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noma and breast cancer cell lines and suppresses metastasis. [20—
22] It was suggested that Gal-9 is a negative regulator of
development of autoimmune diseases such as experimental
autoimmune encephalomyelitis (EAE) and collagen-induced
arthritis (CIA) in mice. Indeed, like anti-TIM-3 mAb, [10] Gal-9
can suppress development of EAE by inducing Thl cell apoptosis
via TIM-3. [9] Gal-9 can also attenuate development of CIA by

Introduction

Galectin-9 (Gal-9) was first identified as a chemoattractant and
activating factor for eosinophils. [1-3] It is abundantly expressed
in various tissues, especially the epithelium of the gastrointestinal
tract, and in a variety of cells such as macrophages, eosinophils,
mast cells, fibroblasts and synovial cells. [4-7].

Gal-9 influences various biological functions such as cell
aggregation, adhesion, apoptosis, survival, activation and differ-
entiation by binding to T-cell immunoglobulin and mucin
domain-containing protein 3 (TIM-3). [5,8,9] Like Gal-9, Tim-3
is also expressed on various types of cells, including Th1 cells, [9]
Tcl cells, [10] Th17 cells, [11] NK cells, [12] NKT cells, [13,14]
dendritic cells (DC) [15] and mast cells (MCs). [16,17] It is known
that Gal-9 has anti-tumor activity by promoting activation of NK
cells [18] and cytotoxic T lymphocytes by enhancing DG
maturation. [19] Moreover, Gal-9 induces aggregation of mela-

PLOS ONE | www.plosone.org

inhibiting differentiation of Th17 cells while enhancing differen-
tiation of regulatory T cells. [23] Moreover, expression of each of
Gal-9 and TIM-3 was shown to be increased in the lungs of
rodents during allergic airway inflammation, [24-26] suggesting
roles for Gal-9 and TIM-3 in induction of that disease. Indeed,
Gal-9 administration to mice suppressed ovalbumin- and house
dust mite antigen-induced airway inflammation and hypersensi-
tivity. [27] In the setting, Gal-9 bound to CD44, interfering with
binding of hyaluronan, a known ligand for CD44, and resulting in
inhibition of Th2 cell recruitment through CD44-hyaluronan

January 2014 | Volume 9 | Issue 1 | 86106

_67__



interaction. [27] On the other hand, the role of TIM-3 in
development of ovalbumin-induced airway inflammation and
hypersensitivity is controversial. That s, the response was
attenuated in mice treated with anti-TIM-3 mAb, [24] but normal
in TIM-3-deficient mice. [28] Although the reason for that
apparent discrepancy is unclear, the report using anti-TIM-3
mAbs did not fully characterize them, i.c., whether they were
agonistic, blocking or depletion Abs. These ohservations suggest
that the biological function of Gal-9 may be mediated indepen-
dently of TIM-3 in certain settings. In support of this, binding of
Gal-9 to IgE blocks IgE/Ag complex formation and thus inhibits
IgE/Ag-FceRI crosslinking-induced degranulation of mast cell/
basophilic cell lines. [29] In contrast, we showed that ant-TIM-3
agonistic antibody promoted cytokine secretion, but did not
influence degranulation, by mouse bone marrow cell-derived
cultured mast cells (BMCMCs) after IgE/Ag-FeeRI crosslinking.
{16} On the other hand, the role of Gal-9 in mast cell function in
the absence of Igk remains unclear. Therefore, in the present
study we examined the role of Gal-9 in the functions of a human
mast cell line, HMC-1, which does not express FeeRI, in the
absence of IgE/Ag stimulation. We found that human Gal-9
enhanced cytokine secretion, but suppressed survival and degran-
ulation, of HMC-1, These observations suggest that Gal-9 has
dual propertics as a regulator and activator of mast cells.

Materials and Methods

Cell Culture

HMC-1 cells (a human mast cell line) [30] were cultured in a-
minimum essential medium (Gibco BRL, Grand Island, NY, USA)
supplemented with 10% FBS, 100 U/ml penicillin and 100 pg/ml
streptomycin under a humidified atmosphere of 5% GOy at 37°C.
Half of the medium was replaced twice per week. Normal human
bronchial epithelial cells (NHBESs), normal human coronary artery
endothelial cells (HGAECs) and normal human lung fibroblasts
(NHLF) were obtained from Lonza (Wakersville, MD, USA) and
were cultured as described elsewhere. [31].

Quantitative PCR

Total RNA samples were isolated from HMC-1 cells, NHBEs
and HCAECs using RNeasy (Qiagen, Valencia, CA, USA) and
digested with RNase-free DNase I (Qiagen) in accordance with the
manufacturer’s instructions. Human universal reference (HUR)
RNA (BD Biosciences, Palo Alto, CA, USA) was used as a positive
control. Then first-strand cDNA was synthesized from the isolated
RNA using an iScript ¢<DNA Synthesis Kit (Bio-Rad, Hercules,
CA, USA). Primers for TIMs and GAPDH were designed as
follows: TIM-1 (sense, 5'-TGT TCC TCC AAT GCC TTT GC-
3'; antisense, 5'-TTG CTC CCT GCA GTG TCG TA-3"), TIM-
3 (sense, 5'-CAA TGC CAT AGA TCC AAC CAC C-3;
antisense, 5'-GCA GTG GAC AGA ACC TCC AAA A-3),
TIM-4 (sense, 5'-TCC TGC TGA CAT CCA AAG CA-3';
antisense, 5-TGG GAG ATG GGC ATT TCA TT-3') and
GAPDH (sense, 5'-GAA GGT GAA GGT CGG AGT C-3;
antisense, 5-GAA GAT GGT GAT GGG ATT TC-3"). To
determine the exact copy numbers of the target genes, quantified
concentrations of the purified PCR products of TIM-1, TIM-3,
TIM-4 and GAPDH were serially diluted and used as standards in
each experiment. Aliquots of cDNA equivalent to 5 ng of the total
RNA samples were used for each quantitative PCR. The mRNA
expression levels were normalized to the GAPDH level in each
sample.
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Role of Galactic-9 in Human Mast Cell Line

Flow Cytometry

Cells (HMC-1 cells and PBMCs) were incubated with human
AB serum (Lonza) at 4°C for 5 min, and then stained with PE-
conjugated anti-human TIM-1 mAb (Clone Name [DI12,
BioLegend, San Diego, CA, USA), PE-conjugated anti-human
TIM-3 mADb (Clone Name F38-2E2, BioLegend), PE-conjugated
anti-human TIM-4 mAb (Clone Name 9F4, BioLegend) and PE-
conjugated mouse IgG1 (Clone Name MOPC-21, BioLegend) at
4°C for 30 min. The expression of TIMs on the cells was
determined with a FACS Canto II using Diva Software (BD
Biosciences, San Jose, CA, USA).

Western Blotting

HMC-1 cells (5x10° cells/well in a 24-well plate) were treated
with 1 pM recombinant human galectin-9 (rhGal-9) (GalPhama
Co., Ltd., Kagawa, Japan) at 37°C for the indicated time periods.
Then the cells were lysed and sonicated in 200 pl of NuPAGE
sample bufler (Invitrogen, Carlsbad, CA, USA) containing 5% 2-
mercaptoethanol. Proteins in the whole-cell lysates were separated
by SDS-PAGE (5-15% Ready Gels J; Bio-Rad) gel electrophoresis
and transferred to nitrocellulose membranes (iBlot Gel Transfer
Stacks, mini; Invitrogen). Immunoblotting was performed using
rabbit anti-phospho-p44/42 MAPK (Erkl/2) mAb (clone
D13.14.4E; Cell Signaling Technology, Danvers, MA) and rabbit
anti-p44/42 MAPK (Erkl/2) mAb (clone 137F5; Cell Signaling
Technology) as the 1% Abs and horseradish peroxidase-conjugated
anti-rabbit IgG (Cell Signaling Technology) as the 2" Ab. The
protein bands were visualized by enhanced Pierce Western
Blotting Substrate (Thermo Scientific, Rockford, 1L, USA).

Cell Survival

HMC-1 cells were pretreated with or without 5 pg/ml
mitomycin-G  (Sigma-Aldrich Chemical Co., St. Louis, MO,
USA) for 2 hours. After washing, the cells (4x10° cells/ml) were
cultured in the presence and absence of 0.25, 0.5 and 1 uM rhGal-
9 at 37°C for 0, 24 or 48 h. Live cells were counted under a
microscope after trypan blue staining. The cells were incubated
with FITC-conjugated annexin V and propidium iodide (MEB-
CYTO-Apoptosis Kit; MBL Co., Ltd., Nagoya, Japan), and the
percentage of propidium iodide-negative and annexin V-positive
apoptotic cells was determined using a FACSCanto II with Diva
Software.

" Caspase Activity

HMG-1 cells (1 x10° cells/ml) were cultured in the presence
and absence of 0.5 pM rhGal-9 or 0.1 pM staurosporine (Cayman
Chemical Company, Ann Arbor, MI, USA) at 37°C for 16 hours.
Then the caspase-3/7 activities in the cells were determined by
Caspase-Glo 3/7 assay (Promega, Madison, WI, USA) in
accordance with the manufacturer’s instructions. The lumines-
cence (Relative Light Unit [RLU]) of each sample was measured
with a fluorescence plate reader (ARVO X35, PerkinElmer,
Waltham, MA, USA) at 490/535 nm.

B-hexosaminidase Release Assay

HMC-1 cells (1x10° cells/well in a 96-well plate; not treated
with mitomycin C) were pre-treated with rhGal-9 (0, 0.25, 0.5 and
1 uM) at 37°C for 30 min, and then stimulated with 0.1 pg/ml
PMA (Sigma Chemical Co.) and 1 pug/ml ionomycin (Sigma
Chemical Co.) at 37°C for 30 min. The culture supernatants were
collected, and the activity of P-hexosaminidase in each was
determined as described previously, with minor modification. [32]
In brief, 50-pl samples were incubated with 100 pl of 1.3 mg/ml
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