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Galectin-3 (Gal-3), an endogenous lectin, exhibits pro- and anti-inflammatory effects in
various disease conditions. In order to explore the role of Gal-3 in NKT-cell-dependent
pathology, we induced hepatitis in C57BL/6 WT and Gal-3-deficient mice by using specific
ligand for NKT cells: «-galactosylceramide, glycolipid Ag presented by CD1d. The injec-
tion of «-galactosylceramide significantly enhanced expression of Gal-3 in liver NKT and
dendritic cells (DCs). Genetic deletion or selective inhibition of Gal-3 (induced by Gal-3-
inhibitor TD139) abrogated the susceptibility to NKT-cell-dependent hepatitis. Blood lev-
els of pro-inflammatory cytokines (TNF-«, IFN-y, IL-12) and their production by liver DCs
and NKT cells were also downregulated. Genetic deletion or selective inhibition of Gal-3
alleviated influx of inflammatory CD11c*CD11b* DCs in the liver and favored tolero-
genic phenotype and IL-10 production of liver NKT and DCs. Deletion of Gal-3 attenuated
the capacity of DCs to support liver damage in the passive transfer experiments and
to produce pro-inflammatory cytokines in vitro. Gal-3-deficient DCs failed to optimally
stimulate production of pro-inflammatory cytokines in NKT cells, in vitro and in vivo. In
conclusion, Gal-3 regulates the capacity of DCs to support NKT-cell-mediated liver injury,
playing an important pro-inflammatory role in acute liver injury.
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Introduction and immune responses [1]. In the liver, Gal-3 was recently found
to regulate hepatic progenitor cell expansion during liver injury
Galectin-3 (Gal-3) is involved in several biological processes  [2]. It is also established that Gal-3 plays an important role in
including regeneration, cell migration, as well as inflammatory = metabolic and inflammatory responses of this organ to various
environmental challenges [3, 4]. Although it is well known that
Gal-3, which is highly expressed in activated CD4* and CD8"
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as a key regulator of migration and function of these cells [5],
the role of Gal-3 in NKT-cell activation and function is not fully
understood.

Because NKT cells accumulate in the liver [6-8], in order
to explore the role of Gal-3 in NKT-cell-dependent pathology,
we induced hepatitis in wild-type (WT) and Gal-3-deficient
(Gal-3~~) mice by using specific and strong ligands for NKT
cells: a-galactosylceramide (a-GalCer), glycolipid antigen (Ag)
presented by CD1d [9]. Recently, using Con A-induced liver injury,
we showed that Gal-3 plays an important pro-inflammatory role in
Con A-induced hepatitis [4], a well-established murine model of
fulminant hepatitis [10], by promoting the activation of T lympho-
cytes, secretion of pro-inflammatory cytokines, and downregula-
tion of M2 macrophage polarization in the liver. Although to some
degree there is a mechanistic resemblance between Con A- and
a-GalCer-induced hepatitis, there are several important differ-
ences between these models of immune-mediated liver injury
[10, 11]. Con A binds mannose residues of many different gly-
coproteins and, thus, pan-activates lymphocyte populations irre-
spective of their Ag specificity, while a-GalCer is strictly dependent
on the presentation of the MHC-homologous CD1d molecule and
exerts its activating function via Ag-specific TCR recognition [11].
Thus, a-GalCer is considered as a surrogate for a physiologic Ag
and, upon presentation by MHC-like CD1d to Ag-specific TCRs,
induces onset of liver injury in an Ag-specific manner [11]. In
addition, different immune cells had a crucial role in the patho-
genesis of Con A- and a-GalCer-induced hepatitis. T lymphocytes,
NKT cells, and macrophages are main immune cells involved in
the pathogenesis of Con A-induced liver injury [4, 10]. On con-
trary, injection of a-GalCer induces liver injury in mice by acti-
vating liver NKT and DCs, while macrophages are dispensable for
a-GalCer-mediated liver injury [11], suggesting a-GalCer-induced
hepatitis as an ideal model for studying NKT and DC interplay in
the liver, enabling the analysis of initial and fundamental events
in the pathogenesis of NKT-comprising liver disorders.

Here, we provide evidence that Gal-3 is expressed on NKT cells
and is involved in NKT and DC interaction in the liver, playing
an important pro-inflammatory role in a-GalCer-induced acute
liver injury. Our data indicate that maturation of DC and their
capacity to promote NKT-cell-induced liver inflammation is Gal-3
dependent.

Results

«-GalCer induces expression of Gal-3 on liver DC and
NKT cells

First, we investigated whether injection of a-GalCer would affect
Gal-3 expression in the liver. As evaluated by immunohistochem-
istry and flow cytometry, 2 h after i.v. injection of a-GalCer, Gal-3
expression was strongly increased in the liver (Fig. 1A) and on the
surface of CD3*NK1.1" NKT and CD11c* DCs of a-GalCer-treated
C57BL/6 mice, compared to untreated control mice (Fig. 1B).
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Genetic deletion of Gal-3 abrogates susceptibility to
a-GalCer-induced hepatitis

Next, to investigate the role of Gal-3 in NKT-cell-mediated hep-
atitis, we injected a-GalCer into WT and Gal-3~~ mice. Serum
aspartate aminotransferase (AST) and ALT levels 16 h after
a-GalCer injection were significantly lower in Gal-3~~ mice, com-
pared to WT mice (Fig. 2A). Histopathological analysis of liver
tissue sections confirmed that genetic deletion of Gal-3 abrogated
a-GalCer-induced liver injury (Fig. 2C). Liver tissue sections in
Gal-3~~ mice showed solitary areas of necrotic tissue character-
ized by standard morphologic criteria (loss of architecture, vac-
uolization, karyolysis, and increased eosinophilia). In contrast,
liver tissue sections in WT mice showed widespread areas of necro-
sis with extensive infiltration of mononuclear cells (MNCs, Fig. 2B
and C), indicating the ongoing inflammatory process. Extensive
liver damage in WT mice was characterized by massive coagulative
necrosis and cytoplasmic swelling of the majority of hepatocytes.

Deletion of Gal-3 modulates cytokine profile in
«-GalCer-treated mice

A diminished inflammatory injury in o-GalCer-treated Gal-3~~
mice correlated with the cytokine production. Serum levels of
TNF-a, IFN-y, and IL-12 were significantly lower, while serum
levels of anti-inflammatory IL-10 and TGF-p were significantly
higher (Fig. 2D) in Gal-3~ compared to WT mice 2 h after
a-GalCer injection. There was no significant difference in the
serum levels of IL-4 and IL-17 between a-GalCer-treated WT and
Gal-37- mice (Fig. 2D).

Gal-3 promotes production of pro-inflammatory
cytokines in the liver NKT cells

The a-GalCer-triggered liver influx of NKT cells was significantly
lower in Gal-3~/~ compared to WT mice (Fig. 3A). The liver tissue
of a-GalCer-treated Gal-3~~ mice contained significantly lower
number of NKT cells expressing CXCR3 receptor (Fig. 3B), con-
sidered as a dominant chemokine receptor involved in NKT cell
trafficking in inflammatory conditions [9]. Intracellular staining
of liver NKT cells revealed significantly lower number of IFN-y-
and IL-17-producing NKT cells and significantly higher number
of IL-10-producing NKT cells in the livers of a-GalCer-treated
Gal-3~/~ mice (Fig. 3C and D), indicating that Gal-3 favors pro-
duction of pro-inflammatory cytokines in the liver NKT cells. There
was no significant difference in the number of TNF-a-, IL-4-
and IL-5-producing NKT cells between a-GalCer-treated WT and
Gal-37/~ mice (Fig. 3D). Intracellular staining of liver NK1.1*
CD3~ NK cells revealed significantly lower number of IFN-y-
producing cells in the livers of a-GalCer-treated Gal-3~~ mice
when compared to a-GalCer-exposed WT animals (Fig. 3E).
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Figure 1. «-GalCer induces expression of Gal-3 on liver DC and NKT cells. (A) Immunohistochemical staining showing expression of Gal-3 in
the liver samples obtained from (left panel) untreated and (middle panel) a-GalCer-treated WT C57BL/6 mice, collected 2 h after i.v. injection of
a-GalCer (50 pg/kg) or vehicle (NaCl), are shown (right panel). Representative sample of human lung adenocarcinoma, used as positive control
for Gal-3 immunohistochemical staining. Scale bar: 100 pm. Images are representative of two independent experiments performed, with n = 12.
(B) The percentage, absolute number, and the gating strategy for enumerating live liver CD3*NK1.1" NKT cells and CD11c* DC expressing Gal-3
are shown. Data are shown as the mean + SEM of 12 mice per group and pooled from two independent experiments. *p < 0.05; *p < 0.01; Student’s
t-test.
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Figure 2. Targeted-disruption of Gal-3 gene pro-
tects from a-GalCer-induced hepatitis. (A-D) WT
C57BL/6 and Gal3~ mice were injected i.v. with
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a-GalCer (50 pg/kg) or vehicle (NaCl). The sam-
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Deletion of Gal-3 favors a tolerogenic phenotype of
liver DCs in «-GalCer-induced hepatitis

Gal-3 is important for the migration, adhesion, and maturation
of mouse DCs [12]. Accordingly, we assessed the effects of Gal-3
deletion on influx, phenotype, and cytokine production of DCs in
the injured liver. The percentage and absolute number of liver
DCs were similar in untreated WT and Gal-3~~ mice, but the
injection of a-GalCer induced a significantly higher influx of these
cells in the liver of WT mice (Fig. 4A). Total number of CD11c™
and CD11c¢*CXCR3* DCs was significantly lower in the liver of
a-GalCer-treated Gal-3~~ mice compared to WT animals (Fig. 4A
and B), suggesting that Gal-3 is important for the expression of
CXCR3 on DCs and their migration to injured liver. Importantly,
we observed a significantly lower percentage and total number
of CD11c™ DC expressing CD1d in the livers of a-GalCer-treated
Gal-37~ mice compared to WT animals (Fig. 4C). Addition-
ally, there was a significantly higher number of tolerogenic
CD11c*CD8* and IL-10-producing DCs, and a significantly
lower number of inflammatory CD11c*CD11b* DCs, CD11c*
DC expressing major histocompatibility complex (MHC) class II

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

or vehicle. (A) Serum AST and ALT levels,
¥ - (B) total number of MNCs in the liver, (C) hepato-
cyte necrosis, and (D) level of pro-inflammatory
cytokines in the sera are shown. (C) Histological
analysis shows liver tissue samples (H&E stain-
ing) and are representative of two independent
experiments performed, with n = 12. Scale bar:
200 uM. (A, B, and D) Data are shown as the
mean + SEM of 12 mice per group and are pooled
from two independent experiments. *p < 0.05;
*p < 0.01; Student’s t-test.

TGF-§

IL-10

and costimulatory molecules CD80 and CD86, as well as IL-12-,
TNF-a-, and IFN-y-producing DCs in the liver of a-GalCer-treated
Gal-3~ compared to WT mice (Fig. 4D and E).

Gal-3~/~ DCs have lower pro-inflammatory cytokine
production and reduced capacity for liver damage

We next looked at the capacity of DCs isolated from livers of
WT and Gal-3~ mice to produce pro- and anti-inflammatory
cytokines involved in liver pathology (TNF-a, IFN-y, IL-12, IL-4,
and IL-10) after a-GalCer stimulation. Significantly lower amounts
of TNF-qa, IL-12, and IFN-y, and higher amounts of IL-10 were
noticed in supernatants of in vitro a-GalCer-stimulated Gal-3~~
DCs co-cultured with liver WT MNCs compared to WT DCs co-
cultured under the same condition (Fig. 5A).

Intracellular staining revealed that liver DC isolated from
healthy Gal-37~ mice, compared to liver DC obtained from
healthy WT animals, expressed significantly higher amount of
IL-10 and significantly lower amounts of IL-12 and IFN-y (Fig. 5B,
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Figure 3. Gal-3 promotes production of pro-inflammatory cytokines in liver NKT cells of a-GalCer-induced hepatitis. (A-F) Livers of healthy and
a-GalCer-treated WT and Gal-3~/~ mice were analyzed by intracellular cytokine staining and FACS analysis 2 h after administration of a-GalCer
(50 ng/kg) or vehicle (NaCl). For intracellular cytokine staining, isolated cells were stimulated with 50 ng/mL PMA and 500 ng/mL ionomycin for
5 h, and GolgiStop was added. The absolute numbers of (A) CD3*NK1.1" NKT cells, (B) CD3*NK1.1"CXCR3* NKT cells, (C) IFN-y- IL-10-producing
NKT cells, (D) IL-4-, TNF-a-, IL-17-, IL-5-producing NKT cells, (E) IFN-y-producing CD3~NK1.1" NK cells and CD3"NK1.1~ T lymphocytes are shown.
(A-E) Data are shown as the mean + SEM of 12 mice per group and are pooled from two independent experiments. *p < 0.05; *p < 0.01;
Student’s t-test. (F) Representative flow cytometry dot plots show percentages of IFN-y-, IL-10-, TNF-a-, IL-17-positive cells in the population of
liver CD3"NK1.1" NKT cells (left panel) and percentage of IFN-y positive cells in the population of liver CD3"NK1.1" NK cells and percentage of
IFN-y and TNF-a positive cells in the population of liver CD3"NK1.1~ T lymphocytes (right panel) 2 h after i.v. injection of a-GalCer. Plots are

representative of two independent exp

eriments.
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Figure 4. In «a-GalCer-induced hepatitis, Gal-3 deletion favors a tolerogenic phenotype and the production of IL-10 in liver DCs. (A-F) Livers
of healthy and a-GalCer-treated WT and Gal-3~/~ mice were administrated with a-GalCer (50 pg/kg) or vehicle (NaCl), and analyzed 2 h later
by intracellular cytokine staining and FACS analysis. The absolute number of (A) CD11c* DCs; (B) CXCR3*CD11c* DCs; (C) CD11c*CD1d* DCs;
(D) CD11c* DCs expressing CD11b, CD8, Gr-1, MHC class II and costimulatory molecules CD80, CD86; and (E) TNF-a-, IFN-y-, IL-12-, IL-10-producing
CD11c* DC are shown. For intracellular cytokine staining, isolated cells were stimulated with 50 ng/mL. (A-E) Data are shown as the mean + SEM
of 12 mice per group and are pooled from two independent experiments. *p < 0.05; **p < 0.01; Student’s t-test. (F) Representative flow cytometry
dot plots show percentages of liver inflammatory CD11c*CD11b* DC, regulatory CD11c*CD8" DC and CD11ctCD1d* DC that present a-GalCer to

NKT cells, 2 h after i.v. injection of a-GalCer.

middle panel), indicating the important role of Gal-3 for the func-
tion of liver DCs. Accordingly, lower expression of IL-12 and IFN-y
and higher expression of IL-10 was seen in a-GalCer-stimulated
Gal-37~ DCs as well as in a-GalCer-stimulated Gal-3~~ DCs
that were co-cultured with liver WT MNCs (Fig. 5B, middle
panel).

To directly demonstrate that Gal-3 deficiency attenuates the
capacity of DCs to support NKT-cell-induced liver damage, we
adoptively transferred WT and Gal-3~~ liver DC to Gal-3~~ recip-
ients. Serum AST and ALT levels upon a-GalCer treatment were
significantly higher in Gal-3~~ mice that received DCs obtained
from the livers of healthy WT mice, compared to those that
received DC obtained from the livers of healthy Gal-3~~ mice
(Fig. 5C, left panel).

Gal-37/~ DCs failed to optimally stimulate production of
pro-inflammatory cytokines in NKT cells, in vitro and in vivo
(Fig. 5B, upper panel, and C, right panel). Intracellular staining
revealed that the total number of IFN-y- and TNF-a-producing
NKT cells was lower and IL-10-producing NKT cells were higher
in the population of liver WT MNCs that were cultured with
a-GalCer-pulsed DCs obtained from healthy Gal-37~ mice

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

compared to a-GalCer-pulsed DCs isolated from healthy WT
animals (Fig. 5B, upper panel).

Transfer of liver DCs obtained from healthy WT mice aggra-
vated a-GalCer-induced hepatitis in Gal-3~~ recipients by increas-
ing the number of TNF-a- and IFN-y-producing liver NKT cells,
while transfer of liver DCs obtained from healthy Gal-3~ mice
enhanced the number of IL-10-producing NKT cells in the livers
of a-GalCer-treated Gal-3~~ animals (Fig. 5C, right panel).

CY enhances hepatitis without altering the differences
between WT and Gal-3~/~ mice

As it was recently published that Gal-3 negatively regulates the
frequency and function of CD4TCD25"Foxp3™ Treg cells [1], we
examined the influence of Gal-3 on liver Treg cells in a-GalCer
hepatitis. As shown in Figure 6A, there was a significant increase
in the percentage of CD4TCD25"Foxp3™ Treg cells in the liv-
ers of a-GalCer-treated Gal-3~~ mice compared to WT animals.
Interestingly, the percentage of TGF-B-producing Treg cells in the
livers of a-GalCer-treated Gal-3~/~ mice was also higher, while

wWww.eji-journal.eu
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Figure 5. Gal-3 deletion attenuates production of pro-inflammatory cytokines by DCs and their capacity to support liver damage upon passive
transfer. (A-C) Liver DCs (3x 10* cells/well), derived from untreated WT and Gal-3~/~ C57BL/6 mice were stimulated for 24 h with a-GalCer (100 ng/mL)
or vehicle (NaCl) and for an additional 48 h, were co-cultured with liver MNCs (0.6 x 10° cells/well). The level of cytokines in (A) supernatants,
(B) their intracellular expression in liver (top) NKT cells, (middle) DCs (bottom) and representative dot plots, are shown. (C) Transfer experiments
of a-GalCer (50 ng/kg) treated Gal-3~/~ mice that received liver DCs (i.v., 5 x 10° cells per mouse), isolated from untreated WT and Gal-3~/~ mice
are shown. (Left panel) Serum AST and ALT levels, (right panel) total number and representative flow cytometry dot plots of TNF-a-, IFN-y-,
IL-10-positive liver CD3*NK1.1" NKT cells are shown. For intracellular cytokine staining, isolated NKT cells were stimulated with 50 ng/mL PMA
and 500 ng/mL ionomycin for 5 h, and GolgiStop was added. The samples for AST and ALT measurements were collected 16 h after a-GalCer
injection. The samples for the FACS analysis of liver NKT cells were obtained 2 h after a-GalCer injection. (A-C) Data are shown as the mean + SEM
of 12 mice per group and are pooled from two independent experiments. *p < 0.05; *p < 0.01; Student’s t-test. (B and C) Plots are representative of
two independent experiments.

IL-10-producing Treg cells were present in similar number in  As shown in Supporting Information Figure 1A, serum AST and
livers of a-GalCer-treated Gal-3~ and WT mice (Fig. 6B). An  ALT levels were significantly higher in CY + a-GalCer-treated WT
increase in the number of TGF-B-producing Treg cells corre- and Gal-3~~ mice compared to treatment with a-GalCer only. We
lated with a decrease in STAT-3 expression in liver-infiltrated  also found that CY + a-GalCer-treated WT and Gal-3~" mice, com-
CD4"CD25"Foxp3™ Treg cells (Fig. 6C and D). pared to treatment with a-GalCer only, had significantly elevated

It has previously been shown that Treg cells protect against Con ~ serum concentrations of TNF-a, IFN-y, IL-12, IL-17, and IL-10,
A-induced, T-cell-mediated hepatitis in a TGF-B-dependent man-  associated with massive MNC-infiltration in the liver (Supporting
ner [13]. Therefore, it was of interest to see if Treg cells play a  Information Fig. 1B and C). On the other hand, CY pretreatment
similar TGF-B-dependent protective role also in a-GalCer-induced  resulted in a significant decrease in serum levels of TGF-§ (Sup-
NKT-cell-mediated liver injury, as well as to further explore porting Information Fig. 1B). CY also significantly reduced the
the influence of Gal-3 in their activity. The dose of 10 mg/kg  number of TGF-B-producing Treg cells (Supporting Information
cyclophosphamide (CY), which was reported to selectively deplete  Fig. 1D), which correlated with a higher influx of CD1d* DCs in
Treg cells but not NKT cells [14], did not induce liver damage as  the liver (Supporting Information Fig. 2A), indicating that the abil-
evaluated by liver function test and histology (data not shown). ity of TGF-B to inhibit CD1d expression in DCs [15] is preserved
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Figure 6. Deletion of Gal-3 promotes the induction of TGF-B-producing Treg cells in «a-GalCer-induced hepatitis. (A-E) Livers of healthy and
a-GalCer-treated WT and Gal-3~/~ mice were treated with a-GalCer (50 pg/kg) or vehicle (NaCl) and samples were analyzed 2 h after administration
by intracellular cytokine staining and FACS analysis. (A and B) The percentage of (A) CD4"CD25"Foxp3™ Treg cells, and (B) IL-10- and TGF--
producing CD4"CD25"Foxp3" Treg cells. (C) Immunohistochemical staining showing expression of STAT-3 in the liver samples obtained from
a-GalCer-treated (left panel) WT C57BL/6 and (middle panel) Gal-3~/~ mice, collected 2 h after i.v. injection of a-GalCer (50 pg/kg) or vehicle
(NaCl), are presented. (Right panel) Representative sample of human poorly differentiated breast carcinoma, used as positive control for STAT-3
immunohistochemical staining, is shown. Scale bar: 200 uM. Images are representative of two independent experiments. (D) The absolute number
of CD4+*CD25*Foxp3*STAT3" cells are shown (left panel). (E) Representative flow cytometry dot plots showed percentage of Foxp3*STAT-3" cells
gated on CD4*CD25* cells, and are representative of two independent experiments. (A, B, D) Data are shown as the mean + SEM of 12 mice per
group and are pooled from two independent experiments. *p < 0.05; Student’s t-test.

in a-GalCer-induced hepatitis. CY-induced depletion of Treg cells Pharmacological Gal-3 neutralization prevents

enhanced a-GalCer-hepatitis by promoting influx and activation
of NKT and DCs, but did not alter the differences between WT and
Gal-3~- mice: the total number of IL-10-producing DCs and NKT
cells were significantly higher (Supporting Information Fig. 2C and
D), while those of TNF-a-, IL-12-, and IFN-y-producing DCs (Sup-
porting Information Fig. 2B) and IFN-y- and IL-17-producing NKT
cells (Supporting Information Fig. 2D) were significantly lower in
livers of CY + a-GalCer-treated Gal-3~~ mice compared to WT
animals.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

development of «-GalCer-induced liver injury

To correlate the effects of Gal-3 genetic deletion with those of the
selective Gal-3 inhibitor (TD139), we treated WT C57BL/6 mice
with TD139 2 h before and immediately after a-GalCer injection.
TD139 pretreatment prevented development of a-GalCer-induced
hepatitis, as demonstrated by a significant decrease in the serum
liver transaminases (Fig. 7A), which correlated with histological
findings showing small necrotic areas in contrast to significantly
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Figure 7. TD139 prevents a-GalCer-induced liver injury. (A-E) WT C57BL/6 mice were treated with a-GalCer (50 ng/kg), a-GalCer (50 ng/kg) + TD139
(15 mg/kg) or vehicle (NaCl). (A) Serum AST and ALT levels and (B) histological tissue samples were analyzed 16 h after treatment. (B) Histological
analysis show liver tissue samples (H&E staining) from single experiment representative of two independent performed, with n = 12. Scale bar:
200 pM. (C and D) Absolute number of (C) liver MNCs and (D) serum cytokines is shown. (E) Total number of IL-12-, IFN-y-, TNF-oa-producing
inflammatory CD11ctCD11b*I-A* DC, IL-10-producing regulatory CD11c*CD8" DC. (F) Representative flow cytometry dot plots showed percentage
of cytokine-producing DC in gated CD11b*I-A* liver-infiltrating cells. (G) Absolute number of CD11ct DC expressing CXCR3 chemokine receptor
and CD1d. (H) Total number of liver-infiltrating IFN-y- and IL-10-producing CD3*NK1.1* NKT cells. (I) Percentage of (left panel) CD4"CD25*Foxp3*
Treg cells, and (right panel) IL-10- and TGF-B-producing Treg cells. (C-G) Data shown were obtained from the livers of WT C57BL/6 mice, 2 h after
treatment. For intracellular cytokine staining, isolated MNCs were stimulated with 50 ng/mL PMA and 500 ng/mL ionomycin for 5 h, and then
GolgiStop was added. (A, C-H) Data are shown as the mean + SEM of 12 mice per group and are pooled from two independent experiments.

*p < 0.05; *p < 0.01; Student’s t-test.
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larger necrotic areas in liver parenchyma of mice treated with
a-GalCer only (Fig. 7B). Additionally, TD139 markedly reduced
MNC-infiltration into the liver parenchyma (Fig. 7C), inhibited
the influx of CD11c* DC in a CXCR3-dependent manner (Fig. 7G),
downregulated serum levels of pro-inflammatory cytokines TNF-a,
IL-12, IFN-y and increased those of the anti-inflammatory IL-10
and TGF-8 (Fig. 7D). TD139 also decreased the liver infiltration of
inflammatory CD11c* DCs expressing CD11b, MHC class II, cos-
timulatory molecules CD80 and CD86 as well as TNF-a-, IL-12-,
and IFN-y-producing CD11c*CD11b*I-A*™ DCs (Fig. 7E). On
the contrary, there was a significantly higher number of IL-10-
producing CD11c* DC in the livers of TD139 + a-GalCer-treated
mice compared to treatment with a-GalCer only (Fig. 7E). The
lower number of TNF-a-, IL-12-, and IFN-y- producing DCs, as
well as CD1d* DCs (Fig. 7E-G), correlated with the increase in
number of IL-10" NKT cells and decrease in number of IFN-y* NKT
cells in the livers of TD139 + a-GalCer-treated WT mice (Fig. 7H).
In line with the results obtained in Gal-3~~ mice, TD139 pretreat-
ment increased the percentage of CD4"CD25"Foxp3™ Treg cells
and TGF-B-producing Treg cells (Fig. 7I), which correlated with a
reduced liver influx of DCs expressing CD1d (Fig. 7G).

Discussion

Although NKT cells are the major T-cell subset within the liver,
many aspects of their intrahepatic activation and their regulatory
effect on other (innate or specific) components of the hepatic
immune system are still unknown [16]. Here, we provide the first
evidence that Gal-3 regulates the capacity of DCs to support NKT-
cell-mediated liver injury.

A genetic deletion of Gal-3, as well as TD139-mediated selec-
tive inhibition of Gal-3, abrogates susceptibility to a-GalCer-
induced hepatitis; downregulates serum levels of TNF-a, IFN-y,
and IL-12 (Figs. 2 and 7) and attenuates their production by liver
DCs and NKT cells; reduces the liver influx of DCs; and favors
tolerogenic phenotype and IL-10 production by liver DCs and NKT
cells (Figs. 3, 4, and 7).

It is well known that both the expression of Gal-3 and its secre-
tion into the extracellular compartment are significantly enhanced
in inflammatory conditions [17]. In the present study, the injec-
tion of a-GalCer, a potent stimulator of NKT cells, enhanced the
expression of Gal-3 in the liver NKT and DCs (Fig. 1), which
is consistent with its proposed role in a-GalCer-induced liver
pathology.

The activation of DCs seems to be the critical initial trigger
for the a-GalCer-induced hepatitis, in which liver DCs present -
GalCer in a CD1d-dependent manner to NKT cells [18]. It has
been reported that a-GalCer treatment increases the number of
liver DCs; enhances their maturation and expression of costimu-
latory molecules CD80, CD86, MHC class II; and stimulates them
to produce large amounts of pro-inflammatory cytokines IL-12,
TNF-a, and IFN-y [18]. Gal-3 is required for these effects, serving
as a chemoattractant for mouse DCs that is crucially important for
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their migration, adhesion and maturation [12]. In line with these
observations, genetic deletion, as well as pharmacological inhi-
bition of Gal-3 reduced the liver infiltration of DCs in a-GalCer
hepatitis (Figs. 4 and 7), suggesting that Gal-3 is important for
DC migration in this model of liver injury. In addition, our data
demonstrate that Gal-3 is important for a-GalCer-induced cytokine
production, polarization, and Ag presentation of liver DCs
(Figs. 4, 5, and 7).

To directly demonstrate that Gal-3 deficiency attenuates the
capacity of DCs to support NKT-cell-induced liver damage, we
showed that WT liver DCs are more efficient than their Gal-3~~
counterparts in promoting a-GalCer-induced liver injury upon
adoptive transfer to Gal-3~/~ recipients (Fig. 5C). In line with
these findings, we showed here that a-GalCer-pulsed Gal-3~/~
DCs produce lower amounts of IL-12 and were not able to opti-
mally stimulate production of TNF-a and IFN-y in NKT cells in
vitro and in vivo (Fig. 5).

Immature DCs constantly enter the liver from the blood and
preferentially induce tolerance in the liver [19]. DCs need an addi-
tional early signal from the innate immune system, particularly
from liver NKT cells, to mature and gain competence to prime
immune response in the liver [16]. We assume that in the absence
of Gal-3, DCs enter the liver in reduced number and fail to mature,
thus preserving their immature/tolerogenic phenotype and pro-
duce more immunosuppressive IL-10 and less pro-inflammatory
IL-12, TNF-a and IFN-y. These events result in attenuated activa-
tion of NKT cells and reduced a-GalCer-induced liver injury. Since
it is well known that both a-GalCer-activated IL-12-producing DCs
and IFN-y-producing NKT cells induce activation of liver NK cells
and T lymphocytes [20], we noticed a decreased number of inflam-
matory NK and T cells in the livers of a-GalCer-treated Gal-37~
mice (Fig. 3E). Thus, our results indicate that in a-GalCer hepati-
tis Gal-3 plays an important role in CD1d-dependant DC-mediated
activation and polarization of NKT cells and consecutive activation
of NK and T cells in the liver.

TGF-B, synthesized by liver Treg cells, inhibits CD1d expression
on DCs [15]. Gal-3 negatively regulates the frequency and func-
tion of Treg cells in inflamed tissues [1] and enhances activation of
STAT-3, which is known as a negative regulator of Treg function
and TGF-B production [21]. Consistent with these findings, the
injection of a-GalCer induced higher presence of TGF-B-producing
but not IL-10-producing Treg cells in the injured livers of Gal-3~~
mice (Fig. 6B). Accordingly, there were less STAT-3-expressing
Treg cells in the livers of Gal-37~ mice (Fig. 6D). Despite
the fact that TGF-B-producing Treg cells were more present in
Gal-3~~ mice, after CY treatment o-GalCer-induced liver pathol-
ogy was enhanced but the differences between WT and Gal-3~~
mice remained the same. This finding suggests that the difference
in hepatitis is due to the attenuated interaction between liver DCs
and NKT cells rather than due to the activity of TGF-B-producing
Treg cells.

In conclusion, our data indicate that the capacity of liver DCs to
promote NKT-cell-induced liver injury is Gal-3 dependent. There-
fore, Gal-3 plays an important pro-inflammatory role in NKT-cell-
dependent liver pathology.
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Materials and methods

Animals

We used 6- to 8-week-old WT and Gal-3~~ C57BL/6 mice (breed-
ing pairs kindly provided by Dr. Daniel Hsu, University of Califor-
nia, Sacramento, CA, USA). Targeted disruption of mouse Gal-3
gene was performed in C57BL/6 embryonic stem cells, and mice
homozygous for the disrupted gene were obtained [22]. All exper-
iments were approved by the Animal Ethics Committee of Faculty
of Medicine (Kragujevac, Serbia) and performed according to the
criteria outlined in the “Guide for the Care and Use of Laboratory
Animals” (NIH publication 86-23 revised 1985).

Induction and evaluation of «-GalCer -induced
hepatitis

WT and Gal-3~~ C57BL/6 mice were given a single intravenous
injection of a-GalCer (50 pg/kg) dissolved in 200 pL of saline
[11]. Since significant transaminase response could be detected
12-20 h after injection, peaking at 16 h after a-GalCer application
[11], serum levels of alanine aminotransaminase (ALT) and AST
were measured 16 h after i.v. injection of a-GalCer by standard
photometric method using the automated biochemistry analyzer
Olympus AU 400 (Olympus Diagnostica GMBH, Hamburg, Ger-
many), and histological analysis of liver tissue was performed as
previously described [4, 23].

Pharmacological inhibition of Gal-3

TD139 was i.p. administered (15 mg/kg) 2 h before and immedi-
ately after a-GalCer injection, as previously described [4]. Briefly,
4 mM stock solution of TD139 in 40% DMSO was made and stored
in at —20°C. For each individual experiment, stock solution was
diluted with buffer four times to obtain concentration of 1 mM
TD139 in 10% DMSO (1 mM = 0.6489 ng/mL). Exactly 0.462 mL
of this solution was i.p. injected in mice to give a dose of 15 mg/kg.

CY depletion of Treg cells

CY (Galenika A.D., Belgrade, Serbia) was dissolved in sterile dis-
tilled water and injected i.p. at a dose of 10 mg/kg, which affects
Treg cells but not NKT cells [14], 3 days before a-GalCer injection.

Isolation of hepatic MNCs and flow cytometry analysis

The liver-infiltrating MNCs were isolated 2 h after a-GalCer appli-
cation because already 3 h after a-GalCer injection, the major-
ity of liver NKT underwent apoptosis [9]. The isolation of liver-
infiltrating MNCs was conducted as previously described [4, 23].
Hepatic MNCs of WT and Gal-3~ mice were screened for

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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various cell surface and intracellular markers with flow cytometry
2 h after a-GalCer injection. Briefly, liver MNCs were stained with
a combination of anti-mouse CD3, CD11¢c, CD1d, CD8, Gr-1, CD4,
STAT-3, IL-12, and IL-10 Abs conjugated with fluorescein isoth-
iocyanate ( BD Bioscience); anti-mouse Gal-3, I-A, CD80, IFN-y,
TNF-q, IL-4, IL-5, IL-17, IL-12, and Foxp3 Abs conjugated with
phycoerythrin (PE, BD Bioscience); anti-mouse NK1.1, CXCR3,
CD1l1lc, CD11b, CD25, and TNF-a Abs conjugated with peri-
dinin chlorophyll protein (PerCP, BD Bioscience); and anti/mouse
NK1.1, CD11c, CD11b, CD86, CD4, IL-10, TNF-a, IFN-y, and TGF-B
Abs conjugated with allophycocyanin (BD Bioscience). Intra-
cellular staining for Foxp3 was performed using the BD Bio-
science fixation/permeabilization buffer kit following manufac-
turer’s instructions. For intracellular cytokine staining, cells were
stimulated with 50 ng/mL PMA and 500 ng/mL ionomycin for 5 h,
and GolgiStop (BD Biosciences) was added. Cells were fixed in
Cytofix/Cytoperm, permeated with 0.1% saponin, stained with
fluorescent Abs, and analyzed on a FACSCalibur flow cytometer
(BD Biosciences). CellQuest software (BD Biosciences) was used
for data acquisition, and FlowJo and WinMDI software were used
for analysis.

Serum cytokines and cytokine containing liver MNCs

Since cytokines revealed peak in sera of C57BL/6 mice about 2 h
after a-GalCer application [11], serum levels of TNF-a, IFN-y,
IL-17, IL-12, IL-4, IL-10 and TGF-B were measured 2 h after
a-GalCer injection by enzyme-linked immunosorbent assay
(ELISA) using ELISA sets (R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s instructions. For the analysis of
cytokine production in vitro, DCs were isolated from livers of
untreated control WT and Gal-3/~ C57BL/6 mice, using Dyn-
abeads Mouse DC Enrichment Kit (Invitrogen) and pulsed with
100 ng/mL of a-GalCer or vehicle alone for 24 h. After extensive
washing, pulsed DCs (3 x 10* cells/well) were added to liver
MNC (0.6 x 10° cells/well) cultured in 96-well plates [24]. Liver
MNCs were co-cultured for an additional 48 h with vehicle- or
a-GalCer-pulsed DCs, culture supernatants and cytokine contain-
ing cells were collected, and TNF-q, IL-12, IL-10, IFN-y and IL-4
were measured by flow cytometry and ELISA sets (R&D Systems).

DC adoptive transfer

DC were isolated from livers of untreated WT and Gal-37~
C57BL/6 mice, using Dynabeads Mouse DC Enrichment Kit (Invit-
rogen) and injected intravenously to Gal-3~~ mice (5 x 10° cells
per mouse) immediately after a-GalCer injection. The samples for
AST and ALT measurements were collected 16 h after a-GalCer
injection and samples for the analysis of liver NKT cell activation
were collected 2 h after a-GalCer injection. Liver damage was
evaluated as described above.
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Immunohistochemistry

In order to assess liver cells expressing Gal-3 and STAT-3,
immunohistochemical (IHC) analysis was performed as pre-
viously described [4, 23]. Rabbit anti-mouse/human Gal-3
(ab53082, 1:100; Abcam Inc., Cambridge, MA, USA), rab-
bit anti/mouse/human STAT-3 (sc-135649, 1:100; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) Abs, DAKO-labeled
streptavidin biotin (LSAB) + system peroxidase (DAKO Corpo-
ration, Glostrup, Denmark) kit were used, according to the man-
ufacturer’s instructions.

Statistical analysis

Data were assessed for normality and equal variances and all
data passed these criteria. Results were analyzed using the Stu-
dent’s t-test or one-way ANOVA. All data were expressed as the
mean + SEM. Values of p < 0.05 were considered as statistically
significant.
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