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Tumor-released Galectin-3, a Soluble Inhibitory Ligand of
Human NKp30, Plays an Important Role in Tumor Escape
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Background: Galectin-3, a B-galactoside-binding protein, is expressed by many types of tumor cells.
Results: Galectin-3 secreted from a tumor works as a soluble inhibitory ligand of the NK cell receptor NKp30 to inhibit NK cell

immune responses against tumors.

Conclusion: Galectin-3 regulates the antitumor immunity of human NK cells.
Significance: This novel mechanism may provide a new therapeutic target for tumor treatment.

Human Galectin-3 (Gal-3), a 3-galactoside-binding protein
expressed by tumor cells, has been reported to act as an immune
regulator in antitumor T cells. However, its effect on natural
killer (NK) cells is elusive. Using a recombinant human NK cell-
activating receptor, NKp30 fusion protein (NKp30-Fc), we
found that soluble NKp30-Fc could immunoprecipitate Galec-
tin-3. The direct interaction between NKp30 and Galectin-3 was
further confirmed using surface plasmon resonance experi-
ments. Because Galectin-3 was mainly released from tumor cells
in a soluble form in our study, the binding assay was performed
to show that soluble Galectin-3 specifically bound to NK cells
and NKp30 on the surface of the NK cells. Functionally, when
soluble Galectin-3 was added to the NK-tumor cell coculture
system, the NKp30-mediated, but not NKG2D-mediated, cytol-
ysis and CD107a expression in the NK cells were inhibited, and
these phenotypes could be restored by preincubation of soluble
Galectin-3 with NKp30-Fc fusion protein or the addition of anti-
Gal-3 antibody alone. Moreover, genetic down-regulation of
Galectin-3 (shGal-3) resulted in tumor cells being more sensi-
tive to NK cell lysis, and, reversely, Galectin-3-overexpressing
HeLa cells (exGal-3) became less sensitive to NK cell killing. The
results of these in vitro experiments were supported by studies
in shGal-3-HeLa or exGal-3-HeLa xenograft non-obese diabet-
ic/severe combined immunodeficiency mice after NK cell adop-
tive immunotherapy, indicating that Galectin-3 strongly antag-
onizes human NK cell attack against tumors in vivo. These
findings indicate that Galectin-3 may function as an immune

" Supported by the Ministry of Science and Technology of China (973 Basic
Science Project Grants 2013CB530506 and 2010CB911901), Natural Sci-
ence Foundation of China Grants 91029303 and 81361120388, and
National Science and Technology Major Projects 2012ZX10002014 and
2012ZX10002006.

2 To whom correspondence may be addressed: Department of Immunology,
School of Life Sciences, University of Science and Technology of China,
Hefei, Anhui 230027, China. Tel.: 86-551-360-7977; Fax: 86-551-360-0832;
E-mail: sunr@ustc.edu.cn.

3 To whom correspondence may be addressed: Department of Immunology,
School of Life Sciences, University of Science and Technology of China,
Hefei, Anhui 230027, China. Tel.: 86-551-360-7977; Fax: 86-551-360-0832;
E-mail: tzg@ustc.edu.cn.

SASBMB

NOVEMBER 28, 2014« VOLUME 289-NUMBER 48

regulator to inhibit NK cell function against tumors, therefore
providing a new therapeutic target for tumor treatment.

Galectin-3 (Gal-3),* one of the 15 members of the 3-galacto-
side-binding lectin family, contains either one or two carbohy-
drate recognition domains that have a high affinity for B-galac-
tosides (1). The overall homology of human intergalectins is
~20%, but their carbohydrate recognition domains are rela-
tively conserved (2). Previous studies showed that Gal-3 is
highly expressed in many types of cancer cells (3—5). Depending
on cell type and proliferative status, Gal-3 can exist in the cyto-
plasm, within the nucleus, on the cell surface, and in the extra-
cellular compartment (6 —8). Published data regarding differ-
ent tumor cells, such as human breast cancer (9, 10) and
melanoma (11) cells, have shown that intracellular Gal-3 pro-
motes tumor growth, survival, and metastasis and that extra-
cellular Gal-3 may facilitate metastasis by promoting tumor cell
adhesion (12), invasiveness (13), and even immune escape (1,
14), the latter of which is investigated relatively rarely.

More than ten years ago, it was noted that Gal-3 negatively
regulates the T cell response and plays an important role in host
homeostasis. The most recognizable mechanism by which
Gal-3 regulates the immune response is through the induction
of apoptosis in T cells. Fukumori et al. (15) reported that the
secretion of extracellular Gal-3 from tumor cells can activate
apoptosis in both human and murine T cells after its binds to
the cell surface glycoconjugate receptors CD7 and CD29, pro-
viding new insight into the mechanism by which cancer cells
escape the immune system. Wang and co-workers (11) further
confirmed this conclusion in both humans and mice by show-
ing that colorectal tumor-reactive T cells became apoptotic in
response to Gal-3 stimulation, leading to enhanced tumor
growth in vitro and in vivo (11). A human study also demon-

“The abbreviations used are: Gal-3,Galectin-3; NK cell, natural killer; MICA,
major histocompatibility complex class I-related chain A; NOD, non-obese
diabetic; SCID, severe combined immunodeficiency; hr, human recombi-
nant; E:T, effector:target; PE, phycoerythrin.
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strated that Gal-3 was down-regulated significantly in biopsies
of inflamed tissue from inflammatory bowel disease patients.
However, Gal-3 was expressed at comparably high levels in
recovered inflammatory bowel disease patients. A genetic defi-
ciency in Gal-3 rescued the apoptosis phenotype of the T cells
and induced autoimmunity. In contrast, exogenous Gal-3 led to
reduced proliferation of blood T cells. This finding illustrates
that constitutive expression of epithelial Gal-3 may help to pre-
vent inappropriate immune responses, providing solid evi-
dence to support the hypothesis that Gal-3 is an immune regu-
lator (16). On the basis of these findings, blockade approaches
against Gal-3 have been explored. It has been reported that
treatment with N-acetyllactosamine, a galectin ligand, or an
anti-Gal-3 antibody restored the impaired secretion of IFN-y
by tumor-infiltrating cytotoxic T lymphocytes. Moreover,
GCS-100, a polysaccharide that may detach Gal-3 from tumor-
infiltrating lymphocytes, boosted cytotoxicity and the secretion
of IFN-v, leading to tumor rejection in mice (17). Recently,
Gubha et al. (18) found that TFD100, a glycopeptide from cod
that binds Gal-3 with picomolar affinity, inhibited the apoptosis
of activated T cells following induction with either recombi-
nant Gal-3 or prostate cancer patient serum-associated Gal-3 at
nanomolar concentrations. Collectively, Gal-3 may work as an
immune regulator to induce apoptosis in activated T cells.
Natural killer (NK) cells, which are effector lymphocytes of
the innate immune system, provide the first line of defense
against tumors. NK cells distinguish between normal healthy
cells and abnormal cells using a sophisticated repertoire of cell
surface receptors that control their activation, proliferation,
and effect functions (19). For example, the natural cytotoxicity
receptors (20), including NKp44 (21, 22), NKp46 (23), and
NKp30 (24, 25), as well as NKG2D, are involved in the antitu-
mor response (26, 27). Previous studies showed that Gal-3 is
involved in the regulation of NK cell activation and function.
Data from Dr. Gordana (41) demonstrated that Galectin-3-de-
ficient mice are more resistant to lung metastases of malignant
melanoma and that tumor-bearing Gal-3-deficient mice
exhibit higher serum levels of IFN-y and IL-17 than control
tumor-bearing mice. Interestingly, in this model, the cytotoxic
activity of splenic NK cells, but not cytotoxic T lymphocytes
was greatly enhanced in Gal-3-deficient mice, suggesting that
the NK cells of tumor-bearing mice are preferentially affected
by Gal-3. In contrast with the Gal-3-induced apoptosis of T
cells in antitumor immunity, the mechanism of Gal-3 inhibi-
tion in NK cell tumor immunity involves shielding the ligands
on the tumor cells from NK cell-activating receptors. For exam-
ple, the NK-activating receptor NKG2D is critical for tumor
rejection after recognition of its tumor-associated ligand, major
histocompatibility complex class I-related chain A (MICA).
Gal-3 can bind the NKG2D binding site of MICA, which is
expressed on the tumor cell surface, through the core two
O-glycans of MICA, thus shielding the interactive recognition
of the bladder tumor cells by the NK cells and severely impair-
ing NK cell activation and silencing the NK cells (28). Because
MUC-1, another ligand of the NK cell receptors, also contains
the core two O-glycan structure, the binding of Gal-3 to MUC-1
attenuated the interaction between the tumor cells and the NK
cells, leading to the tumor cells evading NK cell immunity (29).
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In this study, we explored a novel mechanism by which Gal-3
regulates the antitumor immunity of human NK cells. Using the
human cervical cancer and breast cancer model, we found that
soluble Gal-3 released from tumor cells could specifically bind
NKp30, thereby inhibiting the NKp30-mediated cytotoxicity of
NK cells. Genetic down- or up-regulation of Gal-3 in tumor
cells led to tumor growth inhibition or enhancement in an NK
cell-dependent manner, respectively, both in vitro and in vivo.
These findings demonstrate that Gal-3 is a soluble inhibitory
ligand of NKp30 and may function as an immune regulator to
inhibit the NK cell immune responses against tumors, provid-
ing a new therapeutic target for tumor treatment.

MATERIALS AND METHODS

Antibodies—Anti-human NKp30 (clone P30-15) was pur-
chased from Biolegend. Anti-human Gal-3 (clone B2C10),
PE-conjugated anti-human -NKp30, PE-conjugated anti-hu-
man CD107a, FITC/PE-Cy5-conjugated anti-human CD56,
FITC-conjugated goat anti-human IgG, and PE-conjugated
goat anti-mouse IgG were purchased from BD Biosciences.
PE-CY7 -conjugated anti-human NKG2D was obtained from
R&D Technologies.

Mice and Cells—All experiments involving mice were
approved by the Animal Care and Use Committee at the Uni-
versity of Science and Technology of China. The 6- to 8-week-
old NOD-SCID mice were purchased from the Shanghai Labo-
ratory Animal Center (Shanghai, China) and were bred under
specific pathogen-free conditions according to the experimen-
tal animal guidelines of the University of Science and Technol-
ogy of China.

Human cervical cancer cell line HeLa cells, human breast
cancer cell line MDA-MB-435 cells, and HEK 293T cells were
cultured in Dulbecco’s modified Eagle’s medium (Invitrogen)
supplemented with 10% FBS and 2 mM L-glutamate. NK-92 cells
were cultured in o-minimum Eagle’s medium (Invitrogen)
containing 12.5% FBS (Invitrogen), 12.5% equine serum
(HyClone), 2 mM L-glutamate, 0.1 mMm 2-mercaptoethanol, and
100 units/ml rhIL-2 (Changchun Institute of Biological Prod-
ucts, China). Human NK cells were obtained from the periph-
eral blood mononuclear cells of healthy donor buffy coats using
Ficoll-Paque density gradient centrifugation (Solarbio, China).
Non-NK cells were depleted using an NK cell isolation kit
according to the instructions of the manufacturer (Miltenyi
Biotech). The separated NK cells were cultured in complete
a-minimum Eagle’s medium (Invitrogen). Cell culture was per-
formed at 37 °C in a 5% CO, humidified atmosphere.

Soluble NKp30-Fc Fusion Proteins—The sequence encoding
the extracellular portions of NKp30 (GenBank accession no.
AB055881) was amplified by PCR from c¢cDNA isolated from
human NK clones. The NKp30-specific primers were 5’ primer
(including an EcoRI restriction site) 5'-CCGGAATTCCTCT-
GGGTGTCCCAGCCCCCTGAGATTCGTA-3'. The 3’ primer
(including the Xhol restriction site) was 5'-CCGCTCGAGGGA-
CTGAAAATACAGGTTTTCCCCTAGCTGAGGATGTTC-
3'. The cDNA fragment encoding the Fc regions of human immu-
noglobulin G1 (GenBank accession no. BC006402) was amplified
by RT-PCR from RNA isolated from human peripheral blood lym-
phocytes. The Fc region-specific primers were 5'-primer (includ-
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ing an Xhol restriction site) 5'-CCGCTCGAGCCCAAATC-
TTGTGACAAAACT-3" and 3'-primer (including the Xbal
restriction site) 5'-CTAGTCTAGATCATTTACCCGGAGAC-
AGGGAGAGG-3'. The resulting amplified product was cloned
into the pcDNA3.0 vector (Invitrogen). Sequencing of the con-
structs revealed that NKp30 receptor ectodomain cDNA was
in-frame with the human Fc genomic DNA and was identical to
the reported sequences. CHO-K1 cells were transfected with
these expression vectors and G418-selected clones were
screened for highest protein production and subcloned further
by limited dilution method for high producer clones. Superna-
tants were collected daily and purified on protein G columns.
SDS-PAGE analysis revealed that both Ig fusion proteins were
~95% pure and of the proper molecular mass (~55 kDa for
NKp30-Fc under reducing conditions).

Depletion and Overexpression of Gal-3—For the depletion of
Gal-3, lentiviruses expressing Gal-3 or control shRNAs were
prepared. HEK 293T cells grown in a 6-cm dish were trans-
fected with 2 ug of Gal-3 shRNA (cloned into the PLKO.1 vec-
tor) or control vector, 2 ug of pREV, 2 ug of pGag/Pol/PRE, and
1 pg of pVSVG. Twenty-four hours after transfection, the cells
were cultured in DMEM containing 20% FBS for an additional
24 h. The culture medium containing the lentivirus particles
was centrifuged at 1000 X g for 5 min. The viruses in the super-
natant were used to infect tumor cells. The knockdown effi-
ciency was evaluated using Western blot and real-time RT-PCR
analyses. The shRNA sequence targeting Gal-3 was 5'-
CCGGGCTCACTTGTTGCAGTACAATCTCGAGATTGT-
ACTGCAACAAGTGAGCTTTTT-3".

For the overexpression of Gal-3, HeLa cells were transfected
with pCMV6-Gal-3 or the control vector. Twenty-four hours
after transfection, the cells were cultured in DMEM containing
20% EBS for an additional 24 h. The cells were then screened
with G418 for 4 days. The overexpression efficiency was evalu-
ated using Western blot and real-time RT-PCR analyses.

Immunoprecipitation and Western Blot Analysis—Cells were
collected and resolved in lysis buffer containing 1% Triton
X-100, 25 mm Tris-HCI (pH 7.5), 10 mm MgCl,, 100 mm NaCl,
10 mMm NaF, 1 mm PMSF (Sigma), 2 mm EDTA, and a protease
inhibitor mixture (Roche). The cell lysates were preincubated
with soluble proteins (final concentration, 10 pg/ml) at 4 °C for
2 h. Protein A/G-agarose was preincubated with or without
mAbs (final concentration, 10 ug/ml) at 4 °C for 2 h. Then the
protein A/G-agarose was washed twice with cell lysis buffer and
added to the cell lysates for 2 h or overnight at 4 °C. For the
biotinylation of the proteins, cell monolayers were incubated
with 1 mg/ml EZ-Link Sulfo-NHS-Biotin (Pierce) in PBS (pH
8.0) for 30 min at 25 °C, followed by three washes with cold PBS.
After extensive washing, the cells were lysed and incubated
with streptavidin-coated agarose beads (Pierce) at4 °C for 2 h to
precipitate the cell membrane proteins. The protein-bound
beads were washed four times with cell lysis buffer and resus-
pended in PBS. Finally, the suspension was mixed with 2X SDS
loading buffer, boiled, and centrifuged to remove the pellet. The
supernatant was separated using SDS-PAGE electrophoresis
under reducing or non-reducing conditions on a 12% polyacryl-
amide gel and then electrotransferred onto PVDF membranes
(Millipore) in vertical buffer tanks. The membranes were
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blocked with 5% nonfat milk in TBST buffer (50 mm Tris-HCI
(pH 7.4), 0.9% NaCl, and 0.1% Tween 20) and then incubated
with primary antibodies for 2—3 h at room temperature or over-
night at 4 °C. After addition of the HRP-conjugated secondary
antibodies for 1 h, the bands on the membranes were detected
using an enhanced chemiluminescence system (Pierce).

Surface Plasmon Resonance—Surface plasmon resonance
analysis was performed on a BIAcore 3000 apparatus at 25 °C.
Recombinant human (rh) Gal-3 (R&D Technologies) was cova-
lently immobilized to the carboxyl groups in the dextran layer
of a Biacore Sensor Chip CM5. Gal-3 was injected in 0.01 M
sodium acetate buffer (pH 5). Solutions containing the different
recombinant proteins were injected sequentially over the sur-
face of the immobilized Galectin-3, or buffer was used as a
blank. For the regeneration of the surface, we used PBS (pH
7.2), which also served as the running buffer. The flow rate was
set at 10 ul/min. The data were analyzed using Biaevaluation
4.1 software.

Flow Cytometric Analysis—For cell surface staining, the cells
were harvested, blocked with an anti-FcyR mAb, and incubated
with the appropriate concentrations of the recombinant pro-
teins or Abs for 30 min at 4 °C. To stain intracellular proteins,
the cells were fixed in 1% paraformaldehyde in PBS/0.05% BSA
for 30 min on ice and washed in permeabilization buffer (eBio-
science). The cells were permeabilized in permeabilization
buffer containing 3% BSA for 30 min at 4 °C, followed by stain-
ing with the primary antibodies. All proteins and mAbs were
used at a final concentration of 10 ug/ml. All stained cells were
gated for analysis using a FACSCalibur cytometer (BD Biosci-
ences), and the data were processed using FlowJo software
(TreeStar, Ashland, OR).

ELISA—For assays determining the amount of Gal-3 protein
secreted by the tumor cells, a direct ELISA was used. Briefly,
150 ul of supernatant, which was collected at various time
points, was added to microtiter plates, and the plates were incu-
bated overnight at 4 °C. After washing, the plates were blocked
as described above. An anti-human Gal-3 antibody (diluted
1:500 in 0.3% BSA/0.1% PBST) was then added to the plates for
2hat 37 °C. The plates were incubated with an HRP-conjugated
anti-mouse antibody for 1 h, followed by incubation with
tetramethylbenzidine as a substrate for 5-10 min. The colori-
metric signal was measured at an optical density of 450 nm.

Cytotoxicity Assay—The cytotoxicity of the NK-92 cells and
human NK cells against the target cells was measured using a
standard 4-hour *>'Cr release assay as described previously (30).
Briefly, the target cells were labeled with *'Cr by incubation
with Na,'CrO, (200 uCi/106 cells) for 1 h at 37 °C and then
washed three to four times with PBS. The labeled target cells
were combined with NK cells at different effector:target (E:T)
cell ratios. For the blocking assay, the NK-92 cells or primary
NK cells were preincubated with Gal-3 protein or an anti-
NKp30 antibody for 30 min or 1 h at4 °C prior to the addition of
the target cells to prevent the NKp30 ligands on the target cells
from binding the NKp30-activated receptor on the NK cells. In
turn, the target cells were preincubated with the NKp30-Fc
protein or an anti-Gal-3 antibody for 30 min at 4 °C prior to the
addition of the NK cells to prevent the activation of NK cell
killing by the NKp30 ligands derived from the target cells. To
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restore NK cell killing, NKp30-Fc was preincubated with Gal-3
protein for 30 min at 4 °C before the NK cells killed the target
cells. Maximum °'Cr release was determined by incubating the
target cells with 2% Triton X-100. To measure the spontaneous
®ICr release, the target cells were incubated without effector
cells in assay medium alone. All experiments were performed in
triplicate. The plates were spun slightly and incubated at 37 °C
for 4 h. After 4 h, the cells were centrifuged, and the amount of
®ICr release in 100 pl of the supernatant was counted using a y
counter. The percentage of specific >'Cr release was calculated
using the following formula: ([experimental release — sponta-
neous release] / [maximum release — spontaneous release]) X
100. Spontaneous release did not exceed 10% of the maximum
release in all experiments.

Degranulation Assays—To test the NK cell-derived degran-
ulation, NK-92 cells (1 X 10°) were incubated with different
proteins or protein complexes (10 ug/ml) for 1 h at 37 °C, and
tumor cells were incubated with antibody or control mouse IgG
(5 pg/ml) for 1 hat 37 °C. Then the NK-92 and untransfected or
transfected tumor cells were mixed at an effector:target ratio of
1:1, and the cells were incubated for 2 h at 37 °C in the presence
of anti-human CD107a PE-conjugated antibodies, anti-human
CD56 PE-Cy5/FITC-conjugated antibodies, and isotype-matched
control antibodies. As a positive control, NK-92 cells were incu-
bated with 5 ug/ml phorbol 12-myristate 13-acetate (final con-
centration of 50 ng/ml, Sigma) and 1 ug/ml ionomycin (final
concentration of 10 ug/ml, Sigma). After incubation, the cells
were washed and resuspended. CD56™ cells were gated for
analysis using a FACSCalibur flow cytometer (BD Biosciences).

Cervical Adenocarcinoma Xenograft Model—HeLa cells (4 X
10°) were left untreated or were transfected with the different
Gal-3 constructs used to deplete or overexpress the protein.
The HeLa tumor cells were resuspended in 200 ul of PBS and
injected subcutaneously into NOD-SCID mice to establish
tumors. NK-92 cells were injected subcutaneously into the
tumor issue area (2 X 10°/200 ul/animal) 5 days after tumor
inoculation. The tumor volumes were measured on days 10 and
20, and the formation of the tumors was observed on day 20.

Statistical Analysis—Data were expressed as mean = S.D.,
and significance was denoted as *, p < 0.05; **, p < 0.01; and ***,
p < 0.001. Calculations were performed using GraphPad Prism
software with Student’s ¢ test and PS-Power and sample size
software with power analysis for Student’s ¢ test (31).

RESULTS

Identification of Galectin-3 as a Ligand of Human NKp30—
NK cells are important components of the innate immune sys-
tem (32) and participate in the elimination of tumors (33).
NKp30 is a human receptor that triggers antitumor NK cell
cytotoxicity and cytokine secretion (25). To detect a novel
ligand of NKp30, we generated soluble NKp30-Fc fusion pro-
teins. When NKp30-Fc was immunoprecipitated from HeLa
cell lysates, an extra band was observed in the NKp30-Fc pre-
cipitate (Fig. 1A). This protein band was subjected to in-gel
tryptic digestion and analyzed by mass spectrometry, and the
results demonstrated that this band corresponded to Gal-3, a
member of the B-galactoside-binding lectin family. Immuno-
blot analysis also showed that NKp30-Fc could interact with
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FIGURE 1. Interaction of Gal-3 with the extracellular domain of NKp30. A,
binding of tumor-associated proteins to soluble NKp30-Fc. The NKp30-Fc
fusion protein coupled to protein A/G-Sepharose beads were incubated with
Hela cell lysate, and the proteins that bound to NKp30-Fc were resolved by
SDS-PAGE and stained with Coomassie Blue. An ~30-kDa cellular protein that
interacts with NKp30-Fc was present in the cell lysate. NKp30-Fc alone served
as a negative control. IP, immunoprecipitation. B, binding of tumor-derived
Gal-3 to soluble NKp30-Fc. Gal-3 protein or the cell lysate was examined by
immunoblot analysis with an anti-Gal-3 mAb in immune complex. WB, West-
ern blot. C, kinetics of the interactions between rhGal-3 and NKp30-Fc.
rhGal-3 was covalently immobilized to the carboxyl groups in the dextran
layer of a BIAcore sensor chip. Solutions containing NKp30-Fc or human IgG
(hlgG) were injected over the surface of immobilized rhGal-3, and PBS buffer
was used as a control. Surface plasmon resonance analysis was performed on
a BlAcore 3000 apparatus at 25 °C. Under these conditions, binding of immo-
bilized rhGal-3 to soluble NKp30-Fc was observed but binding to human IgG
was not. The data are representative of two independent experiments.

Gal-3 in HeLa cells (Fig. 1B). To confirm the direct interaction
between NKp30 and Gal-3 and to rule out the possibility of
Gal-3 binding to the Fc tag, surface plasmon resonance exper-
iments were performed. The results showed that Gal-3 specif-
ically bound to the extracellular domain of NKp30 because it
did not bind to human IgG (Fig. 1C). These results suggest that
tumor-derived Gal-3 is a potential ligand of NKp30.

Cellular Distribution of Galectin-3 in Human Tumor Cells—
Gal-3 is expressed in a variety of forms in tumor cells, depen-
ding on the cell type and proliferative status. A previous study
showed that Gal-3 can be detected in the nucleus and cyto-
plasm of the HeLa cell line (34). Here biotinylated membrane-
bound proteins on HeLa cells were immunoprecipitated with
streptavidin-coated agarose beads, followed by immunoblot
analysis with an anti-Gal-3 antibody. Gal-3 was present in the
total cell lysate but was not found in the membrane fraction of
HeLa cells (Fig. 2A4). Flow cytometry also showed that Gal-3 was
expressed intracellularly but that it was not found on the mem-
branes of HeLa cells (Fig. 2B). Additionally, it has been reported
previously that the concentration of circulating Gal-3 was
increased markedly in the sera of patients with different tumor
types (35, 36). Therefore, an ELISA assay was performed to
identify the soluble Gal-3 released from tumor cells. As shown
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FIGURE 2. Gal-3 distribution in tumor cells. A and B, Gal-3 distribution (intra-
cellular, surface) in HeLa cells was examined by immunoprecipitation (A) or
flow cytometry (B). A, Hela cells were biotinylated to label the cell surface
proteins, and the biotinylated membrane proteins were then precipitated
using streptavidin-coated agarose beads. Gal-3 from the cell lysate (left lane)
or the membrane protein fraction (right lane) was detected using immuno-
blot analysis with an antibody against Gal-3. WB, Western blot. B, Hela cells
were treated with permeabilization buffer (left panel) or without (right panel),
followed by incubation with an anti-Gal-3 mAb, and stained with a fluores-
cence-conjugated polyclonal antibody. Cand D, Gal-3 is released from tumor
cells. ELISA plates were coated with 100 ul of culture supernatants (SN) col-
lected from Hela (C) or MDA-MB-435 (D) cells 12, 24, or 36 h after cells were
recovered in fresh medium. Control medium served as a negative control.
Gal-3 was detected using an anti-Gal-3 mAb and stained with anti-mouse
HRP-linked secondary antibody. The data represent the absorbance at 450
nm after normalization to the background (nonspecific binding of the anti-
body to the plate). The data are representative of two independent experi-
ments and were analyzed using Student’s t test. *, p < 0.05; **, p < 0.01; ***,
p < 0.0001.

in Fig. 2, Cand D, there was a high level of Gal-3 in the HeLa and
MDA-MB-435 cells culture supernatant, and this level peaked
at 12 and 24 h, respectively. The results showed that Gal-3 was
present in a soluble form and could be released by tumor cells.

Galectin-3 Specifically Binds to NKp30 on NK Cells—Flow
cytometry analysis showed that Gal-3 protein, compared with
BSA, was significantly bound to the NK cells (Fig. 34), resulting
in a much higher mean fluorescence intensity (MFI, Fig. 3B).
We next examined whether Gal-3 directly interacted with the
NKp30 receptor. Total NK cell lysate was incubated with Gal-3
and coprecipitated with an anti-Gal-3 antibody or an immobi-
lized NKp30 antibody, followed by immunoblot analysis for
NKp30 or Gal-3. The results showed that Gal-3 could specifi-
cally bind NKp30 from NK cells (Fig. 3C).

Galectin-3 Inhibits the NKp30-mediated Cytolysis of NK
Cells—Because it has been reported that Gal-3 might block the
binding of NKG2D to MICA (28), we selected a NK-92 cell
clone that does not express NKG2D to exclude the influence of
Gal-3 interacting with NKG2D (Fig. 4A). As shown in Fig. 4, the
addition of Gal-3 into the NK-92-HeLa coculture system signif-
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FIGURE 3. Binding of Gal-3 to NKp30 on NK cells. A, binding of Gal-3 to
NK-92 cells. An anti-Gal-3 mAb was preincubated with the irrelevant protein
BSA or soluble Gal-3, with or without an isotype-matched control antibody
(gray histogram), and the solution was then incubated with NK-92 cells and
stained with a fluorescence-conjugated polyclonal antibody. B, the binding
ratio of BSA or Gal-3 to the NK-92 cells was determined by statistical analysis
of the mean fluorescence intensity (MF/) from two independent experiments,
as described in A. C, soluble Gal-3 (sGal-3) was precipitated with NKp30 from
NK cells. NK-92 cell extracts were incubated with soluble Gal-3, and the pro-
tein complex was immunoprecipitated (/P) with an anti-Gal-3 mAb or an anti-
NKp30 mAb immobilized on protein A/G-Sepharose beads. Immunoblot
analysis was performed for NKp30 using an anti-NKp30 mAb (left panel) or for
Gal-3 using an anti-Gal-3 mAb (right panel). WB, Western blot.

icantly reduced the expression of CD107a, a marker of NK cell
degranulation, during the initiation of cytolysis, whereas
CD107a expression was restored by preincubating the Gal-3
with the NKp30-Fc fusion protein (Fig. 4, B and C). This result
was further confirmed using a 4-h ' Cr release assay to examine
the direct cytolysis of the tumor cells by the NK cells. The
results showed that the susceptibility of the tumor cells to
NK-92 (NKG2D-NK92 clone) cell cytolysis was impaired by the
addition of Gal-3, whereas this effect of Gal-3 was attenuated by
preincubating the Gal-3 with the NKp30-Fc fusion protein (Fig.
4D). Moreover, the cytotoxicity of primary human NK cells was
also impaired by the addition of Gal-3, and these results were
the opposite of what was observed following incubation with an
anti-Gal-3 antibody (Fig. 4E). Not only HeLa cells but also
MDA-MB-435 cells could induce NK-92 cells to express
CD107a, which was increased significantly in the presence of
anti-Gal-3 antibody (Fig. 4F). Therefore, the results suggested
that the Gal-3 that is released from tumor cells could impair NK
cell-mediated cytotoxicity by directly antagonizing NKp30
function.

Galectin-3 Is an Inhibitory Ligand That Blocks Human NK
Cell Activity against Tumors in Vitro and in Vivo—We con-
structed a Gal-3-specific lentiviral-based shRNA to knock
down the endogenous expression of Gal-3 in HeLa tumor cells,
and the results showed that genetic down-regulation of Gal-3
(shGal-3) resulted in the HeLa cells becoming more sensitive to
NK cell lysis (Fig. 54). In contrast, HeLa cells that overex-
pressed Gal-3 (exGal-3) became less sensitive to NK cell killing
(Fig. 5B). This result was also found using Gal-3-silenced MDA -
MB-435 cells to examine the CD107a expression of NK-92 cells
(Fig. 5C). Therefore, the evidence suggests that Gal-3 expres-
sion of tumor cells directly affects NK cell function.

It has been reported that Gal-3 expression by tumor cells
might intrinsically contribute to tumor progression (9-11).
Here we wanted to elucidate whether Gal-3 negatively regu-
lated NK cell-mediated antitumor immunity in vivo. Therefore,
we used NOD-SCID mice bearing xenografts of Gal-3-silenced
HeLa (shGal-3) or Gal-3-overexpressing HeLa (exGal-3) tumor
cells, and we treated these mice using adoptive immunotherapy
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normalized to 100% at the most E:T (10:1) ratios. The data of the cytotoxicity assay are representative of two independent experiments. F, anti-Gal-3 antibody restored
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FIGURE 5. Effect of Galectin-3 down-regulation and overexpression on NK
cytotoxicity. Hela cells were transfected with an empty vector (EV), Gal-3-spe-
cific lentivirus-based shRNA (shGal-3, A), or Gal-3 expression vector (exGal-3, B),
and then the cell lysate was prepared and analyzed for Gal-3 expression using
immunoblot analysis. GAPDH (A) and B-actin (B) were used as controls. Then
transfected Hela cells were incubated with NK-92 cell clones at effector:target
ratios of between 8:1 and 4:1, and the lysis of the target cells was determined
using a 4-h europium release assay. NK cell cytotoxicity was normalized to 100%
at the most E:T (8:1) ratios. C, MDA-MB-435 cells were transfected with an empty
vector or Gal-3-specific lentivirus-based shRNA, and immunoblot analysis was
performed as described previously. Flow cytometry was performed to measure
CD107a surface expression after coincubation of NK-92 cells with empty vector or
shGal-3 MDA-MB-435 cells. The data are representative of two independent experi-
ments and were analyzed using Student’s t test. **, p < 0.01; ***, p < 0.0001.
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with human NK-92 cells. As shown in Fig. 64, the NOD-SCID
mice were left untreated or were injected subcutaneously with
HeLa cells (exGal-3 or shGal-3), followed by intratumoral
injection of NKG2D-NK-92 cells (Fig. 4A4) during the early
stage (day 5) of tumor growth. Tumor growth was then
observed on days 10 and 20. We found that the tumor volume
was reduced after NK treatment in the WT HeLa-bearing mice
on days 10 and 20 (Fig. 6, B and C), indicating that the HeLa
tumor was sensitive to NK cell therapy. Importantly, the
shGal-3 HeLa tumors became much more sensitive to NK
attack, whereas the exGal-3 HeLa tumors became more resis-
tant to NK attack on days 10 and 20 (Fig. 6, B and C). These
results further suggested that Gal-3 secreted by the tumor
antagonized human NK cell attack against the tumor in vivo.
Previous reports also demonstrated that Gal-3 expression
directly improved tumor growth in xenograft mice without NK
cell therapy (9-11). However, the efficiency of NK cell therapy
was still attenuated by Gal-3 expression from the xenograft
tumor (data not shown). Taken together, these results imply
that Gal-3 may function as an immune regulator to inhibit NK
cell function against the tumor and that inhibition of Gal-3
expression may serve as a therapeutic target for cancer therapy.

DISCUSSION

Using human cervical cancer and breast cancer cell lines and
the xenograft tumor NOD-SCID model, we showed that
tumors can escape from NK cell attack by releasing soluble
Gal-3, which specifically binds to NKp30 and inhibits the
NKp30-mediated cytotoxicity of NK cells. Genetic up- or
down-regulation of Gal-3 in tumor cells led to tumor promo-
tion or inhibition, respectively, in an NK cell-dependent man-
ner both in vitro and in vivo. Our results revealed that Gal-3 is a
soluble ligand of NKp30 and can function as an immune regu-
lator to mediate tumor escape from NK cell immunity.
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respectively) HeLa tumor cells were injected intraperitoneally into NOD-SCID mice, followed by injection with PBS or NK cells into the tumor tissue area 5 days
after tumor inoculation. B and C, tumor volumes were measured on days 10 and 20 (B), and the formation of tumors was observed on day 20 (C) after tumor
inoculation. The data are representative of two independent experiments with five animals in each group, and the maximum and minimum tumor volumes
were excluded from the statistics. The data were analyzed using Student’s t test and power analysis for t test (Pwr). ¥, p < 0.05; **, p < 0.01; ***, p < 0.0001.

Previous studies have shown that Gal-3 may facilitate tumor
metastasis through immune escape. For example, data from
Zubieta et al. (37) demonstrate that Gal-3 expression correlates
with the apoptosis of tumor-associated lymphocytes in human
melanoma biopsies . A recent study also demonstrated that
Gal-3 secreted from tumors directly interferes with the forma-
tion of the immune synapses of antitumor T cells and, thereby,
inhibits tumor-reactive CD8™ T cells, leading to fast tumor
growth in a mouse model of colorectal cancer (11). Until now,
the mechanisms by which Gal-3 induces immune suppression
were grouped into two categories. One category includes the
stimulation of apoptosis by the binding of Gal-3 to antitumor T
cells (11, 37), and the other includes the shielding of ligands on
the surface of tumor cells from the NK cell-activating receptors
(28, 29). NK cells are critically important in destroying tumor
cells, and their antitumor function is performed mainly
through NK cell receptor-tumor ligand interactions, resulting
in the release of cytotoxic granules containing perforin and
granzymes (26, 27). For instance, tumor cells expressing ligand
MICA of the NK-activating receptor NKG2D stimulated tumor
immunity mediated by NK cells (38). Interestingly, a study from
Tsuboi et al. (28) demonstrated that Gal-3 could bind the
NKG2D-binding site of MICA and reduce the affinity of MICA
for NKG2D in bladder tumor cells, thereby evading NK cell
immunity. This finding suggests that the Gal-3 released by
tumor cells may possibly alter the NK cell responses by modu-
lating their recognition of the tumor.

In our study, a new mechanism was observed in which
tumor-associated Gal-3, as a soluble ligand of NKp30, directly
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bound to NKp30 and blocked NKp30-mediated cytotoxicity of
NK cells. Similar to NKG2D, NKp30, which is an important
NK-activating receptor, is also involved in NK lytic activity
against tumor cells by interacting with their physiological
ligands. Several tumor ligands of NKp30 have been found. For
example, the nuclear factor HLA-B-associated transcript 3
(BAT3) is released from tumor cells in membrane vesicles, such
as exosomes (39), and B7-H6 is expressed selectively on some
tumor cells (40). Both of these ligands can engage NKp30 on NK
cells and induce NKp30-dependent cell activation and cytotox-
icity. In contrast to these ligands, soluble Gal-3, which was
released from tumors in our study, could directly inhibit NK
cell activation by binding to NKp30. To exclude the influence of
Gal-3 on MICA/NKG2D, we selected a NKG2D " NK-92 cell
clone, and we found that Gal-3 absolutely inhibited NK cells in
the absence of NKG2D (Fig. 4A4), demonstrating that the
NKp30-mediated cytolysis of NK cells was impaired in the pres-
ence of Gal-3.

Our in vivo results clearly demonstrated the regulatory effect
of Gal-3 on the antitumor NK cells. In our study, the cytotox-
icity of NK cells was almost completely lost when a blocking
anti-NKp30 antibody was added to the NK-HeLa coculture sys-
tem in vitro because of the complete blockade of all NKp30-
ligand interactions (data not shown). These results demon-
strate that NKp30 is critical for the antitumor capability of NK
cells. Moreover, when Gal-3 was depleted or overexpressed in
human tumor cells, the antitumor function of the adoptively
transferred human NKG2D-NK cells was enhanced or reduced,
respectively, further indicating that Gal-3 inhibits NK cell func-
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tion by binding to NKp30 (Fig. 6). We demonstrated that, after
incubation of the NKp30-Fc protein with Gal-3 in vitro, the
NKp30-Fc protein could compete with Gal-3 and attenuate the
Gal-3 effect on NK cells. However, we inferred that the in vivo
data did not support this conclusion because NKp30-Fc could
bind to all of its activating and inhibiting ligands, leading the
NK cells to become unresponsive to both positive and negative
stimulation. In our study, the in vivo results showed that Gal-3
secreted from the tumor cells contributes to tumor escape from
the NK-mediated innate immune defense. Taken together with
the results shown in Fig. 4, it is likely that the effect of the
Gal-3-impaired, NK cell-mediated tumor rejection was
through its interaction with the NKp30 receptor on the NK
cells.

Because it was established that Gal-3 interacts with cross-
linked glycan molecules on the cell surface, such as MICA, to
attenuate the interaction between the tumor cells and the
immune cells, we observed that NKp30, as an essential glyco-
protein, also contains two predicted N-glycosylation sites
(Asn-42 and Asn-121) in its ectodomain. Taken together with a
study from Tsuboi et al. (28), it seems that the tumor-released
Gal-3 may reduce the tumor cell sensitivity of NK cells by bind-
ing glycosylated NKp30, thus interfering with the binding of
NKp30 to its ligands on tumor cells and resulting in the evasion
of the tumor cells from NK cell attack in the human cervical
cancer model. This speculation should be examined further.
Taken together, although the functional details of how Gal-3
inhibits NK cell function by binding to NKp30 remain
unknown, our data, for the first time, reveal that the Gal-3
secreted from the tumor works as a soluble inhibitory ligand to
compromise NK cells, which helps the tumor escape from
immune attack.
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