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A-Induced Hepatitis in Mice
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We used concanavalin A (Con A)-induced liver injury to study the role of galectin-3 (Gal-
3) in the induction of inflammatory pathology and hepatocellular damage. We tested sus-
ceptibility to Con A—induced hepatitis in galectin-3-deficient (Gal-3~'") mice and ana-
lyzed the effects of pretreatment with a selective inhibitor of Gal-3 (TD139) in wild-type
(WT) C57BL/6 mice, as evaluated by a liver enzyme test, quantitative histology, mononu-
clear cell (MNC) infiltration, cytokine production, intracellular staining of immune cells,
and percentage of apoptotic MNCs in the liver. Gal-3~'~ mice were less sensitive to Con
A-induced hepatitis and had a significantly lower number of activated lymphoid and den-
dritic cells (DCs) in the liver. The level of tumor necrosis factor alpha (TNFa), interferon
gamma (IFNy), and interleukin (IL)-17 and -4 in the sera and the number of TNFa-,
IFNy-, and IL-17- and -4-producing cluster of differentiation (CD)4™" cells as well as IL-
12-producing CD11c* DCs were lower, whereas the number of IL-10-producing CD4* T
cells and F4/80™ macrophages were significantly higher in livers of Gal-3~'~ mice. Signifi-
cantly higher percentages of late apoptotic Annexin V* propidium-idodide™ liver-infiltrat-
ing MNCs and splenocytes were observed in Gal-3~'~ mice, compared to WT mice.
Pretreatment of WT C57BL/6 mice with TD139 led to the attenuation of liver injury and
milder infiltration of IFNy- and IL-17- and -4-producing CD4™ T cells, as well as an
increase in the total number of IL-10-producing CD4™ T cells and F4/80" CD206™ alter-
natively activated macrophages and prevented the apoptosis of liver-infiltrating MNCs.
Conclusions: Gal-3 plays an important proinflammatory role in Con A-induced hepatitis
by promoting the activation of T lymphocytes and natural killer T cells, maturation of
DCs, secretion of proinflammatory cytokines, down-regulation of M2 macrophage polar-
ization, and apoptosis of MNC:s in the liver. (HeraToLOGY 2012;55:1954-1964)

oncanavalin A (Con A)-induced liver injury is
a well-established murine model of T-cell-
mediated hepatitis. Intravenous (IV) injection

amounts of cytokines, such as tumor necrosis factor
alpha (TNFa), interferon gamma (IFNy), interleukin
(IL)-2 and -6, and granulocyte macrophage colony-

of Con A induces acute liver injury and systemic
immune activation in mice that resembles the pathol-
ogy of immune-mediated hepatitis in humans." Acti-

stimulating factor."* Apart from cluster of differentia-
tion (CD)4"T T cells, CD8" T cells, natural killer
(NK), natural killer T (NKT) cells, and macrophages

vated T cells have a critical role in Con A—induced
liver damage.1 Cluster of differentiation (CD)4" T
lymphocytes infiltrate the liver tissue and secrete large

could induce hepatocyte cell death by either cell-to-cell
contact, through the secretion of proinflammatory
cytokines, or reactive oxygen spf:cies.l'4
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Galectin-3 (Gal-3) is a member of the f-galacto-
side-binding lectin family that can modulate immune
and inflammatory responses and plays an important
role in the pathogenesis of inflammatory liver diseases
and liver tumors.”® Gal-3 is widely expressed in
immune cells, including activated T and B cells, mac-
rophages, dendritic cells (DCs), and NK cells.”® Gal-3
functions as a key regulator of T-cell activation and
function” and is highly expressed in activated CD4"
and CD8" T cells, but not in resting T cells.’® Gal-3
has been found to be widely distributed.” Different
functions have been described for extracellular and in-
tracellular Gal-3.” Extracellular Gal-3 induces apopto-
sis in T cells, attenuates T-cell-receptor signaling and
promotes the migration of T cells. On the contrary,
intracellular Gal-3 inhibits apoptosis in T cells and
promotes T-cell growth.’

The role of Gal-3 in inflammatory disease is contro-
versial. Gal-3 deficiency led to reduced inflammation
in experimental models of pneumococcal pneumonia''
and atherosclerosis.!> On the contrary, Gal-3-deficient
(Gal-37"7) mice were reported to develop higher
inflammatory response in the lung after infection with
Toxoplasma gomlz'i,13 suggesting that the effect of Gal-3
on inflammation is organ and disease specific.

Gal-3 is involved in the pathogenesis of inflamma-
tory and malignant liver diseases.”® Gal-3 plays a
major role in the removal of circulating advanced lip-
oxidation endproducts (ALEs) by the liver, and the de-
letion of Gal-3 accelerates nonalcoholic steatohepatitis
(NASH) or Sprevents the development of ALE-induced
liver injury.” Gal-3 is involved in the progression of
hepatocellular carcinoma where a higher expression
rate of nuclear Gal-3 shows a markedly worse progno-
sis in malignant and chronic inflammatory liver dis-
eases, suggesting different roles of Gal-3 in tumors and
autoimmunity.”’

Here, we provide evidence that Gal-3 deficiency
leads to a marked attenuation of Con A-induced hep-
atitis accompanied by reduced mononuclear cell
(MNC) infiltration in the liver, decreased serum levels
of TNFg, IFNy, IL-17 and -4, accumulation of IL-10-
producing CD4" T cells, and alternatively activated
M2 liver macrophages and enhanced apoptosis of
liver-infiltrating MNCs. Also, we show that pretreat-
ment of wild-type (WT) mice with synthesized selec-
tive inhibitor of Gal-3 (TD139) attenuated Con A—
induced liver injury and reduces the number of CD4™"
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and CD8" T cells, but favors the influx of IL-10-pro-
ducing CD4" T cells in the liver and alternative acti-
vation of macrophages, decreases serum levels of IFNy
and IL-17 and -4, and increases serum levels of IL-10
in Con A—treated animals.

Thus, our data demonstrate that Gal-3 plays an im-
portant role in Con A-induced hepatitis and therefore
may be a potential target for therapeutic intervention
in acute liver diseases.

Materials and Methods

Animals. We used 6-8-week-old male WT and Gal-3~/~
C57Bl/6 mice (kindly provided by Dr. Daniel Hsu,
University of California, Sacramento, Sacramento,
CA) for the induction of Con A-induced hepatitis.
Targeted disruption of mouse Gal-3 gene was per-
formed in C57Bl/6 embryonic stem cells, and mice
homozygous for disrupted gene were obtained.'® W'T
Gal-3""" C57Bl/6 mice of the same substrain were
maintained in our animal facilities. All animals
received humane care, and all experiments were
approved by, and conducted in accord with, the Guide-
lines of the Animal Ethics Committee of the Faculty of
Medicine of the University of Kragujevac (Kragujevac,
Serbia). Mice were housed in a temperature-controlled
environment with a 12-hour light-dark cycle and were
administered standard laboratory chow and water ad
libitum.

Con A-Induced Hepatitis. WT and Gal-37'~
C57Bl/6 mice were given a single IV injection of Con
A (Sigma-Aldrich, St. Louis, MO) at 12 mg/kg body
weight dissolved in 250 pL of saline. Serum levels of
alanine aminotransaminase (ALT) and asparate amino-
transferase  (AST) were measured as previously
described.’

Gal-3 inhibitor (Gal-3-INH; 300 ug per dose) was
intraperitoneally (IP) administered 2 hours before and
immediately after Con A injection.

Histological Analyses and Semiquantitative Assess-
ment of Liver Injury. Histological analysis and semi-
quantitative determination of liver injury were per-
formed as previously described.™"”

Immunobhistochemistry of Human Livers. For
immunoperoxidase staining of Gal-3, formalin-fixed,
paraffin-embedded human liver tissue sections obtained
from the Department of Pathology University of
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Kragujevac tissue collection and mouse antihuman
Gal-3 antibody (catalog no.: ab58086; Abcam, Cam-
bridge, UK) and the rabbit ABC Staining system (cata-
log no.: sc-2018; Santa Cruz Biotechnology, Santa Cruz,
CA) were used according to manufacturer instructions.

Isolation of Hepatic MNCs, Splenocytes, and
Analysis With Flow Cytometry. The isolation of
liver-infiltrating MNCs and splenocytes was conducted
as previously described.” Hepatic MNCs of WT and
Gal-37'" mice were screened for various cell-surface
and intracellular markers with flow cytometry before
and at 8 hours after Con A injection. Briefly, 1 x 10°
MNCs were incubated with antimouse CD3, anti-
mouse CD4, antimouse CD25, antimouse CDS8, anti-
mouse CD19, antimouse NKI1.1, antimouse CD1lc,
antimouse F4/80, and antimouse CD206 conjugated
with fluorescein isothiocyanate (FITC; BD Biosciences,
Franklin Lakes, NJ), phycoerythrin (PE; BD Bioscien-
ces), peridinin chlorophyll protein (BD Biosciences),
or allophycocyanin (APC; BD Biosciences).

MNC:s derived from livers were stained for different
markers of cell subsets (i.e., CD4, CDS8, NKI.1,
CDl1l1c, and F4/80) and concomitantly for the intra-
cellular content of TNFo, IFNYy, and IL-17, -10, and -4.
To this end, monoclonal antibodies were used as follows:
antimouse TNFo and antimouse IL-10 conjugated with
APC (BD Bioscience), antimouse IL-4, IFNy, and IL-17
conjugated with PE.

Intracellular staining for forkhead box protein 3
(Foxp3) was performed using the BD Biosciences fixa-
tion/permeabilization buffer kit. Stained cells were
counted using a BD Biosciences FACSCalibur, and the
results were analyzed with WinMDI software.

Apoptosis Assays. For the detection of apoptosis,
the Annexin V- binding capacity of liver MNCs and
splenocytes was examined by flow cytometry using the
Annexin V FITC Detection Kit (BD Pharmingen, San
Jose, CA), as previously described.'®

Measurement of Cytokines in the Serum. Individ-
ual mouse serum was collected, and serum levels of
IFNy, TNFq, and IL-17, -4, and -10 were measured
by enzyme-linked immunosorbent assay (ELISA) using
ELISA kits (R&D Systems, Minneapolis, MN).

Measurement of Cytokines in Supernatants of In
Vitro Con A-Stimulated Splenocytes. Individual
spleens of Con A-untreated WT and Gal-3"'" mice
were collected. The single-cell suspension of spleno-
cytes was cultured in 24-well plates at 4 x 10° cells per
well and was stimulated with 5 pug/mL of Con A
(Sigma-Aldrich). After 24 hours, supernatants were
collected and cytokine concentrations were measured

by ELISA kits (R&D Systems).

HEPATOLOGY, June 2012

Statistical Analysis. All statistics were carried out
using SPSS 13.0 for Windows software (SPSS, Inc.,
Chicago, IL). Results were analyzed using the Stu-
dent # test. All data in this study were expressed as
the mean * standard error of the mean (SEM). Val-
ues of P < 0.05 were considered as statistically
significant.

Results
Gal-3 Is Highly Expressed in the Livers of Patients

Suffering From Acute Liver Disease. First, we investi-
gated whether acute liver injury in humans would
affect Gal-3 expression in the liver. Human liver tissue
sections were obtained from patients suffering from
acute liver disease induced by isoniazid or hepatitis B
virus (HBV) and were compared to healthy controls.
Compared to healthy controls (Supporting Fig. 1A),
Gal-3 was strongly expressed in lining cells of hepatic
sinuses both in patients with isoniazid-induced (Sup-
porting Fig. 1B) and HBV-induced (Supporting Fig.
1C) fulminant hepatitis, suggesting a possible role of
Gal-3 in liver inflammation.

Target Disruption of Gal-3 Gene Protects From
Con A-Induced Liver Injury. Next, to investigate the
role of Gal-3 in experimental fulminant hepatitis, we
injected Con A into WT and C57Bl/6 mice with the
targeted disruption of Gal-3 gene (Gal-37'~ mice). Se-
rum AST and ALT levels after Con A injection were
significantly lower in Gal-37'7, compared to WT,
mice (P < 0.05) (Fig. 1A). Histological analyses of
liver tissue sections also indicated that Gal-3~'~ mice
are less sensitive to Con A-induced hepatic injury
(Fig. 1B). Liver tissue sections in Gal-37~ mice
showed several solitary areas of necrotic tissue charac-
terized by standard morphologic criteria (i.e., loss of
architecture, vacuolization, karyolysis, and increased
eosinophilia). The majority of hepatocytes were not
affected in livers of Gal-37'~ mice.

In contrast, liver tissue sections in WT mice showed
widespread areas of necrosis with extensive infiltration
of MNCs within liver lobules (Fig. 1Ba) and around
the central veins and portal tracts (Fig. 1Ca), indicat-
ing the ongoing inflammatory process (Fig. 1B,C).
Extensive liver damage in WT mice was characterized
by massive coagulative necrosis and cytoplasmic swel-
ling of the majority of hepatocytes. Nuclear chromatin
condensation was found frequently, which may indi-
cate hepatocyte apoptosis.

Consistent with those findings, the percentage of
liver tissue with necrotic damage was markedly lower
in Gal-3'" mice (Supporting Fig. 2).
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Fig. 1. Target disruption of Gal-3 gene protects from Con A-induced liver injury. (A) Serum AST and ALT levels at 24 hours after IV injection of
Con A (12 mg/kg). Serum AST and ALT levels were significantly lower in Gal3™/~ mice (red bars), compared to WT mice (blue bars). Combined
results of two experiments with at least 10 animals per group (mean = SEM; *P < 0.05). (B) Photomicrographs of representative H&E-stained
mouse livers 24 hours after Con A injection. Massive hepatocyte necrosis (dark arrows) was observed in WT mice (a), in comparison, to a lesser
extent, of liver damage observed in Gal3™~ mice (b). (C) Infiltration of MNCs around the central veins and portal tracts. Massive infiltration of

MNCs was observed in WT mice (a), compared to Gal3~/~ mice (b). H&E, hematoxylin and eosin.

Gal-3~"~ Mice Have Lower Serum Levels of Proin-
flammatory Cytokines After Con A Injection. There
was conflicting evidence of whether Gal-3 deficiency
attenuates both T-helper cells (Th)1 and 2 or only
Thi activity.9’17 We found that, after Con A injection,
mice lacking endogenous Gal-37'~ had significantly
lower serum levels of both Thl and 2 cytokines, in
comparison to WT mice.

Serum levels of TNFo, IFNy, and IL-17 and -4, 8
hours after Con A injection, were significantly lower

MNCs 5

in Gal-37/7, compared to WT, mice (TNFog, P <
0.01; IFNy, P < 0.05; IL-17, P < 0.05; IL4, P <
0.01), whereas there was no significant difference in
the level of serum IL-10 between WT and GAL-3""~
mice (Supporting Fig. 3A).

Despite the fact that we found the difference in
cytokine levels between WT and Gal-3~'~ mice after
in vivo treatment with Con A, there was no significant
difference in levels of TNFo, IFNy, and IL-17, -4, and
-10 in supernatants of 7z wvitro Con A-stimulated
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Fig. 2. Gal-3 deletion reduced the influx of activated lymphoid and DCs in the liver after Con A injection. A markedly decreased total number
of MNCs in livers of Gal-3~/~ (red bars) versus WT mice (blue bars) 8 hours after Con A injection, including CD3™ and CD8™ T cells, CD19" B
lymphocytes and CD11c¢" DCs. There was no significant difference in the total number of CD4*CD25 "Foxp3 ™" Tregs between WT and Gal-3~/~
mice. Combined results of two experiments with at least 8 animals per group (mean = SEM; *P < 0.05; **P < 0.01).
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Fig. 3. Gal-3 deletion significantly reduces influx and affects cytokine production in CD4™ T cells. Significant decrease in the total number of
TNFa-, IFNy-, and IL-17- and -4-producing CD4" cells in Gal-3~/~ mice (red bars), when compared to WT mice (blue bars), 8 hours after Con
A injection. On the contrary, the total number of IL-10-producing CD4* T cells was significantly higher in livers of Gal3™~ Con A-treated mice.
Combined results of two experiments with at least 8 animals per group (mean £ SEM; *P < 0.05; **P < 0.01).

splenocytes of WT and Gal-37/~
Fig. 3B).

Influx of Activated Lymphoid and DCs in the
Liver Is Reduced in Gal3~'~ Mice. After Con A
injection, there was an influx of MNCs in the liver.
However, the number of MNCs in livers of Gal-3~/~
mice was significantly lower then in WT mice (Fig. 2).

Eight hours after Con A injection, there was a
decrease in the total number of liver-infiltrating
lymphoid cells (e.g., CD3", CD4", and CD8" T
cells, CD19" B cells, and NKI.1"™ NK and
NKI1.17CD3" NKT cells) (Figs. 2-4). All differences
reached the level of statistical significance (P < 0.01).

mice (Supporting

25 4

Also, the number of CD11ct DCs (P < 0.01) and
CD11c¢"CD807CD86  -activated DCs (P < 0.05)
was lower in livers of Gal-37'", compared to WT,
mice (Figs. 2 and 4). However, there was no significant
difference in the total number of T regulatory cells
(Tregs; CD4"CD25"Foxp3™) between WT and Gal-
37"~ mice (Fig. 2). Also, the total number of F4/80"
macrophages was similar in livers of Gal-3 mice and
WT controls (Fig. 5A).

Intracellular staining of liver MNCs revealed signifi-
cantly lower numbers of TNFa- (P < 0.05), IFNy- (P
< 0.01), and IL-17- (P < 0.05) and -4-producing
CD4" cells (P < 0.01) in Gal-37'~, when compared
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Fig. 4. Gal-3 deletion markedly decreases liver infiltration and cytokine production in NK, NKT, and activated DCs. The total number of liver-
infiltrating NK1.1" NK, NK1.17CD3™ NKT, and CD11c"CD80"CD86™" DCs were significantly lower in Gal 3™/~ mice (red columns), compared
to WT mice (blue columns). In addition, a significant decrease in the total number of IFNy- and IL-4-producing NK1.17CD3™ NKT cells and IL-
12-producing DCs was observed in Gal 3/~ mice 8 hours after Con A injection. Combined results of two experiments with at least 8 animals

per group (mean = SEM; **P < 0.01).
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Fig. 5. Gal-3/~ deletion favors the alternative activation of macrophages and enhances the apoptosis of liver-infiltrating MNCs in
Con A-induced hepatitis. (A) Significantly higher percentages and total numbers of F4/80" CD206" alternatively activated (i.e., M2-
polarized) and IL-10 producing F4/80" macrophages were found in livers of Gal-3/~ mice (red bars), compared to WT mice (blue
bars), 8 hours after Con A injection. There was no significant difference in percentage and total number of F4/80" macrophages
between WT and Gal-3/~ mice. Combined results of two experiments with at least 8 animals per group (mean * SEM; *P < 0.05;
**p < 0.01). (B) Significantly higher percentage of late apoptotic Annexin V™ PI™ liver-infiltrating MNCs was observed in Gal-37/~ mice
(red bars), compared with WT mice (blue bars), 8 hours after Con A injection. Combined results of two experiments with at least 8 ani-

mals per group (mean = SEM; *P < 0.05).

to WT, mice 8 hours after Con A injection (Fig. 3).
Furthermore, the total number of IL-12-producing
CD11c"™ DCs as well as IFNy- and IL-4-producing
NKT cells were significantly lower (7 < 0.05) in livers
of Gal-37'", when compared to WT, mice (Fig. 4).
There was no significant difference in the total
number of IFNy-producing CD8" T and NK cells
and IL-10-producing CD11c* DCs (data not shown)
between WT and Gal-3"" mice.

Interestingly, the total number of IL-10-producing
CD4" T cells and F4/80" macrophages was significantly
higher (P < 0.05) in livers of Gal-37"7, compared to
WT, mice (Figs. 3 and 5). Additionally, the ratio
between the total number of IL-10- and IFNy-producing
CD4" T cells was significantly higher (P < 0.05) in liv-
ers of Con A—treated Gal-37'~, compared to WT, mice
(4.53 = 0.74 Gal3 ™~ versus 2.35 * 0.56 WT).

Gal-37'" Deletion Favors Alternative Activation
of Macrophages and Enhances Apoptosis of Liver-
Infiltrating MNCs and Splenocytes in Con A-
Induced Hepatitis. We did not find any difference in
the total number of liver F4/80" macrophages between
WT and Gal-3~'~ mice, but we noticed a significant
difference in the total number of IL-10-producing F4/
807 cells (Fig. 5A).

We found a significantly higher percentage and total
number of F4/80" CD206" alternatively activated

(i.e., M2-polarized) macrophages in livers of Gal-37'7,
compared to WT, mice (Fig. 5A). Thus, it appears
that Gal-3 deletion favors the differentiation of IL-10-
producing macrophages.

We assumed that apoptosis of infiltrating cells may
contribute to the lower number of MNCs in livers of
Gal-3""" mice. Indeed, we found enhanced apoptosis
of liver-infiltrating MNCs and splenocytes in Gal-37'",
compared to WT, mice (Fig. 5B; Supporting Fig. 5) 8
hours after Con A injection.

Both in livers and spleens, the majority of MNCs
were in the stage of late apoptosis (Annexin V' propi-
dium iodide [PI]™ cells; Fig. 5B; Supporting Fig. 5).
Significantly higher percentages of Annexin V' PIT
liver-infiltrating MNCs (P < 0.05) and splenocytes (P
< 0.05) were observed in Gal-37"", mice compared to
WT, mice (percentage of apoptotic cells in liver: 34%
Gal3™'~ versus 18.8% WT; in spleen: 38.7% Gal3 ™'~
versus 17.3% WT).

Gal-3-INH Prevents Con A-Induced Liver Injury
in C57BL/6 Mice. To further elucidate the role of
Gal-3 in Con A-induced liver injury, we pretreated
WT C57BL/6 mice with TD139, competing for the
saccharide-binding site, 2 hours before and immedi-
ately after Con A injection.

We found that the administration of TD139 prevented
the increase of serum liver transaminases (Fig. 6A). This
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Fig. 6. TD139 prevents Con A-induced liver injury in C57BL/6 mice. (A) Absolute value of serum AST and ALT levels 24 hours af-
ter Con A injection in untreated mice (blue bars), Con A-only treated mice (red bars), and TD139 pretreated mice (green bars). Com-
bined results of two experiments with at least 8 animals per group (mean = SEM; *P < 0.05). (B) Histopathological examination of
Con A-induced liver injury. Light micrographs of H&E liver sections were visible from untreated mice (a), treated with Con A only (c),
and pretreated 2 hours and immediately after Con A injection with TD139 (c). Large necrotic areas (dark arrows) were visible in Con
A-treated animals (b) and were markedly reduced in mice pretreated with TD139 (c). Original magnification, 400x. H&E, hematoxylin

and eosin.

finding was consistent with scarce necrotic areas observed
in the livers of pretreated animals, in contrast to signifi-
cantly larger necrotic areas in liver parenchyma of
mice treated with Con A and vehicle (Fig. 6B). IP
injection of TD139 in Con A—untreated animals did not
alter the serum level of liver enzymes (data not shown).

Levels of IFNy and IL-17 and -4 were significantly
lower in the sera of TD139-treated mice (P < 0.05)
(Supporting Fig. 6). In contrast, IL-10 was significantly
lower in mice that received Con A only (P2 < 0.05),
whereas there was no significant difference in the serum
level of TNFo between experimental groups.

We also examined whether TD139 would affect the
infiltration of MNCs into the livers of mice after Con
A injection (Fig. 7). Although there was no significant
difference in the total number of liver-infiltrating
MNGs, CD3" T cells, NKLIT NK and
CD3"NKIL.1" NKT cells, CDllc" DCs and
CD11c¢"CD80"CD86™ activated DCs, F4/80" mac-
rophages (data not shown), and Gal-3 INH pro-
foundly reduced CD4"- and CD8" T-cell infiltration

into the liver parenchyma (Fig. 7). The total number
of IFNy- and IL-17- and -4-producing CD4™ T cells
and IFNy-producing CD8" T lymphocytes was signif-
icantly lower in TD139-treated mice (Fig. 7). How-
ever, the total number of CD4" IL-10-producing cells
was significantly higher in TD139-treated mice (P <
0.05). There was no difference in the total number of
TNFa- producing CD4" T cells, [FNy- and IL-4-pro-
ducing CD3"NKI1.1 NKT cells, IFNy-producing
NKI1.1" NK cells, IL-12- and -10-producing CD11ct
DCs, and F4/80" macrophages between TD139-
treated mice and mice that received Con A only (data
not shown).

In line with results obtained from Gal3 ™'~ mice
(Fig. 5A), we found a significantly higher percentage
and rtotal number of F4/80" CD206" alternatively
activated (i.e., M2-polarized) macrophages in livers of
TD139-treated mice, compared to mice treated with
Con A only (Fig. 8A). However, there was no differ-
ence in the total number of IL-12- and -10-producing
macrophages (data not shown).
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Fig. 7. TD139 significantly reduces influx of cytokine-producing T cells. TD139 markedly decreased the liver infiltration of CD4™ T lympho-
cytes, including IFNy- and IL-17- and -4-producing CD4™ T cells. Total number of IL-10-producing CD4™ cells was significantly higher in livers of
TD139-treated mice. The total number of liver-infiltrating IFNy-producing CD8™ T cells was significantly lower in mice that received TD139 before
Con A injection. Combined results of two experiments with total of 8 animals per group (mean = SEM; untreated mice, [blue bars], Con A-only
treated mice [red bars], and TD139 treated mice [green bars]; *P < 0.05; **P < 0.01).

We also found that TD139 prevented apoptosis of vVt PIt liver-infiltrating MNCs (P < 0.01) were
liver-infiltrating MNCs (Fig. 8B) 8 hours after Con A observed in TD139-treated mice, compared to mice
injection. Significantly lower percentages of Annexin treated with Con A only.

A F4/80+ cells F4/80+CD206+cells F4/80+CD273+ cells
30
45 14 25 4
%1 12 =
35 4 20 1
5] 10 4 §
E 25 g 8 E 15
g 2 % % . 10
8 s "
1 5 |
0s ‘£
0 (1] (4]

" Annexin+Pl+ cells

20

M NacCl

percentage (%)

M ConA

i Gal-3INH+Con A

Fig. 8. TD139 significantly increases the number of alternatively activated macrophages and prevents apoptosis of liver-infiltrating MNCs. (A) TD139
favors altemative activation of macrophages. Significantly higher percentage and total number of F4/80" CD206™ alternatively activated (i.e., M2-polar-
ized) macrophages were found in livers of TD139-treated mice, compared to mice treated with Con A only. Combined results of two experiments with total
of 8 animals per group (mean = SEM; untreated mice [blue bars], Con A-only treated mice [red bars], TD139-treated mice [green bars]; *P < 0.05; **
P < 0.01). (B) TD139 prevents apoptosis of liver-infiltrating MNCs in Con A-treated mice. Significantly lower percentage of Annexin V" PI™ liver-infiltrating
MNCs were observed in TD139-treated mice, compared to mice treated with Con A only. Combined results of two experiments with total of 8 animals per
group (mean = SEM; untreated mice [blue bars], Con A-only treated mice [red bars], and TD139 treated mice [green bars]; **P < 0.01).
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Discussion

Here, we provided the first evidence that Gal-3
plays an important role in the pathogenesis of Con A—
induced hepatitis, a model of acute, fulminate hepatitis
in humans.' Targeted disruption of Gal-3 gene attenu-
ated liver injury by reducing the number of effector
cells, including T lymphocytes (both CD4" and
CDs8™"), B lymphocytes, DCs, and NK and NKT cells,
and increasing the number of IL-10-producing CD4™"
T cells and alternatively activated (i.e., M2-polarized)
macrophages that was accompanied with lower serum
levels of TNFo, IFNy, and IL-17, but also I1L-4. In
addition, pretreatment of WT mice with TD139 atte-
nuated Con A—induced liver injury (Fig. 6). IP injec-
tion of TD139 in WT mice 2 hours before and imme-
diately after Con A injection suppressed the
infiltration of IFNy- and IL-17- and -4-producing
CD4™" and IFNy-producing CD8" lymphocytes (Fig.
7), increased the total number of IL-10-producing
CD4" T cells (Fig. 7), attenuated serum levels of
IFNy and IL-17 and -4, elevated the serum level of
IL-10 (Supporting Fig. 6), and increased the number
of alternatively activated (i.e., M2-polarized) macro-
phages (Fig. 8A). It is interesting to note that the
influx of NK cells producing IFNy, induced by IL-18,
leads to increased serum ALT activity.18 Furthermore,
treatment with IL-18-neutralizing antibody reduces the
serum ALT level and inflammatory cell accumulation
in the liver.'®

Gal-3 activates DCs and macrophages, serves as a
chemoattractant for these cells, and plays an important

the  proliferation  of  activated T
10,19

role in
lymphocyrtes.

In line with these observations, we found that
Gal-37'~ mice exhibited a markedly reduced number
of liver-infiltrating effector cells (Figs. 2-4), supporting
a key role of Gal-3 in promoting liver inflammation.
Significantly lower levels of TNFo IFNy, and IL-17
and -4 in the sera of Gal-37/7, compared to WT,
mice (Supporting Fig. 3A) indicated that effector
MNCs that infiltrated livers of WT and Gal-37'~
mice were mostly TNFo-, IFNy-, and IL-17- and -4-
producing cells.

Indeed, there was a significantly lower number of
TNFa-, IFNy-, and IL-17- and -4-producing CD4" T
cells and a significantly higher number of IL-10-pro-
ducing CD4" T lymphocytes in livers of Gal-37/~
and TD139-treated, compared to WT, mice (Figs. 3
and 7). It is known that CD4" T lymphocytes are
major effector cells involved in Con A hepatitis," and
that Con A—induced liver damage is driven by CD4"
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T-cell production of TNFa and IFNy."?® IL-17 has
been reported to be both proinflammatory or without
a direct inflammation-modulating role in Con A-
induced hepatitis.”> In our study, lower serum levels of
IL-17 correlated with less-pronounced liver injury
(Supporting Fig. 3A). Decreased levels of IL-17 that
were found in the sera of Gal-3~'~ mice (Supporting
Fig. 3A) correlated with reduced liver infiltration of
IL-17-producing CD4™ T cells (Fig. 3).

It is well known that IL-10 has a hepatoprotective
role in Con A-induced hepatitis through its suppres-
sive property on proinflammatory cytokine produc-
tion.”"** In Con A hepatitis, IL-10 deficiency is asso-
ciated with a profound increase in the serum levels of
IFNy and TNFo.?""?? In line with these observations,
we found a significantly higher number of IL-10-pro-
ducing CD4" T lymphocytes in livers of Gal-37'~
mice and Gal-3-INH-treated mice that correlated with
reduced liver injury (Figs. 3 and 7). In addition, the
ratio between the total number of IL-10- and IFNy-
producing CD4" T cells was significantly higher in
the liver of Con A—treated Gal-37'", compared to
WT, mice, suggesting that, in Con A hepatitis, Gal-3
affects IL-10 production in CD4™ T cells.

Although we found significantly lower levels of Thl
and 2 cytokines in the sera of Gal-3™'~ mice (Sup-
porting Fig. 3A), there was no significant difference in
the levels of TNFe, IFNy, and IL-17, -4, and -10 in
supernatants of 7z vitro Con A—stimulated splenocytes
isolated from healthy WT and Gal-3~'~ mice (Sup-
porting Fig. 3B). We therefore propose that the
inflammatory milieu of the Con A-damaged liver is
most likely responsible for the difference in cytokine
production of liver-infiltrating MNCs of WT and
Gal-37'" mice. Increased expression and secretion of
Gal-3 have been observed in the inflammatory milieu
of various tissues, and it is well known that Gal-3 pro-
motes the influx of effector cells, particularly through
affecting DCs and tissue-resident macrophages.'”

Gal-3 is important for the migration, adhesion, and
maturation of mouse DCs.>® In line with these obser-
vations, our results showed that the total number of
activated, mature CD11c"CD80TCD86" DCs was
significantly lower (P < 0.05; Fig. 4) in Con A-
treated Gal 37/, compared to WT, mice. In addition,
Gal-3 expression in DCs greatly influences the strength
of T-cell-mediated immune response triggered by
DCs."? 1L-12, mainly produced by DCs and macro-
phages, is essential for the onset of Con A-induced
hepatitis, because IL-12 interacts directly with NKT
cells, contributes to their recruitment to the liver, and
enhances immune response through increased IL-4
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production.24 In line with these observations, our
results show that attenuated liver injury noticed in
Gal-37" mice correlates with a significantly reduced
number of activated CD11¢"CD80"CD86" DCs, IL-
12-producing DCs, NK and NKT cells, and IL-4-pro-
ducing CD4" T cells (Figs. 2-4), followed by a
decreased serum level of IL-4 (Supporting Fig. 3A).

Gal-3 is abundantly expressed and secreted by macro-
phages.”> Gal-3 is secreted into the extracellular com-
partment under cytokines, particularly IFNy, overpro-
ducing pathological conditions, where it modulates
inflammatory responses in tissue-resident macrophages.**
M1 polarization and proinflammatory response of M1
macrophages is enhanced by IFNy and/or IL-12,%
whereas increased levels of IL-4 leads to M2 polarization
of macrophages.”” Macrophages are capable of diverse
phenotypic heterogeneity, depending on their microen-
vironment, and their polarization is different in various
tissues under various pathological conditions.”” Some
data suggest that increased expression of Gal-3 is a fea-
ture of the alternative (i.e., M2) macrophage phenotype,
and that Gal-3 sustains and drives the M2 macrophage
phenotype in the peritoneum and myocardium.”*®
However, we present here, consistent with recently pub-
lished results in animal models of diet-induced NASH,®
that Gal-3 deletion attenuated both Thl and 2
inflammatory responses in the liver and down-regulated
the gene expression level of both Th1/M1 and Th2/M2
cells. Thus, it seems that reduced inflammation noticed
in the livers of Gal-3~’~ mice could be the result of
both macrophage and T-cell attenuation. Accordingly,
we found a decreased number of IL-12-producing
CD11c¢" DCs in livers of Gal-3~'~, mice compared to
WT, mice (Fig. 4), suggesting that Gal-3 plays an im-
portant role in the antigen presentation and activation
of T lymphocytes in Con A hepatitis.

IV-injected Con A is mainly phagocyted by liver
macrophages and presented to CD4" Th lymphocyrtes,
leading to their activation." Knowing that Gal-3 has
an important role in the phagocytic function of mac-
rophages,”” we assume that pretreatment with TD139
inhibited the expression of Gal-3 on macrophages,
impaired phagocytosis of Con A, and reduced the acti-
vation of CD4™" Th cells, which was manifested by the
lower number of IFNy- and IL-17- and -4-producing
CD4" T cells and the higher number of CD4"IL-10-
producing T lymphocytes in livers of Con A-treated
mice that received TD139 (Fig. 7).

Extensive apoptosis of liver MNCs in Gal-37'~
mice could also be one of the factors leading to the
reduced number of effector cells in livers of Gal-37/~
mice after Con A injection.
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It is well known that iz vive injection of Con A
leads to increased apoptosis of thymocytes and spleno-
cytes,30 and that intra- and extracellular Gal-3 have
opposite roles in the induction of T-cell apoptosis. In-
tracellular Gal-3 prevents the apoptosis of T lympho-
cytes, whereas extracellular Gal-3 induces the apoptosis
of activated T cells.”'® Consistent with these findings,
our results show that deletion of Gal-3 gene, because
of the lack of intracellular (i.e., antiapoptotic) Gal-3,
enhanced the apoptosis of MNCs, whereas injection of
TD139 through the inhibition of extracellular (i.e.,
proapoptotic) Gal-3 prevented the apoptosis of MNCs
in Con A-treated mice (Figs. 5B and 8B). However,
the number of pathogenic IFN7y-producing CD4" T
cells was affected by TD139 (Fig. 7).

In conclusion, we propose that Gal-3 plays an im-
portant proinflammatory role in Con A-induced hepa-
titis by promoting the activation of T lymphocytes,
NKT cells, DCs, cytokine secretion, prevention of M2
macrophage polarization, and apoptosis of MNCs that
leads to severe liver injury. Gal-3 may therefore be a
potential target for therapeutic intervention in acute
liver failure.
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