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cell: hypersensitivity. Background and aims: Mechanisms in sustaining the allergic hypersensitivity

status in the body are unclear. Galectin-9 (Gal-9) has strong immune regulatory
capacity. The present study aims to elucidate the role of Gal-9 in sustaining aller-
gic status in the intestine.

Methods: Duodenal biopsies were obtained from 20 patients with peptic ulcer and
food allergy (FA). The expression of Gal-9 in intestinal tissue was examined at
both protein level and mRNA level. Two coculture systems with intestinal epithe-
lial cells (IEC) and mast cells, or dendritic cells (DC) and T cells were established
to investigate the source of Gal-9 in the intestine and the mechanism by which
Gal-9 modulated DC’s phenotyping and sustained the T helper 2 polarization.
Results: Normal IEC showed mild expression of Gal-9 that was markedly
enhanced in patients with FA. Mast cells had the capability to induce IEC to pro-
duce Gal-9 via releasing tryptase that activated the proteinase-activated receptor
2 on IEC. Gal-9 activated DC to produce TIM4 (T-cell immunoglobulin mucin
domain) via ligating TIM3 on DC via activating the cyclic guanosine monophos-
phate (¢cGMP) pathway. In a mouse FA model, blocking Gal-9 inhibited the
allergic hypersensitivity status and the antigen-specific Th2 response in the
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Skewed T helper type 2 (Th2) polarization plays a critical
role in the pathogenesis of a broad array of allergic disorders
such as food allergy (FA), allergic asthma, and allergic der-
matitis. Once established, the allergic status in most adult
cases usually sustains in a long term or for the rest of the life.
The mechanism that sustains allergic hypersensitivity status is
poorly understood.

The galectin family is defined by conserved peptide
sequence elements in the carbohydrate recognition domain
(1). Fifteen members have been identified in mammals (2).
Galectin-9 (Gal-9) is a member of the large family of lectins
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that has affinity for beta-galactosides (2, 3). Galectins exhibit
various biological functions, such as cell aggregation and
adhesion, proliferation, cell death, modulation of inflamma-
tion, and metastasis. Gal-9 exhibits regulatory functions for
activated eosinophils (4). Gal-9 also regulates immune cells’
function via ligating TIM3 (T-cell immunoglobulin and
mucin domain molecule-3) (5, 6). Therefore, it seems that
Gal-9 has the capability to regulate immune response espe-
cially on allergic status. Recent studies support this hypothe-
sis by showing that Gal-9 acts as an eosinophil recruiter in
airway allergic inflammation (7) and plays a role in allergic
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conjunctivitis (8). On the other hand, Gal-9 has the capacity
to suppress Thl and Thl7 pattern inflammation (9). How-
ever, the role of Gal-9 in the pathogenesis of FA remains to
be investigated.

TIM is a recently described molecular group that includes
four subtypes: TIMI, TIM2, TIM3 and TIM4. TIM1 and
TIM4 play a critical role in the pathogenesis of skewed Th2
responses (10, 11). TIM1 is mainly expressed by activated
Th2 cells. TIM4 is expressed by activated dendritic cells (DC)
(12, 13). Interaction between TIM1 and TIM4 triggers ThO
cells to differentiate to Th2 cells (10, 11). Inhibition of TIMI
abolishes allergic responses (14). TIM3 is expressed on DC
and Thl cells; activation of TIM3 suppresses Thl response
(15, 16). Thus, it is of significance to elucidate whether the
overexpression of Gal-9 inappropriately suppresses Thl
response via ligation of TIM3, which consequently results in
skewed Th2 polarization in the body.

The prevalence of FA is as high as 2-8% in the world
(17). The pathogenic feature of FA is skewed Th2 pattern
inflammation in the intestine. As Gal-9 suppresses Thl
response and modulates DC function (5, 6, 17), we hypothe-
size that Gal-9 is involved in the pathogenesis of FA. There-
fore, in the present study, we investigated the role of Gal-9 in
sustaining the allergic hypersensitivity in FA. Indeed, the
data show that Gal-9 plays an important role in sustaining
the allergic status in the intestine.

Materials and methods
Patients

Thirty patients (men: 15, aged 18-58; women: 15, aged 18-61)
with peptic ulcer with or without FA were recruited to this
study at the Department of Gastroenterology, Zhengzhou Uni-
versity. The diagnosis of FA is described in Supporting Infor-
mation. The patients did not use any antiallergy drugs at least
1 month before the study. Ten healthy control subjects were
also recruited in which allergic disorders could be ruled out.
The demographic data of patient are presented in Table S1.

Duodenal biopsy

Duodenal biopsies were taken from 30 patients with peptic
ulcers with or without FA under endoscopy for the purpose
of ruling out malignant disorders. Two pieces of biopsies
were taken from the edge of ulcers of each patient. The pro-
cedures using human tissue in the study was approved by
the Research Ethic Committee at Zhengzhou University.
Informed written consent was obtained from each subject.

Mice

Balb/c mice, 6-8 weeks old, were purchased from Charles
River Canada (St Constant, QC, Canada). Mice were main-
tained in a pathogen-free environment. The procedures of
animal experiments in this study were approved by the
Animal Care Committee at McMaster University.
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Flow cytometry

Cells were collected and incubated with fluorescence-labeled
primary antibodies on ice for 30 min. (For the intracellular
staining, cells were fixed with 1% paraformaldehyde on ice
for 30 min and incubated with permeabilization reagents for
30 min on ice) The stained cells were analyzed using a flow
cytometer (BD FACSCando; BD Bioscience, San Jose, CA,
USA).

Intestinal epithelial cells and HMC1 cell culture

Intestinal epithelial cells (IEC) were seeded in inserts of tran-
swell system and cultured with Dulbecco’s modified eagle
medium (DMEM) (HMCI cells, a gift from Dr. Butterfield
at Mayo Clinic, were cultured with RPMI1640 medium) at
37°C with 5% CO,. After coculture with HMCI cells (the
coculture medium was DMEM), IEC were removed from the
support filter with 0.5% trypsin-EDTA, smeared onto slides,
and used for immunocytochemistry. For the purposed of
activating HMCI1 cells, compound 48/80 (C48/80 in short;
S pg/ml; a nonspecific mast cell activator) was added to basal
chambers; cells were collected at 48 h later for further
experiments.

Statistics

All values were expressed as the means = SD of at least three
independent experiments. The values were analyzed using the
two-tailed unpaired Student’s r-test when data consisted of
two groups or by ANova when three or more groups were
compared. P < 0.05 was accepted as statistically significant.

Other experimental procedures were listed in Supporting
Information.

Results
Expression of Gal-9 is increased in the gut of patients with FA

Previous studies indicate that human intestinal cell line Caco-2
cells and human intestinal M cells express Gal-9 (18). Whether
Gal-9 is involved in the pathogenesis of intestinal immune
disorders is unclear. Thus, we collected a batch of duodenal
biopsies from patients with peptic ulcers with or without FA.
The results showed that Gal-9-positive immune products were
observed in all 20 intestinal biopsies from patients with FA
and 10 non-FA intestinal samples (Fig. 1A—C); most epithelial
cells were positively stained in FA group, much less frequency
of positively stained cell was observed in non-FA group. The
semiquantitative results of immune staining indicated that the
Gal-9 staining score was 3.75 + 0.23 in FA group, whereas
for non-FA group, the score was 1.0 + 0.1 (P < 0.01). Some
positively stained cells were also observed in the lamina
propria. The results of Gal-9 expression in the duodenum
were confirmed by RT-PCR (Fig. 1D) and Western blotting
(Fig. 1E). The serum Gal-9 levels (Fig. 1F) were significantly
higher in FA group than in healthy group.
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Figure 1 Expression of Gal-9 in IEC is increased in food allergy
(FA). Duodenal biopsies were obtained from 30 patients with peptic
ulcers including 20 FA patients and 10 non-FA patients. The
samples were processed for immunohistochemistry, RT-PCR, and
Western blotting to detect the expression of Gal-9. (A-C) Represen-
tative confocal images show Gal-9-positive immune products
(in green) in duodenal samples of non-FA patient (A) and FA patient

Mastocytosis is observed in the duodenum of FA patients

Mast cells were observed in the duodenal samples of both
FA group and non-FA group by immunohistochemistry
(Fig. 2A—C). The frequency of mast cells in the duodenum
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Figure 2 Mastocytosis is observed in FA duodenal mucosa. Cryo-
sections of the duodenal biopsies were stained with antitryptase
antibody for counting mast cells. (A-C) Representative confocal
images show tryptase® cells (mast cells; in green) in duodenal
mucosa. C is a negative control (stained with isotype IgG). (D) The
tryptase® cells were counted on sections. The scatter dot plots
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(B). C is a negative control (isotype IgG staining). (D-E) Representa-
tive RT-PCR results (D) and immune blots (E) Show the expression
of Gal-9 in biopsies. The B-actin gels are used as an internal control.
(F) The sera were collected from each subject and processed to
determine the levels of Gal-9 (by ELISA). Scatter dot plots show
the levels of Gal-9. Each dot represents a single data point from
one patient.

was significantly higher in FA group than in non-FA group
(Fig. 2D). The serum levels of tryptase were also higher in
FA group than in non-FA group (Fig. 2E). Correlation
assays were performed with the data that showed positive
correlation between (i) serum tryptase and Gal-9 (r = 0.606;

Isotype IgG 50 pm

E15 P < 0.01

2

= ]

=10 .

3 L]

[

& 5 =

: : =

3 ——

@ L]

b Mon-FA FA
Groups

show frequency of tryptase™ cells in duodenal biopsies. Each dot
represents an averaged number of tryptase® cells from 20 fields
per sample. (E) Serum levels of tryptase were also assessed by
enzymatic approach. The scatter dot plots show the levels of
serum tryptase. Each dot represents a single data point from each
patient.
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P < 0.01) and (ii)) serum tryptase and mast cell number in
the biopsies (r = 0.556; P < 0.01), but not between serum
IgE and mast cell number (+ = 0.227; P > 0.05).

Exposure to mast cells increases the expression of Gal-9 in
human intestinal epithelial cells

Weak staining of Gal-9 could be seen in naive IEC as shown
by immunohistochemistry. The expression of Gal-9 was
markedly increased in IEC after coculture with C48/80-
activated HMCI1 cells, which was abolished by pretreatment
with mast cell stabilizer ketotifen (Fig. 3A). Similarly, we also
observed Gal-9 expression in murine intestinal epithelial cell
line IEC4.1 cells (Fig. S1). IEC exposed to C48/80 alone
(without HMCT1 cells) did not enhance the Gal-9 expression
(Fig. 3A5). We also detected the enhancement of Gal-9 levels

IEC alone
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in IEC culture supernatant after coculture with activated
HMCI cells (Fig. S2).

Tryptase plays a critical role in mast cell-induced Gal-9
expression in IEC

As tryptase plays an important role in the pathogenesis of
allergic disorders (19), we further observed the role of tryp-
tase in the production of Gal-9 in IEC. The results showed
that exposure to tryptase markedly increased the expression
of Gal-9 in IEC in a dose-dependent manner, which was
abolished by knocking down the gene of protease-activated
receptor (PAR)2 in IEC (tryptase activates IEC via cleaving
PAR2 on IEC) (20) (Fig. 3B,C). Using human PAR2 agonist
(peptide SLIGKYV) (20) but not the control peptide (VKG-
ILS), we also got similar results (Fig. 3A6-7).

IECAHMCA

Isotype IgG  C48/80/EC Active peptide Control peptide
B C Integrated density (actin®)
55-"5“:' P < 0.0001 207 | 352 | 416 | 505 | 222 | Mean
% P = 0.0008 33 51 6.2 1.5 3.4 sD
21004 : 1
z . + —— e cabn
£ 5 =01 (36 kD)
3 . . amn e w B-actin
P < + .

LIS . 0 i 10 20 20
Tryptase (ngiml)

Figure 3 Mast cell increases Gal-9 expression in IEC. (A) IEC (T84
cells) were co-cultured with mast cells (HMC1 cell line) for 48 h in
transwell system in the presence of C48/80 and processed to eval-
uate the expression of Gal-9 by immunocytochemistry, real-time
RT-PCR, and Western blotting. (A) Representative confocal images
show Gal-9 staining (in green) in IEC. The nuclei were stained with
propidium iodide (in red). IEC alone: No HMC1 cells were added to
IEC culture. IEC/HMC1: IEC were cocultured with HMC1 cells in
the presence of C48/80. IEC#/HMC1: HMC1 cells were pretreated
with mast cell stabilizer ketotifen (0.5 mg/ml) and then cocultured
with IEC in the presence of C48/80. Isotype IgG: IEC cells were
stained with matched isotype IgG used as a negative control.

Tryptase (ng/ml)

C48/80/IEC: C48/80 was added to IEC culture, and no HMC1 cells
were added. Active peptide: IEC were stimulated by active PAR2
peptide (SLIGKV) in culture at a dose of 20 pg/ml for 24 h. Control
peptide: IEC were stimulated by control PAR2 peptide (VKGILS) in
culture at a dose of 20 pg/ml for 24 h. (B) Scatter dot plots show
Gal-9 mRNA levels in RNA extracts from tryptase-stimulated IEC.
The data were normalized to folds of B-actin (the internal control).
Each dot represents a single data point. Data are from three sepa-
rate experiments. *IEC were knocked down the gene of PAR2
(also see Fig. S3A). (C) A representative Western blotting gel
shows Gal-9 immune blots (from three separate experiments) in
|IEC extracts. *IEC were knocked down the gene of PAR2.
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Gal-9 regulates DC’s functional status

We next generated bone marrow-derived dendritic cells
(BmDC) to immature status and exposed to exogenous
Gal-9 in culture. As shown by flow cytometry, marked
increases in CD80 and CD86 but not in IL-12 were
observed in BmDC. The effect of Gal-9 on BmDC could be
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blocked by knockdown of TIM3 gene with RNA interfer-
ence (RNAIi) in BmDC (Fig. 4).

Interaction of Gal-9 with TIM3 induces DC to produce TIM4

It is reported that the interaction of Gal-9 with TIM3
induces DC activation (5, 6); it may drive DCs to produce
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Figure 4 Gal-9 modulates bone marrow-derived dendritic cells
(BmDC's) cytokine profile. Immature BmDCs were exposed to
Gal-9 at indicated doses for 24 h. (A) The histograms show
frequency of CD80*, CD86*, IL-12*, and TIM4" BmDCs. Data
represent three separate experiments. Blank: Cells that did not
stain were used as negative staining control. Gal-9: Gal-9 was
added to the culture at graded doses. LPS: LPS was added to the
culture at a dose of 100 ng/ml using as positive control. TIM3
siRNA: TIM3-deficient BmDCs were prepared by knocking down
the TIM3 gene from BmDCs by RNAIi. The TIM3-deficient BmDCs
were stimulated by adding Gal-9 at a dose of 1 pug/ml for 24 h (also
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see Fig. S3B). Control siRNA: BmDCs were treated with control
siRNA and then stimulated by Gal-9 at a dose of 1 pg/ml for 24 h.
(B) BmDC were stimulated by Gal-9 for 24 h. Levels of cGMP in
BmDC cellular extracts were evaluated by ELISA. Scatter dot plots
indicate levels of cGMP in BmDC. Each dot represents a single
data point. *BmDCs were pretreated with phosphodiesterase V
(a cGMP inhibitor) at a dose of 1 pg/ml. (C) BmDC were stimulated
by ¢cGMP analog dibutyryl-cGMP (DBcGMP) for 24 h. Cellular pro-
tein extracts were analyzed for TIM4 contents by ELISA. Scatter
dot plots indicate TIM4 contents in DC as presented by OD value.
Each dot represents a single data point.
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TIM4 as well. To test the hypothesis, we measured TIM4
expression in DC after exposure to Gal-9. As shown by flow
cytometry, only weak expression of TIM4 was observed on
semi-mature BmDC (Fig. 4A). After exposure to Gal-9 for
24 h, the expression of TIM4 was markedly enhanced that
could be abolished by knocking down the gene of TIM3 in
BmDC (Fig. 4A). The data indicate that Gal-9 is capable of
activating DC to produce TIM4 via ligation with TIM3.

Cyclic GMP is involved in Gal-9-induced TIM4 production
by DC

To elucidate whether cGMP is involved in TIM4 production,
in the first attempt, immature BmDCs were exposed to Gal-9
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in BmDC extracts by ELISA; the levels of cGMP in BmDCs
were increased 2.5- to threefolds in a Gal-9 dose-dependent
manner (Fig. 4B). We next added cGMP analog dibutyryl-
¢GMP (DBcGMP) to immature BmDC culture that resulted
in the increase in TIM4 in DC in a DBcGMP dose-depen-
dent manner (Fig. 4C). Finally, we pretreated BmDC with
phosphodiesterase V (a ¢cGMP inhibitor) that made Gal-9
have no effect on TIM4 production by BmDC (Fig. 4B).

Gal-9 contributes to sustaining the allergic status in the
intestine of mice with FA

A mouse FA model was developed with the procedures in
Fig. SA. The results showed that the ‘allergic hypersensitivity

at graded doses for 24 h. We measured the levels of cGMP status’ was established in the intestine (Figs SB-E and
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Figure 5 Gal-9 plays a critical role in maintaining the hypersensitiv-
ity status in food allergy. (A) A diagram of FA mouse model devel-
opment. Balb/c mice (or mast cell-deficient mice or PAR2-deficient
mice) were employed with 12 mice per group. The letter ‘D’ stands
for ‘day’. Six mice were killed on day 29; six mice were killed on
day 71. (B) Bars indicate serum levels of OVA-specific IgE. The sera
were collected during killing. OVA-specific IgE in the sera was mea-
sured by ELISA. (C) Bars indicate the levels of IL-4 in intestinal pro-
tein extracts that was determined by ELISA. D-E, Bars show mast
cell (D) and eosinophil (E) Counts in jejunal tissue. Immune-positive
cells were counted in 20 high power (x200) fields per mouse, six

Con OVA OVA OVA OVA OVA
aGal9 iso MC- Par2-

mice a group. Con, control mice; naive mice were fed with saline.
OVA, mice were treated with OVA and alum as depicted in A.
OVA/aGal9: mice were treated with OVA and alum as well as with
anti-Gal-9 antibody 30 min prior to each exposure to antigen OVA
on day 28, 42, 56, and 70. OVA/iso: mice were treated with OVA
and alum as well as with isotype IgG (matched to the anti-Gal-9
antibody) 30 min prior to each exposure to antigen OVA on day 28,
42, 56, and 70. OVA/MC™: mast cell-deficient mice were treated as
depicted in A. OVA/Par2™: PAR2-deficient mice were treated as
depicted in A.
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Figure 6 Gal-9 plays a critical role in sustaining antigen-specific
Th2 responses. Mice and experimental procedures are the same as
Fig. BA. After killing, LPMCs were isolated for further experiments.
(A) A part of the isolated LPMC was cultured for 3 days in the pres-
ence of specific antigen (OVA, 10 ug/ml). Cells were collected at
the end of culture, stained with fluorescence-labeled anti-CD4 and
anti-IL-4 antibodies and analyzed by flow cytometry. The dot plots

Fig. 6), Fig. S4 manifesting a significantly increased (i) OVA-
specific IgE and IL-4; (ii) infiltration of mast cells and eosin-
ophils; (iii) diarrhea upon specific antigen challenge; (iv)
frequency of intestinal CD4" IL-4" T cell; and (v) antigen-
specific CD4" T-cell proliferation. The allergic hypersensitiv-
ity status could be abolished by treatment with anti-Gal-9
antibody (Figs SB-E and 6), Fig. S4. In addition, mast
cell-deficient mice and PAR2-deficient mice were treated with
the procedures in Fig. SA. The results showed that these two
strains had impaired capacity to be induced with allergic
hypersensitivity status in the intestine.

Discussion

In this study, we have shown that IEC express Gal-9 that is
significantly increased in patients with FA. Mast cell-derived
tryptase has the ability to induce the expression of Gal-9 in
intestinal epithelial cell line. Exogenous Gal-9 can bind TIM3
to activate DC to strengthen the expression of TIM4. Block-
ing Gal-9 suppresses the established food antigen-related
hypersensitivity in the intestine.

Gal-9 has been identified in a number of cells, including
endothelial cells (21), intestinal epithelial cell line Caco-2 cells
(18), M cells (19), T cells (22), mast cells (23), and fibroblasts
(24); the fact suggests that Gal-9 plays essential roles in basic
cell function of these cells. Our data further demonstrate that
human IEC also produce Gal-9. The novel aspect of this
finding is that the expression of Gal-9 is very low in normal
intestinal epithelia while it is markedly enhanced in patients
with FA; the fact implies that Gal-9 may be involved in the
pathogenesis of FA.

Mast cell is one of the major effector cells in allergic disor-
ders; they distribute immediately under the epithelial layer to

© 2011 John Wiley & Sons A/S
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show frequency of CD4" IL-4" T cells (Th2 cells; the gated cells).
Data represent three separate experiments. (B) A part of the
isolated LPMC was stained with CFSE and cultured for 3 days in
the presence of specific antigen (OVA, 10 pg/ml). Cells were col-
lected at the end of culture and analyzed by flow cytometry. The
histograms show the results of CFSE dilution. The gated portion is
proliferated T cells.

defend pathogen invasion and release chemical mediators
upon activation to induce inflammatory reaction. The loca-
tion of mast cells makes it efficiently to influence the func-
tional status of IEC via releasing mediators. Tryptase is one
of the major mediators from mast cell that plays a critical role
in mast cell-related allergic inflammation (25). Mastocytosis in
the intestine is one of the pathologic features of FA that may
be one of the sources of tryptase to stimulate IEC to produce
Gal-9 in the intestine, probably via activating the PAR2 in
IEC, which was supported by the present data; the production
of Gal-9 by IEC was abolished by knocking down the gene of
PAR?2 in IEC. The finding is also supported by our previous
work in which we show that mast cell-derived tryptase acti-
vates IEC via cleaving PAR2 (20). Others have shown evi-
dence that mast cell-derived tryptase activates PAR2 to
increase intestinal epithelial barrier permeability (26). On the
other hand, mast cells also produce Gal-9 (27) that acts as an
autocrine regulator of mast cell function to suppress excessive
degranulation, which can be another source of Gal-9 in the
intestine. The data indicate that apart from being an effector
cell in allergic diseases, mast cell also promotes the production
of Gal-9 in the intestine to modulate immune response.
Dendritic cells activation is the initiation point of immunity
via initiating a series of subsequent immune responses. Pub-
lished data indicate that Gal-9 can activate DCs and promote
DC maturation (5, 6). In line with these pioneer studies, the
present experiments also resulted in that Gal-9 activated DCs
by showing the enhancement of CD80 and CD86 expression.
It is noteworthy that Gal-9-activated DCs do not increase the
production of IL-12. The fact implies that Gal-9-activated
DCs may have the capability to induce Th2 pattern immune
response. TIM4 is a critical molecule in the initiation of Th2
polarization (10, 13) that is produced by activated DCs (12).
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Our previous study indicated that TIM4 was markedly
increased in DCs in the intestine of mice with FA (13). The
present data have expanded our previous experience on TIM4
study that Gal-9 can activate DCs to produce TIM4 via liga-
tion with TIM3; the second messenger cGMP plays a critical
role in Gal-9-induced TIM4 production by DCs.

To understand the mechanism by which FA sustains in the
body may help to identify new effective remedies for the
treatment of FA. The skewed Th2 polarization is proposed
as one of the major pathologic changes in the intestine of
individual with FA. However, our knowledge on sustaining
the allergic hypersensitivity status in the intestine is still lim-
ited. Previous studies indicate that TIM4 plays a critical role
in the initiation of Th2 polarization by ligating its receptor,
TIMI, on CD4" T cells (10, 13). TIM1 expression on CD4"
T cells has the tendency to decay in the absence of TIM4
(16). Thus, the endogenous steady supply of TIM4 is neces-
sary to maintain the Th2 polarization and allergic hypersensi-
tivity status. The present study has filled up this knowledge
gap by providing evidence that mast cell-derived tryptase
induces IEC to produce Gal-9, the latter activates DCs to
produce TIM4 that can be a steady supplier of TIM4 in the
body to ligate TIM1 on Th2 cells and thus sustains the aller-
gic hypersensitivity status in the intestine of individuals with
FA. Indeed, blocking of Gal-9 abolished the allergic hyper-
sensitivity status in the intestine as we observed in the present
study, which suggests that Gal-9 contributes to the sustaining
of allergic hypersensitivity status in the intestine.

Author contribution

X.C, CHS., ZQ.L., BS.F, P.Y.Z, P.L, SH.I and S.G.T.
were involved in performing experiments and revising the
manuscript. P.C.Y. was the principle investigator, supervised

References

Chen et al.

the project, and contributed to project design, data analysis,
and paper writing.

Acknowledgment

This study was supported by grants of the Canadian Insti-
tutes of Health Research (CIHR; #191063), Natural Sciences
and Engineering Research Council of Canada (#371268),
and a grant from the Natural Science Foundation of
China. Dr. P. Yang holds a New Investigator Award (CIHR,
#177843).

Conflict of interest

The authors do not have any financial conflict of interest to
declare.

Supporting Information

Additional Supporting Information may be found in the online
version of this article found at: www.wileyonlinelibrary.com.

Figure S1. Mouse small intestinal cells (IEC4.1 cell line)
express Gal-9.

Figure S2. Gal-9 levels in IEC culture supernatant.

Figure S3. Gene knocking down for PAR2 in IEC and TIM3
in BmDC by RNA..

Figure S4. Gal-9 regulates the expression of TIM1 and TIM4.
Table S1. Demographic data of FA patients (pt).

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing mate-
rial) should be directed to the corresponding author for the
article.

1.

Barondes SH, Castronovo V, Cooper DNW,
Cummings RD, Drickamer K, Felzi T et al.
Galectins: a family of animal [beta]-
galactoside-binding lectins. Cell 1994;76:
597-598.

. Sato S, St-Pierre C, Bhaumik P, Nieminen J.

Galectins in innate immunity: dual functions
of host soluble beta-galactoside-binding lec-
tins as damage-associated molecular patterns
(DAMPs) and as receptors for pathogen-
associated molecular patterns (PAMPs).
Immunol Rev 2009;230:172-187.

. Tureci O, Schmitt H, Fadle N, Pfreundschuh

M, Sahin U. Molecular definition of a novel
human galectin which is immunogenic in
patients with Hodgkin’s disease. J Biol Chem
1997;272:6416-6422.

. Igawa K, Satoh T, Hirashima M, Yokozeki

H. Regulatory mechanisms of galectin-9 and
eotaxin-3 synthesis in epidermal keratino-
cytes: possible involvement of galectin-9 in
dermal eosinophilia of Thl-polarized skin
inflammation. A/lergy 2006;61:1385-1391.

. Anderson AC, Anderson DE, Bregoli L,

Hastings WD, Kassam N, Lei C et al.
Promotion of tissue inflammation by the
immune receptor Tim-3 expressed on innate
immune cells. Science 2007;318:1141-1143.

. Nagahara K, Arikawa T, Oomizu S,

Kontani K, Nobumoto A, Tateno H et al.

Galectin-9 increases Tim-3+ dendritic cells
and CD8+ T cells and enhances antitumor
immunity via galectin-9-Tim-3 interactions.
J Immunol 2008;181:7660-7669.

. Katoh S, Ishii N, Nobumoto A, Takeshita

K, Dai SY, Shinonaga R et al. Galectin-9
inhibits CD44-hyaluronan interaction and
suppresses a murine model of allergic
asthma. Am J Respir Crit Care Med
2007;176:27-35.

. Fukushima A, Sumi T, Fukuda K, Kumagai

N, Nishida T, Okumura K et al. Roles of
galectin-9 in the development of experimen-
tal allergic conjunctivitis in mice. Int Arch
Allergy Immunol 2008;146:36-43.

. Niwa H, Satoh T, Matsushima Y, Hosoya

K, Saeki K, Niki T et al. Stable form of
galectin-9, a Tim-3 ligand, inhibits contact
hypersensitivity and psoriatic reactions:

a potent therapeutic tool for Thl- and/or
Thl17-mediated skin inflammation.

Clin Immunol 2009;132:184-194.

. Meyers JH, Chakravarti S, Schlesinger D,

Illes Z, Waldner H, Umetsu SE et al.
TIM-4 is the ligand for TIM-1, and the
TIM-1-TIM-4 interaction regulates T cell
proliferation. Nat Immunol 2005;6:455—
464.

. Umetsu SE, Lee WL, Mclntire JJ, Downey

L, Sanjanwala B, Akbari O et al. TIM-1
induces T cell activation and inhibits the
development of peripheral tolerance. Nat
Immunol 2005;6:447-454.

. Rodriguez-Manzanet R, Meyers JH,

Balasubramanian S, Slavik J, Kassam N,
Dardalhon V et al. TIM-4 expressed on
APCs induces T cell expansion and survival.
J Immunol 2008;180:4706-4713.

© 2011 John Wiley & Sons A/S



Chen et al.

. Yang PC, Xing Z, Berin CM, Soderholm

JD, Feng BS, Wu L et al. TIM-4 expressed
by mucosal dendritic cells plays a critical
role in food antigen-specific Th2 differentia-
tion and intestinal allergy. Gastroenterology
2007;133:1522-1533.

. Sonar SS, Hsu YM, Conrad ML, Majeau

GR, Kilic A, Garber E et al. Antagonism of
TIM-1 blocks the development of disease in
a humanized mouse model of allergic
asthma. J Clin Invest 2010;120:2767-2781.

. Kuchroo VK, Meyers JH, Umetsu DT,

DeKruyff RH. TIM family of genes in
immunity and tolerance. In: Frederick WA
ed. Advances in Immunology. Boston:
Academic Press, 2006:227-249.

. Zhao CQ, Li TL, He SH, Chen X, An YF,

Wu WK et al. Specific immunotherapy sup-

presses Th2 responses via modulating TIM1/
TIM4 interaction on dendritic cells. Allergy

2010;65:986-995.

. Obeng BB, Amoah AS, Larbi IA,

Yazdanbakhsh M, van Ree R, Boakye DA
et al. Food Allergy in Ghanaian Schoolchil-
dren: data on Sensitization and Reported
Food Allergy. Int Arch Allergy Immunol
2011;155:63-73.

© 2011 John Wiley & Sons A/S

20.

21.

22.

. Pielage JF, Cichon C, Greune L, Hirashima

M, Kucharzik T, Schmidt MA. Reversible
differentiation of Caco-2 cells reveals galec-
tin-9 as a surface marker molecule for
human follicle-associated epithelia and M
cell-like cells. Int J Biochem Cell Biol
2007;39:1886-1901.

. Cairns JA. Inhibitors of mast cell tryptase

beta as therapeutics for the treatment of
asthma and inflammatory disorders. Pulm
Pharmacol Ther 2005;18:55-66.

Jacob C, Yang PC, Darmoul D, Amadesi S,
Saito T, Cottrell GS et al. Mast cell tryptase
controls paracellular permeability of the
intestine. J Biol Chem 2005;280:31936-31948.
Imaizumi T, Kumagai M, Sasaki N,
Kurotaki H, Mori F, Seki M et al. Inter-
feron-gamma stimulates the expression of
galectin-9 in cultured human endothelial
cells. J Leukoc Biol 2002;72:486-491.
Matsumoto R, Matsumoto H, Seki M, Hata
M, Asano Y, Kanegasaki S et al. Human
ecalectin, a variant of human galectin-9, is a
novel eosinophil chemoattractant produced
by T lymphocytes. J Biol Chem 1998,
273:16976-16984.

23.

24.

25.

26.

27.

Galectin-9 sustains allergic status

Wiener Z, Kohalmi B, Pocza P, Jeager J,
Tolgyesi G, Toth S et al. TIM-3 is expressed
in melanoma cells and is upregulated in
TGF-beta stimulated mast cells. J Invest
Dermatol 2006;127:906-914.

Asakura H, Kashio Y, Nakamura K, Seki
M, Dai S, Shirato Y et al. Selective Eosino-
phil Adhesion to Fibroblast Via IFN-
gamma-Induced Galectin-9. J Immunol
2002;169:5912-5918.

Lin RY, Schwartz LB, Curry A, Pesola GR,
Knight RJ, Lee HS et al. Histamine and
tryptase levels in patients with acute allergic
reactions: an emergency department-based
study. J Allergy Clin Immunol 2000;106:
65-71.

Bueno L, Fioramonti J. Protease-activated
receptor 2 and gut permeability: a review.
Neurogastroenterol Motil 2008;20:580-587.
Niki T, Tsutsui S, Hirose S, Aradono S,
Sugimoto Y, Takeshita K et al. Galectin-9
Is a High Affinity IgE-binding Lectin with
Anti-allergic Effect by Blocking IgE-Antigen
Complex Formation. J Biol Chem
2009;284:32344-32352.



Supplemental material

Intestinal epithelial cells express galectin-9 in patients with food allergy that plays a

critical role in sustaining allergic status in mouse intestine

Xiao Chen*¥, Chun-Hua Song*{, Zhi-Qiang Liu*"q, Bai-Sui Feng”, Peng-Yuan Zheng",

Ping Li*, Suk Hyun In*,Shang-Guo Tang*, Ping-Chang Yang*

*Department of Pathology & Molecular Medicine, McMaster University, Hamilton, ON,

Canada. "Department of Gastroenterology, Zhengzhou University, Zhengzhou, China.

YContributed to this work equally

Running title: Galectin-9 maintains allergic status

Correspondence to: Dr. Ping-Chang Yang. Room 3303, 50 Charlton Ave East, Hamilton,

ON, Canada L8N 4A6. Tel: (905) 522-1155 ext. 32934. Fax: (905) 540-6593. Email:

yangp@mcmaster.ca, or, Dr. Peng-Yuan Zheng. Department of Gastroenterology, the

Second Affiliated Hospital of Zhengzhou University, Zhengzhou, Henan, China. Email:

medp7123@126.com



Table S1. Demographic data of FA patients (pt)

Pt# | Age | Sex | Food allergens (determined | Other Specific Total IgE
by skin test) allergies IgE (ng/ml) | (ng/ml)

1 22 | M | Milk Asthma 56.3 88.3
2 18 | M | Egg, milk Asthma 81.2 112.3
3 51 | M Sea food, wheat 55.6 61.2
4 48 | M Milk, soy bean, wheat 48.3 81.5
5 33 | M Peanut, sea food, sesame 76.2 84.2
6 26 | M Egg, peanut, soy bean 28.5 58.3
7 21 | M Tree nuts, peanut Rhinitis 61.2 91.3
8 48 | M Wheat, egg, sea food, milk 33.2 55.6
9 46 |M Peanut, tree nut, wheat 38.5 54.2
10 |38 |M | Milk 41.2 71.3
11 25 | F Sea food, sesame 18.6 62.3
12 |61 |F Egg Rhinitis 91.2 121.2
13 |35 |F Milk 44.6 553
14 |24 |F Milk 65.3 84.8
15 18 |F Peanut, tree nut, wheat Dermatitis 41.2 61.2
16 |21 |F Sea food, soy bean asthma 44.6 55.8
17 123 |F Egg, milk 28.3 35.6
18 |22 |F Egg, wheat 35.2 54.5
19 41 F Milk, sea food, soy bean Rhinitis 44.6 64.2
20 35 |F Milk, sea food, wheat 27.2 443




Reagents: Tryptase (Cat#G7061) was purchased from Promega (Madison, WI).
nafamostat mesylate was purchased from Tocris Bioscience (Ellisville, Missouri).
Antibodies of galectin-9 (H-80), TIM3 siRNA and PAR2 siRNA were purchased from
Santa Cruz Biotech (Santa Cruz, CA). IL-4 ELISA kit (sensitivity = 2 pg), cGMP ELISA
kit (sensitivity = 0.56 pMol/ml), Anti-TIM3 and TIM4 were purchased from R&D
Systems (Burlington, ON, Canada). Fluorescence labeled antibodies against CD86,
OX40L and IL-12p70 were purchased from BD Bioscience (Missisauga, ON, Canada).
Ovalbumin (OVA) and tosyl-glycine-proline-arginine-pNitroanilide were purchased from
Sigma Aldrich (Oakville, ON, Canada). IgE ELISA kit was purchased from AbD Serotec
(Raleigh, NC; sensitivity = 8 ng/ml). ). Gal- 9 ELISA kit was purchased from Holzel
Diagnostika GmbH (Cologne, Germany). Gal-9 was synthesized by GL Biochem Ltd.
(Shanghai, China). The lipopolysaccharide (LPS) levels in all reagents were detected
using limulus assay (Limulus amebocyte lysate QCL 1000, Biowhittaker, Walkersville,

MD). Less than 30 pg LPS/ml in all reagents was used in this study.

Real time reverse transcription polymerase chain reaction (QPCR): Total RNA was
extracted from the duodenal biopsy using an RNeasy Mini kit. cDNA was synthesized
using iScriptTMcDNA Synthesis Kit. The resulted cDNA was subjected to qPCR that
was performed with a LightCycler using a SuperScript III Platinum SYBR Green Two-
Step qPCR Kit. The amplified product was detected by the presence of an SYBR green
fluorescent signal. B-actin cDNA was used as the internal control. The primers of Gal-29

were: forward, ctggtcctgcettctggctac and reverse, catggggcttcatcttcact (NCBI, AB006782).



Western blotting: IEC lysates were prepared by resuspending cell pellet in lysis buffer.
The homogenates were centrifuged at 15,000 rpm for 20 min at 4°C. A total of 50 pg
denaturized protein were loaded onto 12.5% SDS-PAGE gel and transferred onto
nitrocellulose membrane. Membranes were then incubated with anti-Gal-9 antibody
(1:1000) or isotype IgG (using as negative control) overnight at 4°C. Reactions were
developed using the Pierce ECL chemiluminescence substrate kit. Results were recorded
with X ray film. Bands were semi-quantified by densitometry. The intensity of the

specific band was normalized to the intensity of B-actin band.

RNA interference: siRNA Transfection was performed to knockdown the gene
expressions of TIM3 on DC or PAR2 in IEC following the manufacturer instruction and
our established procedures (Jacob C, Yang PC, Darmoul D, Amadesi S, Saito T, Cottrell
GS, et al: Mast Cell Tryptase Controls Paracellular Permeability of the Intestine. Journal
of Biological Chemistry 9-9-2005;280:31936-31948). The efficiency of siRNA
transfection was determined by Western blotting. In both molecules, the peak inhibitory
effect was reached 24-36 h post-transfection that sustained at least for another 72 h and
declined thereafter; the expression of target molecules in the cells returned to normal
levels 4 days after transfection. The control siRNAs did not affect the target molecule

expression.

Counting eosinophil and mast cell in the intestinal mucosa: Numbers of eosinophil

and mast cell in the intestine were counted with our established procedures [21]. Briefly,



intestinal segments were fixed with 4% paraformaldehyde or Carnoy solution (for mast
cell counting) overnight and processed for paraffin sections. The sections were stained
with hematoxylin or 0.5% toluidine blue (for mast cell counting) and observed under a

light microscope.

Bone marrow-derived DC (BmDC) generation: Bone marrow cells were seeded in
tissue culture flasks at 10° cells/ml in RPMI 1640-based complete medium with 20 ng of
GM-CSF/ml. On day 5, loosely adherent cells were collected and purified with magnetic
bead coupled anti-CD11c antibody. Isolated BmDCs (the purity was over 95% as
determined by flow cytometry) were resuspended in fresh medium for further

experiments.

Isolation of lamina propria mononuclear cells (LPMC): Mouse small intestine was
washed with RPMI (no Peyer's patches) and cut into 2 mm pieces and then incubated in
0.5 mM EDTA in calcium and magnesium free Hanks' solution for 20 min at 37°C with
shaking to remove mucin. Tissue then was incubated 20 min at 37°C in 20 ml RPMI
containing 1 mg/ml collagenase. The tissue was filtered with a 0.1 mm cell strainer first,
then 0.04 mm cell strainer. After washing, cells (up to 2x10") were layered onto a column
of Percoll with a 30:70% gradient. Cells were spun at 2200xg at room temperature for 20

min. Subsequent cell viability was>90% as determined by trypan blue exclusion.

Immunohistochemistry: Duodenal biopsies were snap frozen and stored at -80°C until

use. Cryosections were prepared and fixed with cold acetone for 20 min. Sections were



blocked by 1% bovine serum albumin (BSA) for 30 min and incubated with rabbit anti-
human Gal-9 antibody (1:200), or anti-tryptase antibody (1:300), or isotype IgG (using as
negative control) overnight at 4°C. After washing, sections were incubated with FITC-
labeled anti-rabbit second antibody (1:300) for 1 h at room temperature. After washing,
sections were mounted with cover slips and observed under a confocal microscope. The
positive staining of Gal-9 was semi-quantified from 0-4; 0 indicates no staining; 4
indicates strong staining. The tryptase positive cells were regarded as mast cells and
counted in 20 fields (x200) per samples. For cell staining, cell suspension was smeared
onto glass slides, dried overnight. The rest procedures were the same as above. To avoid

the observer bias, the sections were coded; the observer was not aware of the codes.

Tryptase activity assay

The sera were collected from patients with food allergy and healthy subjects. Ten micro
litter were added to 200 pL of buffer (50 mmol/L Tris-HCI, pH 7.6, 120 mmol/L NaCl,
20 pg/L heparin) containing 0.5 mmol/L substrate of mast cell tryptase (tosyl-glycine-
proline-arginine-pNitroanilide) and incubated overnight at room temperature. The
substrate cleavage was assessed using a microplate reader at 405 nm. The results were
normalized to the serum protein content. Concentrations were calculated in comparison
with a standard curve. Mast cell tryptase inhibitor (nafamostat mesylate) was used to

confirm assay specificity.

Enzyme-linked immunoassay (ELISA): Levels of serum specific IgE, intestinal IL-4

and Gal-9 level in culture supernatant were measured by ELISA with commercial reagent



kits following the manufacturer’s instruction. The evaluation of TIM4 was done by an in-
house ELISA with similar procedure we did previously (Yang PC, et al: TIM-4
Expressed by Mucosal Dendritic Cells Plays a Critical Role in Food Antigen-Specific

Th2 Differentiation and Intestinal Allergy. Gastroenterology 2007;133:1522-1533).

Diagnosis of food allergy:

Case history: The case history of food allergy was collected from each patient.
Symptoms typically appear within minutes to two hours after the ingestion of the food to
which he or she is allergic, which included a tingling sensation in the mouth, swelling of
the tongue and the throat, difficulty breathing, hives, vomiting, abdominal cramps,
diarrhea, drop in blood pressure, loss of consciousness, etc.

Skin prick test: One drop of extract of each fresh food (purchased from Beijing Xiehe
Hospital, Beijing, China) was applied to the patients' forearm. The skin covered by the
drop of food antigen was pricked with 1 mm single-peak lancets. Positive control was
performed using 10 mg/ml histamine dihydrochloride; the negative control using saline
solution. The results were read after 15 min. The outline of each weal was documented
using a piece of transparent paper to copy the wheal. The skin wheal areas were
determined with scanned digital files using the software ImagelJ. Skin prick tests were
regarded positive when the area was larger than 7 mm”. Subjects with a weal area below
3 mm?” in positive controls were excluded from this study.

Oral challenge with food antigens: Oral challenges were performed in all the
subjects in this study using one of the positive food allergens (revealed by skin test;

usually chose the one had the largest wheal area). The food allergens in the skin prick test



to screen the offending allergens in these patients are listed in Table S1 although some
patients might also sensitize to other food antigens. The oral challenge was performed in
double blind manner. The antigen extracts or placebos were contained in coded capsules.
The patients took 3 capsules of antigen or placebo; they were asked to take another 3
capsules (placebo or antigens) one week later. The study subjects were closely monitored
for 4 hours following oral challenge in our department where treatment of anaphylaxis
was readily available. The healthy controls were also oral challenged with a mixture of
the 10 antigens.

Serum levels of cytokine and allergen-specific IgE: Blood samples were collected
from each patient and healthy controls. The sera were separated immediately after
withdrawn and stored at -70°C until use. The levels of total IgE, antigen specific IgE, IL-
4, IL-13 and IFN-y in the sera were measured with ELISA following the manufacturer's
instructions. Negative controls included omitting the primary antibodies and using

isotype IgG instead of the primary antibodies for each parameter.

Naive P815/ Naive P815/
control C48/80 control C48/80 control  C48/80

Naive

Figure S1. Mouse small intestinal cells (IEC4.1 cell line) express Gal-9. Mouse small
intestinal cell line IEC4.1 cells were cocultured with mouse mast cell line p815 cells. The

expression of Gal-9 in IEC4.1 cells was examined by confocal microscopy, RT-PCR and



Western blotting in the same procedures of figure 2. Naive control: IEC4.1 cells were
cultured with culture media alone. No other reagents were added. They were used as
control. P815/C48/80: IEC4.1 cells were cocultured with p815 cells in the presence of
C48/80 (5 pg/ml). B, representative confocal images show Gal-9 positive staining (in
green) in IEC4.1 cells. The nuclei were stained with propidium iodide (in red) for
morphological view. C, representative agarose gels that show RT-PCR results of Gal-9
expression in IEC4.1 cells. D, representative immune blots show Western blotting results
of Gal-9 protein that was extracted from IEC4.1 cells. B-actin was used as an internal

control.
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Figure S2. Gal-9 levels in IEC culture supernatant. IECs were cultured (10
cells/ml) in the presence or absence of C48/80-activated HMC1 cells (10" cells/ml)
for 24h. Supernatant was collected and analyzed by ELISA. The scatter dot plots
show Gal-9 levels. Each dot represents an individual datum. IEC: IECs were cultured
with medium alone; no other reagents were added to culture. [IEC/HMC1/C48/80:
IECs were cocultured with HMCT cells in the presence of C48/80 at a dose of 5
pg/ml. IEC/C48/80: IECs were cultured in the presence of C48/80 at a dose of 5

pg/ml (no HMCI cells were added).
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Figure S3. Gene knocking down for PAR2 in IEC and TIM3 in BmDC by RNA..
RNAi was performed on IEC to knock down the PAR2 gene and on BmDC to knock
down the TIM3 gene. IECs were cultured in the presence of C48/80-activated HMC1
cells for 24h. BmDCs were cultured in the presence of LPS for 24h. The cells were
collected at the end of experiments; the cellular protein extracts were analyzed by
Western blotting. The immune blots show the target proteins of PAR2 (A) and TIM3
(B). Media: Cells (IEC or BmDC) were cultured in medium. siRNA: Cells were
treated with siRNA of PAR2 or TIM3. csiRNA: Cells were treated with control

siRNA that did not target on any genes.

TIM1

Figure S4. Gal-9 regulates the expression of TIM1 and TIM4. Sensitized mice (Sens)
were treated with anti-Gal-9 antibody (or isotype IgG using as control) as described in

text. After sacrifice, LPMCs were isolated by MACS. The LPMCs were stained with
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anti-CD4, anti-TIM1 (or anti-TIM4) antibodies. The cells were analyzed by flow
cytometry. A, dot plots show CD4 TIM1" cells (the gated cell population). B, dot plots
show CD11c" TIM4" cells (the gated cell population). The data represent three separate
experiments. The cells in both panel A and B were isolated from mice with following
treatments: 1, FA mice. 2, FA mice treated with anti-Gal-9 antibody. 3, FA mice treated

with isotype IgG. 4, naive control mice.
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