3 in endothelial cells. The sections of tumor tissues were
analyzed by immunohistochemical staining (A). Enriched endothelial cells from tumor tissues were analyzed by flow cytometry (B). (C) Real-time RT-PCR
analysis of Tim-3 expression in tumor on the indicated day after tumor inoculation. (D) Detection of HMGBI1 in tumor. Tumor tissues were digested with
collagenase and hyaluronidase on the indicated day after tumor inoculation. HMGBI in the interstitial liquid of tumor was detected by Western blotting and
ELISA. (E and F) HMGBI induces Tim-3 expression. bEnd.3 cells were stimulated with HMGBI in absence or presence of NF-«kB inhibitor and/or AP-1
inhibitor for 48 h. The transcription of Tim-3 gene was detected by real-time RT-PCR (E). “P<0.01, compared with HMGB1 group. bEnd.3 cells cultured in
absence or presence of HMGB 1 were analyzed by flow cytometry (F).
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Figure 2. Tim-3 mediates the interaction of endothelial cells with tumor cells. (A) Galectin-9 does not induce apoptosis of endothelial cells. The apoptosis of
Tim-3* bEnd.3 cells (left) was analyzed after 24-h culture in absence or presence of galectin-9. Con A-activated T cells were used as control (right). (B)
Analysis of galectin-9 expression. Total RNA and proteins prepared from B16 cells were analyzed by RT-PCR and Western blotting, respectively. The spleen
tissue was used as positive control. (C) Analysis of Tim-3-binding molecule on tumor cells. B16 cells were analyzed by flow cytometry with Tim-3-Fc.
Isotype antibody was used as control. (D) Adhesion of B16 cells to Tim-3* cells. B16 cells were incubated with pre-fixed Tim-3* bEnd.3 or Tim-3-CHO cells
in absence or presence of anti-Tim-3 antibody or isotype antibody. Both non-adherent cells and adherent cells were counted for the calculation of adhesion %.
"“P<0.01, compared with control. (E) Identification of Tim-3-CHO cells. Tim-3-binding molecule (left) and Tim-3 (right) on the surface of cells were
analyzed by flow cytometry.

The result showed that HMGB1 induced the expression of  we first stimulated bEnd.3 cells with galectin 9, the ligand

Tim-3 in bEnd.3 cells, which was suppressed by inhibiting
NF-kB and AP-1, two transcription factors which can be
activated by TLR4 signaling (Fig. 1E). Consistently, HMGB1
mainly induced Tim-3 expression in TLR4*+ bEnd.3 cells
(Fig. 1F). These data suggest that Tim-3 expression in endo-
thelial cell can be induced by tumor cell-released TLR4
ligand.

Tim-3 mediates the interaction of endothelial cells with
tumor cells. To explore the role of Tim-3 in endothelial cells,

for Tim-3 which induces T cell apoptosis (9). The result
showed that galectin-9 did not induce apoptosis of Tim-3*
bEnd.3 cells (Fig. 2A). Therefore, we explored the possibility
that Tim-3 on endothelial cells may mediate the interaction
of endothelial cells with tumor cells. Although galectin-9
was not detectable in B16 melanoma cells (Fig. 2B), a Tim-3-
binding molecule on the surface of B16 cells was detected by
flow cytometry (Fig. 2C). Furthermore, B16 cells could adhere
to Tim-3* bEnd.3 cells, which was inhibited by anti-Tim-3
antibody (Fig. 2D), suggesting that Tim-3 and Tim-3-binding
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Figure 3. Tim-3 promotes tumor cell proliferation and apoptosis-resistance. (A) Effect of Tim-3 on tumor cell proliferation. B16 cells were cultured with or
without pre-fixed corresponding Tim-3- or Tim-3* cells in absence or presence of anti-Tim-3 blocking antibody or control isotype for 48 h. The proliferation
was determined with MTT Cell Proliferation kit. (B and C) Effect of Tim-3 on tumor cell apoptosis. B16 cells were stimulated with Tim-3* bEnd.3 cells as
described in (A) for 48 h. The cells were then irradiated with UV or treated with MMC for 12 h for the analysis of apoptosis by flow cytometry (B) or used
for the analysis of expressions of Bcl-2, Bel-xL and Bax genes by Western blotting (C, top) and real-time RT-PCR (C, bottom). (D and E) Analysis of Tim-3
signaling. B16 cells were stimulated with pre-fixed control-CHO cells or Tim-3-CHO in absence or presence of anti-Tim-3 antibody or control isotype. The
phosphorylation of IkB was analyzed by Western blotting (D). Or the cells were cultured for 48 h for the assay of activity of NF-kB (E). (F) Effect of Tim-3 is
mediated by NF-kB pathway. B16 cells were cultured with pre-fixed control-CHO cells or Tim-3-CHO cells in absence or presence of NF-xB inhibitor.
Tumor cell proliferation (left) and apoptosis % (right) were analyzed as described in (A) and (B). "P<0.05, compared with control in this figure.

molecule could mediate the interaction of endothelial cells
with tumor cells. We then constructed a CHO cell line (Tim-3-
CHO) which expressed Tim-3 but not Tim-3-binding mole-
cule (Fig. 2E). Tumor cells also adhered to Tim-3-CHO
cells, which was inhibited by anti-Tim-3 antibody (Fig. 2D).
Collectively, these data suggest that Tim-3, without cooper-
ation with other molecule(s) expressed by endothelial cells,
mediates the interaction of endothelial cells with tumor
cells.

Tim-3 promotes tumor cell proliferation and apoptosis-
resistance through NF-kB pathway. We next investigated the
effect of Tim-3 on tumor cells by culturing B16 cells in the
presence of pre-fixed Tim-3* cells. The result showed that
Tim-3* cells significantly increased the proliferation of B16
cells, which was inhibited by anti-Tim-3 antibody (Fig. 3A).
In addition, Tim-3 also increased resistance of tumor cells to
UV irradiation or treatment with MMC (Fig. 3B). Consistently,
the expressions of the genes related to apoptosis were altered,

including up-regulation of Bcl-2 and Bcl-xL and down-
regulation of Bax (Fig. 3C). We then used Tim-3-CHO cells
as the donor of Tim-3 to stimulate tumor cells, and analyzed
the NF-kB pathway which is important for tumor proliferation
and survival. Both IkB phosphorylation (Fig. 3D) and NF-kB
activity (Fig. 3E) in tumor cells were increased after
stimulation with Tim-3, which was inhibited by anti-Tim-3
antibody. Consistently, the inhibition of NF-xB activity
counteracted the effect of Tim-3 on proliferation and
apoptosis of B16 cells (Fig. 3F). Therefore, Tim-3 can trigger
signal transduction in tumor cells, leading to accelerated
proliferation and enhanced apoptosis-resistance of tumor
cells.

Endothelial cell-expressed Tim-3 promotes metastasis of
BI6 cells to the lung. We next investigated whether Tim-3
may facilitate metastasis of melanoma cells by using a model
of experimental lung metastasis of melanoma cells. The
stimulation with Tim-3* bEnd.3 cells increased the resistance
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Figure 4. Endothelial Tim-3 promotes metastasis of B16 melanoma cells to lung. (A and B) Tim-3 enhances apoptosis-resistance of tumor cells in blood and
tumor cell arrest in the lung. B16 cells were cultured under the same conditions as described in Fig. 3B, labeled with CFSE, and then injected into mice via
tail vein. The proportion of apoptotic B16 cells in blood from mice (n=8 in each group) was analyzed 5 and 12 h later by flow cytometry (A). Tumor cell
arrest and invasion were analyzed by counting fluorescent spots in the sections prepared from mice (n=8 in each group) 5 and 24 h after tumor cell injection
(B). (C) The metastatic capability of B16 cells. B16 cells were treated with pre-fixed control or Tim-3* cells in absence or presence anti-Tim-3 antibody and
then injected to mice (n=8 per group). The tumor nodules in lung were counted 15 days later. (D) Effect of LPS on Tim-3 expression in lung endothelial cells.
Endothelial cells were isolated from the lungs of mice 24 h after the administration of LPS (10 ug) aerosol. Tim-3 expression in endothelial cells was
analyzed by flow cytometry. (E) Effect of Tim-3 expression in target organ on tumor metastasis. Mice (n=8 per group) were treated by intranasal adminis-
tration of LPS aerosol. Seventy-two hours later, the mice were inoculated with B16 cells by i.v. injection with or without anti-Tim-3 antibody treatment. The
tumor nodules in lung were counted 15 days after inoculation. “P<0.05, compared with control in this figure.

of B16 cells to the shear force of blood in vivo (Fig. 4A), and
also increased tumor cell arrest in the lung and following
invasion into lung tissue, as evaluated by fluorescent spots
both 5 and 24 h after i.v. injection of CFSE-labeled B16 cells
(Fig. 4B). Consistently, Tim-3-stimulated B16 cells formed
more metastatic nodules in lung after i.v. injection (Fig. 4C).
Anti-Tim-3 antibody suppressed the effect of Tim-3 on B16
cells. These data implied that endothelial Tim-3 may facilitate
tumor metastasis during tumor cell intravasation. We then
analyzed the effect of endothelial Tim-3 on tumor cell extra-
vasation. The expression of endothelial Tim-3 in the lung
was increased by challenge with LPS aerosol (Fig. 4D). The
increased expression of Tim-3 in endothelial cells resulted
in more metastatic nodules in the lung after i.v. injection of
B16 cells (Fig. 4E). The injection of anti-Tim-3 antibody
suppressed the metastasis-promoting effect of LPS
aerosolization (Fig. 4E). Thus, these data demonstrated that
endothelium-expressed Tim-3 is beneficial to tumor
metastasis.

Discussion

We previously showed that Tim-3 may act as a signal molecule
to promote tumor progression (18). Here, we further provide
evidence that Tim-3 expression in endothelial cells in tumor
and lung could be induced by the TLR4 ligand. Tim-3 then
mediates the interaction of endothelial cells with tumor cells,
promoting tumor cell proliferation and metastasis.

TLR4 is the receptor for various inflammation-associated
molecules, such as endotoxin (LPS) and dead cell-released
HSPs and HMGB1 (20). Endothelial cells also express TLR4
(6). Therefore, endothelial cells can respond to TLR4 ligands,
and release proinflammatory factors. In this study, we found
that 7im-3 gene was induced in endothelial cells by TLR4
signaling. HMGB1 activated NF-kB and MAPK pathways
which in turn cooperatively activated the expression of
Tim-3. Inhibiting NF-xB and AP-1 activities suppressed the
expression of Tim-3 in HMGB 1-stimulated endothelial cells.
Therefore, the endothelial cells in response to TLR4 ligand
not only produce proinflammatory factors, but also express
Tim-3 to communicate with tumor cells.

Tim-3 is primarily delineated by three basic points: Thl-
specific, inhibitory receptor, and signaling by ligation with
galectin-9 (8,9). Its function in other types of cells is still
incompletely understood, although a correlation of Tim-3
expression with inflammation was implied recently (11-13,21).
Here, we show that endothelial cell-expressed Tim-3 does
not function as an apoptosis-inducing receptor, but mediates
the communication between endothelial cells and tumor cells.
B16 melanoma cells do not express galectin 9, but express
a membrane-associated molecule which binds Tim-3 and
actually functions as receptor of Tim-3. The engagement of
endothelial cell-expressed Tim-3 with its receptor on tumor
cells could transduce a positive signal into tumor cells,
resulting in the activation of NF-xB pathway in tumor cells.
In the process of intravasation and extravasation, tumor cells
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may receive Tim-3 signaling from endothelial cells to increase
their proliferative potential and apoptosis-resistance, thus
benefiting tumor metastasis.

HMGBI has been identified as a proinflammatory cytokine
which can be secreted by different cells or released from
necrotic cells (22-24). Higher HMGBI levels have been found
in tumors with greater metastatic potential (25). Except for
inducing Tim-3 expression in endothelial cells as shown in
this study, HMGB1 also up-regulates the expression of E-
selectin in endothelial cells (4,25). E-selectin modulates trans-
migration of tumor cells by enhancing transendothelial
permeability and migration of tumor cells (26-28). Thus,
endothelial E-selectin and Tim-3 might synergize to benefit
tumor metastasis by promoting migration and survival of
tumor cells.

Extravasation of tumor cells is a pivotal step in the
formation of hematogenous metastasis. Tim-3-expressing
endothelial cells may interact with tumor cells to potentiate
metastasis by increasing proliferative potential and
apoptosis-resistance of tumor cells. In line with this, our data
showed that the increased Tim-3 expression in lung endo-
thelial cells promoted the metastasis of circulating tumor
cells. There could be a positive feedback regulation in the
process of tumor metastasis. Dead tumor cells in blood release
HMGB1 which may induce E-selectin expression by
endothelial cells. E-selectin in turn enhances the release of
HMGBI1 from tumor cells when tumor cells interact with
endothelial cells (25). Thus, the amount of HMGB1 may be
further increased, leading to up-regulation of Tim-3 in
endothelial cells. Therefore, our data imply that dead tumor
cells in circulation may help the metastasis of living tumor
cells by stimulating Tim-3 expression in endothelial cells.

In conclusion, our findings in this report have important
implications in understanding the molecular basis of inter-
cellular communication between endothelial cells and tumor
cells. First, tumor cells release HMGB1 to stimulate endo-
thelial cells as part of inflammation reactions. Second, Tim-3
expressed by endothelial cells mediates the signaling from
endothelial cells to tumor cells. Third, the establishment of
this communication in inflammation promotes tumor
metastasis. The role of Tim-3 in tumor metastasis may not
only provide new evidence for understanding the connection
between the inflammatory response and cancer, but also may
lead to the discovery of new therapeutic targets in cancer
therapy.
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