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Galectin-receptor interaction: a key player =

in liver fibrosis induced by Schistosoma
japonicum infection
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Abstract

Background Schistosoma japonicum eggs lodge in the liver and induce a fibrotic granulomatous immune response
in the liver of host. Galectin 3 (Gal-3) is a protein implicated in fibrosis in multiple organs. However, the pathology
and molecular mechanisms promoting hepatic granuloma formation remain poorly understood.

Methods To investigate the effect of blocking galectin-receptor interactions by a-lactose on liver immunopathology
in mice with S. japonicum infection, C57BL/6 mice were infected with S. japonicum and alpha (a)-lactose was intraperi-
toneally injected to block the interactions of galectins and their receptors.

Results Compared with S. japonicum-infected mice, there were significantly decreased Gal-3 mRNA and pro-

tein expression levels, decreased intensity of Gal-3 fluorescence in the liver, decreased serum ALT and AST levels,
decreased egg numbers of S. japonicum in the liver section, attenuated hepatic and spleen pathology, and allevi-
ated liver fibrosis accompanied with decreased protein expression levels of fibrosis markers [a-smooth muscle actin
(a-SMA), collagen |, and collagen IV] in the liver of S. japonicum-infected mice blocked galectin-receptor interactions
with hematoxylin-eosin staining, Masson’s trichrome staining, immunohistochemistry, or Western blot analysis. Com-
pared with S. japonicum-infected mice, blocking galectin-receptor interactions led to increased eosinophil infiltration
and higher eosinophil cationic protein (ECP) expression in the liver, accompanied by increased mRNA levels of eosino-
phil granule proteins [ECP and eosinophil peroxidase (EPO)], IL-5, CCL11, and CCR3 in the liver and decreased mRNA
levels of Gal-3 and M2 macrophage cytokines (TGF-B, IL-10, and IL-4) in the liver and spleen by using quantitative
real-time reverse transcription-polymerase chain reaction. In addition, there were increased Beclin1 protein expres-
sion and protein expression ratio of LC3B-1I/LC3B-I and decreased p62 protein expression and protein expression
ratios of phospho-mTOR/mTOR and phospho-AKT/AKT by Western blot; increased double-labeled F4/80%/LC3B* cells
by immunofluorescence staining; increased M1 macrophage polarization in the liver of S. japonicum-infected mice
blocked galectin-receptor interactions by flow cytometric analysis and immunofluorescence staining.

Conclusions Our data found that blockage of galectin-receptor interactions downregulated Gal-3, which in turn
led to reduced liver functional damage, elevated liver eosinophil recruitment, promoted macrophage autophagy
through the Akt/mTOR signaling pathway, and alleviated liver pathology and fibrosis. Therefore, Gal-3 plays a pivotal
role during S. japonicum infection and could be a target of pharmacologic potential for liver fibrosis induced by S.
Jjaponicum infection.
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Background

Schistosomiasis is one of the serious tropical diseases
caused by three main species of schistosomes: Schisto-
soma mansoni, S. haematobium, and S. japonicum [1].
According to the World Health Organization report,
at least 251.4 million people required preventive treat-
ment for schistosomiasis in 2021, out of which > 75.3
million people were reported to have been treated [2].
Schistosoma japonicum infection causes granulomatous
responses to parasite eggs trapped in the liver, resulting
in severe liver fibrosis and irreversible impairment of the
liver and even death of the host [3]. So far, the mecha-
nism of egg-induced liver fibrosis in S. japonicum infec-
tion remains unclear. Therefore, exploring the aspects of
immunology and interplay between host and parasites
during S. japonicum infection may have essential roles in
schistosomiasis japonica-induced liver fibrosis.

Galectins are a family of carbohydrate-binding proteins
that are expressed by a wide variety of cells and bind to
galactose-containing glycans; they are involved in many
physiological functions such as inflammation, immune
responses, cell migration, autophagy, and signaling, and
15 members have been identified in various cells and
tissues [4]. Galectin (Gal)-1 and Gal-3 facilitate the pro-
liferation of hepatic stellate cells and play an important
role in liver fibrosis [5], in which Gal-1 is a promising
molecular target for the development of therapeutic tools
to treat fibrosis in different chronic diseases [6]. Gal-3 is
a chimeric lectin and potent driver of many aspects of
fibrosis, and Gal-3 binds to Schistosoma egg antigens and
promotes liver fibrosis of S. mansoni-infected C57BL/6
mice [7]. Our previous study found that Gal-1, Gal-3,
eosinophils, and macrophages may participate in the
development of egg granulomatous inflammation and
fibrosis induced by S. japonicum infection [8]; however,
the mechanisms remain unknown.

Macrophage autophagy has a critical regulatory func-
tion in downregulation of liver immunopathology in
different kinds of diseases. It has been reported that S.
japonicum egg antigen-triggered macrophage autophagy
limited the development of pathology in the liver of
C57BL/6 mice [9]. Galectins expressed by immune cells
can participate in host responses to infection by directly
binding to microorganisms or by modulating antimi-
crobial functions such as autophagy [10]. However, the
role of galectins in regulating liver fibrosis caused by S.
japonicum infection remains poorly understood, and lit-
tle is known about whether and how galectins can impact
macrophage autophagy and the liver immunopathology
after schistosome infection. Elucidating the molecu-
lar mechanisms that promote or restrict tissue fibrosis
may lead to more effective strategies for immunological
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intervention in schistosomiasis. By blocking galectin-
receptor interactions with a-lactose, our data dem-
onstrated that Gal-3, eosinophils, macrophages, and
autophagy may play important roles in liver pathology
and fibrosis caused by S. japonicum infection. Therefore,
Gal-3 could be a target for early therapy of hepatic fibro-
sis induced by S. japonicum infection.

Methods

Ethics statement

All the experimental animals were housed in groups of
five and given 5 days to acclimate to the housing facil-
ity. The mice were housed in an air-conditioned room
(22-25 °C), maintained under a 12-h light-dark cycle, and
water and food were supplied ad libitum. The health of
mice was monitored twice daily, and no adverse events
were observed during feeding. All surgeries were per-
formed under anesthesia using isoflurane, and the appro-
priate organs were harvested when mice were killed.

Schistosoma japonicum and experimental infection

Female, 6—8-week-old C57BL/6 mice were obtained from
the Animal Center of Sun Yat-sen University (Guang-
zhou, China). Oncomelania hupensis snails were pur-
chased from the National Institute of Parasitic Diseases,
Chinese Center for Disease Control and Prevention
(Shanghai, China). A total of 40 C57BL/6 mice were used
in this study, which were randomly assigned to 4 groups
of 10 in each group: (i) naive group: mice were intraperi-
toneal (i.p.) injected with PBS daily as uninfected con-
trol; (ii) a-lactose-treated group (lact group): mice were
i.p. injected with a-lactose (L8040-100, Sigma-Aldrich,
St. Louis, MO, USA) solution in PBS alone as a-lactose
control; (iii) S. japonicum-infected group (Sj group):
mice were percutaneously infected with 30 cercariae of
S. japonicum, and (iv) S. japonicum+ a-lactose group
(Sj+lact group): mice were percutaneously infected
with 30 cercariae of S. japonicum and i.p. injected with
a-lactose treatment. Because male-female adult para-
sites pairing is common at 18 days after S. japonicum
infection in mouse models [11], lact group and Sj+lact
group were administered 1.5 mM of «-lactose PBS solu-
tion daily from 19 days post infection (p.i.) to 8 weeks
p.i., while naive group was i.p. injected with equal vol-
ume of PBS daily. At week 8 post-S. japonicum infection,
each group of mice was i.p. anesthetized with isoflurane
and weighed, blood samples were drawn from the orbit
to determine serum levels of aspartic aminotransferase
(AST) and alanine aminotransferase (ALT), and livers
and spleens were harvested, weighed, and then stored
based on different experimental needs.
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Measurement of serum enzyme activities

The whole blood samples of mice were collected and
kept at room temperature for 2 h and then centrifuged
at 3000 rpm for 10 min after coagulation. The superna-
tant was harvested, and the serum levels of AST and ALT
were measured to evaluate liver function on an automatic
biochemical analyzer (Chemray 800; Rayto Life and Ana-
lytical Sciences Co., Shenzhen, China) by different assay
kits (Rayto Life and Analytical Sciences Co.) according to
the manufacturer’s instructions.

Determination of liver and spleen indexes

The body weight of each mouse in different groups was
measured before they were killed, and the livers and
spleens were excised and weighed. Liver index=liver
weight (g)/body weight (g)x100%, and spleen
index=spleen weight (g)/body weight (g) X 100%.

Histopathological examination

The liver and spleen of mice were collected, and part of
the tissues was formaldehyde-fixed in 10% buffered natu-
ral formaldehyde (Guangzhou Chemical Reagent Factory,
Guangzhou, China) for over 48 h, paraffin-embedded,
and sectioned. Tissue sections (4 pm) were stained with
hematoxylin-eosin (H&E) or Masson’s trichrome solu-
tion (Wuhan Servicebio Technology Co., Ltd., Wuhan,
China). A semi-quantitative scoring system was used to
evaluate histological changes in liver tissues from four
mice of each group. The histopathological changes were
determined under 200X magnification in five noncon-
tiguous sections. Microscopic scores of the inflammation
severity were graded into four grades: 0, no inflamma-
tion; 1, mild inflammation; 2, moderate inflammation
and necrosis, 3, severe inflammation and necrosis [12].
The eosinophil numbers in liver tissues were quantified
using images taken with a digital camera system under
1000 X magnification measured using Image Pro plus 6.0
software (Media Cybernetics, Inc., MD, USA). The egg
numbers of S. japonicum in liver sections were counted
in images taken with a digital camera system under
200 x magnification. Eosinophil density was expressed as
the number of eosinophils per square millimeter in the
liver. Collagen appears blue using Masson’s trichrome
staining, and the blue area reflects the amount of colla-
gen. The percentage of the area stained with blue color
in total area was estimated quantitatively by using Image
Pro Plus 6.0 software (Media Cybernetics, Inc.) under
100 X magnification [13], and data are expressed in units
of area. The severity of fibrosis was distinguished by the
area of collagen.
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Immunohistochemistry

The frozen liver tissue was cut into 10-um sec-
tions (50 mm distance between sections) using a freez-
ing microtome. Liver sections were pretreated with 0.3%
H,0O, at room temperature for 30 min. After blocking
with 5% bovine serum albumin (BSA) in PBS (pH=7.4)
for 30 min, the sections were incubated overnight at 4 °C
with primary antibody for routine immunohistochemis-
try. The primary antibodies used were rabbit anti-Gal-9
(1:50, Proteintech, Wuhan, China), rabbit anti-Gal-3
(1:50, Proteintech), rabbit anti-Gal-1 (1:50, Proteintech),
rabbit anti-collagen IV (1:500, Abcam Plc., Cambridge,
UK), rabbit anti-collagen I (1:200, Affinity Biosciences
Ltd., Jiangsu, China), and rabbit anti-alpha-smooth mus-
cle actin (a-SMA, 1:200, Affinity Biosciences Ltd.). After
rinsing, the sections were incubated with a streptavidin-
biotin-peroxidase complex kit and then immersed in
enhanced 3,3"—diaminobenzidine (Wuhan Servicebio
Technology Co., Ltd.) to visualize the staining. Finally, the
sections were counterstained with hematoxylin and then
dehydrated, cleared, and cover-slipped. The liver sec-
tions from each mouse of different groups were analyzed.
The immunoreactive areas were quantified using images
taken with a digital camera system at 400 X magnification
and analyzed with an image analysis program (Image]
v1.8.0, the National Institutes of Health, Bethesda, MD,
USA).

To perform double-labeled immunofluorescence stain-
ing, liver sections were incubated overnight at 4 °C with
rat anti-F4/80 (1:200, Santa Cruz Biotechnologys, Shang-
hai, China) and rabbit anti-MHC Class II (MHC-II, 1:200,
Beijing Bioss Biotechnology Co., Ltd., Beijing, China) or
with rat anti-F4/80 (1:200, Santa Cruz Biotechnologys)
and rabbit anti-CD206 (1:200, Affinity Biosciences Ltd.).
The sections were then incubated with anti-rat fluores-
cent IgG (1:400, AF488, Cell Signaling Technology Inc.,
Massachusetts, USA) and anti-rabbit fluorescent IgG
(1:400, AF594, Cell Signaling Technology Inc.) at room
temperature for 1 h and stained with 4,6-diamidino-
2-phenylindole (DAPI). In addition, the liver sections
were incubated overnight at 4 °C with rabbit anti-LC3B
(1:200, Proteintech) and rat anti-F4/80 (1:200, Santa Cruz
Biotechnologys), with rabbit anti-LC3B (1:200, Protein-
tech) and rabbit anti-Gal-3 (1:100, Proteintech), and with
rabbit anti-Gal-3 (1:100, Proteintech) and rabbit anti-
ECP (eosinophil cationic protein, 1:100, Proteintech),
respectively. The sections were then incubated with
anti-rabbit fluorescent IgG (1:400, AF488, Cell Signaling
Technology Inc., Massachusetts, USA), anti-rat fluores-
cent IgG (1:400, AF594, Thermo Fisher Scientific Inc.,
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Massachusetts, USA), and anti-rabbit fluorescent IgG
(1:400, AF594, Cell Signaling Technology Inc.) at room
temperature for 1 h, respectively, and then stained with
4,6-diamidino-2-phenylindole ~ (DAPI). Immunofluo-
rescence images were captured by confocal microscope
Nikon C2 (Nikon Corp., Tokyo, Japan). The numbers of
F4/80 and MHC-II, F4/80 and CD206, and F4/80 and
LC3B double-stained immunoreactive cells were counted
in five randomly selected areas (0.01 mm? each) in each
liver section. The analysis of morphological studies was
performed by two blinded researchers.

Flow cytometry

Liver tissue from each mouse was cut into small pieces,
and liver leukocytes were separated by Ficoll-Hypaque
(Haoyang Biological Manufacture Co., Ltd., Tian-
jin, China) gradient centrifugation after being filtered
through a 70-um cell sieve. Spleen tissue from each
mouse was also rendered into single-cell suspensions by
dispersing through a 70-pm cell sieve. The cell suspen-
sion was purified with ACK lysis buffer, and cell concen-
tration was adjusted appropriately. For flow cytometry
analysis, liver leukocytes and spleen lymphocytes were
washed twice and suspended in pre-chilled PBS with
0.1% BSA. A total of 1x10° cells/100 pl were incubated
with PE/Cyanine7-conjugated anti-CD45 antibody,
EV450-conjugated anti-F4/80 antibody, APC-conjugated
anti-CD11b antibody, PE-conjugated anti-MHC-II anti-
body, and Ghost Dye" Red 780 (ELGBIO Biotechnology
Co., Ltd.,, Guangzhou, China) for surface staining, and
then the cells were re-suspended with fixation/permeabi-
lization buffer (BD Biosciences Inc., New York, USA) and
incubated with FITC-conjugated anti-CD206 antibody
(ELGBIO Biotechnology Co., Ltd.) for intracellular stain-
ing. Data were detected with a CytoFLEX flow cytometer
and analyzed using FlowJo software (Treestar Inc., CA,
USA).

Determination of mMRNA expression by using quantitative
real-time reverse transcription-polymerase chain reaction
(qRT-PCR)

Total RNA was isolated from liver and spleen tissues
using FastPure® Cell/Tissue Total RNA Isolation Kit
(Vazyme Biotech Co., Nanjing, China) according to the
manufacturer’s instructions. Then, cDNA was synthe-
sized from total RNA using PrimeScript " II 1st Strand
c¢DNA Synthesis Kit (TaKaRa Bio Inc., Shiga, Japan). To
determine the mRNA levels of Gal-1, Gal-3, Gal-9, eosin-
ophil cationic granule proteins [ECP, eosinophil per-
oxidase (EPO)], and eosinophil chemokines [IL-5, C-C
motif chemokine 11 (CCL11), and CC chemokine recep-
tor3 (CCR3)] in the liver tissue, and the mRNA levels of
M1 macrophage-associated genes (iNOS and IL-1p) and
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M2 macrophage-associated genes (TGF-B, Argl, IL-4,
and IL-10) in the liver and spleen tissues, qRT-PCR was
performed in a 10 pl volume with the SYBR Green qPCR
Master Mix (TaKaRa Bio Inc.). The PCR was run on a
CFX96 Touch® Real-Time PCR Detection System (Bio-
Rad Laboratories, CA, USA) for 30 s at 95 °C, followed
by 39 cycles of 5 s at 95 °C and 30 s at 60 °C. Then, the
melting curve was analyzed (95 °C for 15 s and 65 °C for
15 s). Relative gene expression levels were determined
using the 2722 method with Light Cycler 480 soft-
ware (Roche, version 1.5.0). Mouse housekeeping gene,
GAPDH, was used as the control to normalize specific
mRNA expression levels. The fold change in the expres-
sion of each target gene mRNA relative to GAPDH in
each group was determined using the 2,724 method. All
primers are listed in Table 1.

Western blot assay

Hepatic tissues were extracted and lysed in RIPA lysis
buffer (Shanghai Beyotime Biotechnology Co., Ltd,
Shanghai, China) and then ultrasonicated and centri-
fuged at 10, 000x g for 5 min at 4 °C. The supernatants
were collected, and the protein concentrations were
quantified via BCA Protein Assay Kit (Shanghai Beyotime
Biotechnology Co., Ltd.) and then boiled in SDS-PAGE
loading buffer at 100 °C for 10 min. An equal amount of
20 ug protein from each sample was electrophoresed on
10% SDS-page gels (Shanghai Epizyme Biomedical Tech-
nology Co., Ltd., Shanghai, China) and transferred onto a
PVDF membrane (Millipore, Massachusetts, USA). Next,
the membranes were blocked with Protein Free Rapid
Blocking Buffer (Shanghai Epizyme Biomedical Technol-
ogy Co., Ltd.) for 15 min and then incubated with shaking
overnight at 4 °C with the following primary antibodies:
rabbit anti-Gal-9 (1:50, Proteintech, Wuhan, China), rab-
bit anti-Gal-3 (1:50, Proteintech), rabbit anti-Gal-1 (1:50,
Proteintech), rabbit anti-collagen IV (1:1000, Abcam
Plc.), rabbit anti-collagen I (1:1000, Affinity Biosciences
Ltd.), rabbit anti-a-SMA (1:1000, Affinity Biosciences
Ltd.), rabbit anti-Phospho-mTOR (1:1000, Affinity Bio-
sciences Ltd.), rabbit anti-mTOR (1:1000, Affinity Bio-
sciences Ltd.), rabbit anti-Phospho-AKT (1:1000, Affinity
Biosciences Ltd.), rabbit anti-AKT (1:1000, Affinity Bio-
sciences Ltd.), rabbit anti-SQSTM1/p62 (1:1000, Abcam
Plc.), rabbit anti-Beclinl (1:1000, Proteintech Group Inc.,
Rosemont, USA), rabbit anti-LC3B (1:1000, Abcam Plc.),
and rabbit anti-GAPDH (1:1500, Cell Signaling Technol-
ogy Inc.), respectively. The membranes were then incu-
bated with goat-anti-rabbit IgG antibodies (1:10,000, Cell
Signaling Technology Inc.) for 1 h at room temperature.
Protein bands were visualized using the chemilumines-
cence imaging system (Bio-Rad Laboratories Inc.) and
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Table 1 Primer sequences used for quantitative real-time reverse transcription-polymerase chain reaction

Gene Forward primer (5'—3") Reverse primer (5'—3") Accession
GAPDH ACTCCACTCACGGCAAATTC TCTCCATGGTGGTGAAGACA NM_001289726.1
Gal-1 CGCCAGCAACCTGAATC GTCCCATCTTCCTTGGTGTTA NM_008495.2
Gal-3 GCTACTGGCCCCTTTGGT CCAGGCAAGGGCATATCGTA NM_001145953.1
Gal-9 GCAGGAGGGACTTCAGGTGA GCCCCCACTGTCCGTTCT NM_001159301.1
EPO CTGTCTCCTGACTAACCGCTCT TCAGCGGCTAGGCGATTGTGTT XM_006532174.3
ECP CATCACCAGTCGGAGGAGAACA ATGGGACTGTCCTGTGGAGTTC XM_021155370.1
IL-5 GATGAGGCTTCCTGTCCCTACT TGACAGGTTTTGGAATAGCATTTCC NM_010558.1
CCL11 TCCATCCCAACTTCCTGCTGCT CTCTTTGCCCAACCTGGTCTTG NM_011330.3
CCR3 CCACTGTACTCCCTGGTGTTCA GGACAGTGAAGAGAAAGAGCAGG XM_017313120.2
iNOS GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC NM_010927.4
IL-1B AATGACCTGTTCTTTGAAGTTGA TGATGTGCTGCTGCGAGATTTGAAG NM_008361.4
TGF-B TGATACGCCTGAGTGGCTGTCT CACAAGAGCAGTGAGCGCTGAA XM_021167684.1
Arg1 CAGAAGAATGGAAGAGTCAG CAGATATGCAGGGAGTCACC NM_007482.3
IL-4 ACAGGAGAAGGGACGCCAT GAAGCCCTACAGACGAGCTCA NM_021283.2
IL-10 AGCCGGGAAGACAATAACTG CATTTCCGATAAGGCTTGG NM_010548.2

ARG-1 Arginase 1, CCL11 C C motif chemokine 11, CCR3 CC chemokine receptor 3, ECP eosinophil cationic protein, EPO eosinophil peroxidase, GAL galectin, GAPDH
glyceraldehyde 3-phosphate dehydrogenase, iNOS inducible nitric oxide synthase, IL interleukin, TGF-S transforming growth factor beta

quantified using Image] v1.8.0 (the National Institutes of
Health).

Statistical analysis

All data are presented as the mean +standard deviation
(SD) and were analyzed using SPSS 20.0 software to test
normality. SPSS 20.0 software was used to conduct -test
of independent samples (for comparison between two
groups of data) or one-way ANOVA (for comparison
between multiple groups of data) for statistical analysis.
All histograms were designed with GraphPad Prism 8
(GraphPad software, San Diego, CA, USA). P<0.05 was
considered statistically significant.

Results

Blockage of galectin-receptor interactions decreased Gal-3
level in the liver of S. japonicum-infected mice

Only a few Gal-1, Gal-3, and Gal-9 positive cells labeled
dark brown were observed in the liver section of naive
group and lact group. However, there were many Gal-
1, Gal-3, and Gal-9 positive cells in the liver section of
Sj group (Fig. 1A). Compared with uninfected controls,
there were significantly increased Gal-1, Gal-3, and Gal-9
positive cells in the liver of Sj group (P<0.0001). Com-
pared with Sj group, there were significantly decreased
Gal-3 positive cells in the liver of Sj+lact group
(P<0.001); however, the numbers of Gal-1 or Gal-9
positive cells had no statistical significance (P> 0.05,
Fig. 1B) (ANOVA; F,p.0=173.667, F,.5=239.084, Fe,.
1=53.449; P<0.0001). Consistent results were also found
by Western blot; only Gal-3 protein expression was

significantly decreased in the liver of Sj+lact group com-
pared to Sj group (P<0.05, Fig. 1C, 1D).

qRT-PCR assay showed that compared with naive
group and lact group, the mRNA levels of Gal-1, Gal-3,
and Gal-9 were significantly increased in the liver of both
Sj group (P<0.0001, P<0.0001, and P<0.01, respectively)
and Sj+lact group (P<0.05, P<0.0001, and P<0.05,
respectively) (ANOVA; Fg,.,=12.677, Fg, ;=48.817,
Fia.9=10.284; P<0.0001). Compared with Sj group,
Gal-3 level was significantly decreased in the liver of
Sj+lact group (P<0.01, Fig. 1E). These findings suggest
that Gal-3 is strongly involved in hepatic immunopathol-
ogy induced by S. japonicum infection.

Blockage of galectin-receptor interactions relieved liver
function damage of S. japonicum-infected mice

Gross observation of liver specimens found that the livers
of normal control mice (either naive mouse or a-lactose-
treated mouse) were light red color with a smooth sur-
face; in contrast, the livers of S. japonicum-infected mice
(either Sj mouse or Sj+lact mouse) were dark red color
with numerous irregular whitish spots on the surface,
and the spleens were markedly enlarged and darkened
(Fig. 2A).

The liver and spleen indexes of Sj group and Sj+lact
group were significantly higher than those of naive group
(P<0.0001 and P<0.001, respectively) and lact group
(P<0.0001 and P<0.001, respectively). Compared with
Sj group, the liver and spleen indexes of Sj+lact group
were significantly increased (P<0.05) (ANOVA; F.,
=92.410, F, =50.484; P<0.0001, Fig. 2B, C).

indexes pleen indexes
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Fig. 1 The expression of Gal-1, Gal-3, and Gal-9 in the livers of different groups of mice. A Immunohistochemical staining of Gal-1, Gal-3, and Gal-9
positive cells in the livers of different groups of mice. Original magnification 400 (scale bar=>50 um). B The numbers of Gal-1, Gal-3, and Gal-9
positive cells were counted in five random fields to quantify them. Data are expressed as mean+SD (n=4). C The protein expression levels of Gal-1,
Gal-3, and Gal-9 in the liver were detected by Western blot. D Densitometric analysis of Gal-1, Gal-3, and Gal-9 normalized to the endogenous
control (GAPDH) and expressed as fold change. Data are expressed as mean £ SD (n=4). E The mRNA expression levels of Gal-1, Gal-3, and Gal-9

in the liver was detected by gRT-PCR (n=8). #P<0.01, *P<0.001, P < 0.0001, 5j group compared with naive group and lact group; "P< 0.05,

“P<0.01,and "'P<0.001, Sj+lact group compared with Sj group

The results suggested that blockage of galectin-receptor
interaction was beneficial to alleviate liver and spleen dam-
age induced by chronic S. japonicum infection.

Serum levels of ALT and AST are used to assess liver
function. Compared with naive group and lact group,
serum levels of ALT and AST were significantly increased
in §f group (P<0.01) and Sj+lact group (P<0.05) (ANOVA;
Fy1=41.679, F,qr=23.687; P<0.0001). Compared with
Sj group, serum ALT and AST levels were significantly
decreased in Sj+lact group (P<0.01 and P<0.05, respec-
tively, Fig. 2D, E).

Blockage of galectin-receptor interactions promoted
eosinophil infiltration in the liver and attenuated

the pathology of liver and spleen of S. japonicum-infected
mice

The livers and spleens of different groups of mice were
examined histologically at 8 weeks p.i. Compared with

uninfected controls, severe inflammation and signifi-
cantly increased eosinophil infiltration around egg gran-
ulomas were observed in the liver sections of Sj group
and Sj+lact group (Fig. 3A). The numbers of eosinophils
in liver sections of different groups were counted under
1000 X magnification. Quantitative analysis showed that
compared with naive group or lact group, the numbers
of eosinophils were significantly increased in the liv-
ers of §j group (P<0.001) and Sj+lact group (P<0.001),
and eosinophil number was significantly increased
in the liver of Sj+lact group compared with Sj group
(P<0.01, Fig. 3B) (ANOVA; Fy 1 =41.679, Fygp=23.687;
P<0.0001).

The mRNA expression levels of eosinophil granule
proteins (ECP and EPO) and eosinophil chemokines
(IL-5, CCL11, and CCR3) in the liver were determined.
Compared with naive group or lact group, the mRNA
levels of ECP (P<0.0001), EPO (P<0.001 and P<0.0001,
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Fig. 2 Blockage of galectin-receptor interactions alleviated the liver function damage of S. japonicum-infected mice. A Gross specimens of liver
and spleen of different groups of mice. B The liver indexes of different groups of mice. C The spleen indexes of different groups of mice. D Serum
ALT levels of different groups of mice. E Serum AST levels of different groups of mice. Results are expressed as mean+SD (n=7). #P<0.01,

#p < 0.001, ##P < 0.0001, Sj group compared with naive group and lact group; 'P<0.05, "P<0.01, Sj+lact group compared with Sj group

respectively), IL-5 (P<0.0001), CCL11 (P<0.001 and
P<0.0001, respectively), and CCR3 (P<0.0001) were sig-
nificantly increased in the livers of Sj group and Sj+lact
group. Compared with Sj group, the mRNA levels of
ECP (P<0.05), EPO (P<0.05), IL-5 (P<0.01), CCL11
(P<0.01), and CCR3 (P<0.01) were significantly increased
in the liver of Sj+lact group ( Fig. 3C) (ANOVA; F;.
-=40.570, Fpep=60.928, Fppo=14.805, Foopq=47.381,
Fecrs=42.927; P<0.0001). The results indicated that
blockage of galectin-receptor interactions increased
eosinophil infiltration in the liver of S. japonicum-
infected mice.

Histological observation showed that no pathologi-
cal change was observed in the liver and spleen tissues
of naive group and lact group. However, severe histo-
logical changes were observed in the liver and spleen
tissues, and diffuse S. japonicum egg granulomas were
surrounded by many inflammatory cells in the liver and
spleen tissues of Sj group, while attenuated granuloma-
tous inflammation surrounding egg granulomas was
observed in the liver (Fig. 3A) and spleen (Fig. 3F) tis-
sues of Sj+lact group. Furthermore, the egg numbers
of S. japonicum in the liver sections of Sj+lact group
was lower than in Sj group (¢-test, &, =2.367, P<0.05,
Fig. 3D). Compared with Sj group, semi-quantitative his-
topathological scores based on histopathological changes
in the liver (Fig. 3E) and spleen (Fig. 3G) tissues were sig-
nificantly decreased in Sj+lact group (t-test, t,., = 3.468,

P<0.01 and £, =2.483, P<0.05, respectively). There-
fore, our data demonstrated a profound protective role of
eosinophils against S. japonicum; however, the molecular
mechanism had not been elucidated.

Then, we used double-immunofluorescence staining
to verify whether eosinophil infiltration was regulated
by Gal-3 in the liver of S. japonicum-infected mice. It
has been reported that Gal-3 is predominantly located
in the cytoplasm, but it also shuttles into the nucleus
and is secreted onto the cell surface and into biologi-
cal fluids [14]. ECP is a basic and potentially cytotoxic
granule protein stored in an inactive form in the gran-
ules; it is released from the eosinophil upon activa-
tion [15]. Our result showed that a faint intensity of
Gal-3 fluorescence (Gal-3", green) and ECP fluores-
cence (ECP™, eosinophils marker, red) was observed
in the liver of naive group and lact group. Compared
with uninfected controls, a higher intensity of Gal-3
fluorescence and ECP fluorescence was observed in
the liver sections of Sj group and Sj+lact group. Com-
pared with Sj group, a lower intensity of Gal-3 fluores-
cence and a higher intensity of ECP fluorescence were
observed in the liver section of Sj+lact group (Fig. 4).
Thus, blockage of galectin-receptor interaction may
induce eosinophil infiltration through downregula-
tion of Gal-3 expression in the liver of S. japonicum-
infected mice.
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Fig. 3 The liver and spleen histopathology of different groups of mice. Mice were infected with 30 Schistosoma japonicum cercariae and killed

at 8 weeks p.i. A Representative microscopic pictures of the liver sections of different groups stained with H&E. No histological change

was observed in the liver and spleen of naive group and lact group; egg granulomas and a large number of eosinophils around S. japonicum egg
granulomas were observed in the liver and spleen of Sj group and Sj+ lact group. Original magnifications of the images are 400 X (scale bar=20 um)
and 1000 X (scale bar=9 um). B Eosinophil count analysis in the liver tissues. Data are represented as mean +SD. There were six mice per group. C
The mRNA expressions of ECP, EPO, IL-5, CCL11, and CCR3 in the livers of different groups of mice at 8 weeks p.i. Values are means from triplicate
measurements, and data are presented as means+SD (n=10). D The egg numbers of S. japonicum in the livers. Data are represented as mean +SD
(n=5). E Histopathological score analysis of the liver tissues. F Representative microscopic pictures of the spleen sections of different groups of mice
stained with H&E. G Histopathological score analysis of the spleen tissues. Original magnification 200 (scale bar=100 um). Data are represented

as mean+SD (n=4). "P<0.001 and "*P <0.0001, S group compared with naive group and lact group; "P<0.05 and “P<0.01, Sj+lact group

compared with S group

Blockage of galectin-receptor interactions relieved liver
fibrosis of S. japonicum-infected mice

To determine whether blockage of galectin-receptor
affects liver fibrogenesis, hepatic collagen deposi-
tion was determined by Masson’s trichrome staining.
There was a large amount of collagen fiber deposition
around the granulomas in the liver section of Sj group
(Fig. 5A). Compared with §j group, there was signifi-
cantly decreased fibrotic area in the liver section of
Sj+lact group (P<0.001, Fig. 5B) (ANOVA; F=83.851;
P<0.0001).

The observation by immunohistochemical stain-
ing revealed that there were only a few and uniform
distribution of a-SMA, collagen I, and collagen IV
positive cells (stained brown) observed in the liver sec-
tions of naive group and lact group (Fig. 6A). How-
ever, compared with uninfected controls, there were
increased a-SMA, collagen I, and collagen IV positive
areas around egg granulomas in the liver sections of Sj
group (P<0.0001, P<0.001, and P<0.001, respectively)
and Sj+lact group (P<0.001, P<0.01, and P<0.001,
respectively). Compared with Sj group, there were
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Fig. 4 Double immunofluorescence staining of Gal-3 and ECP in the liver tissues of different groups of mice. Fluorescence microscopy observation
of liver tissues in different groups of mice stained with anti-Gal-3 (green) and anti-ECP (eosinophils marker, red). Tissues were counterstained

with DAPI (blue). Original magnification 1000 X (scale bar=10 um)

significantly decreased positive areas of a-SMA, col-
lagen I, and collagen IV in the liver section of Sj+lact
group (P<0.01, P<0.01, and P<0.05, respectively,
Fig. 6B) (ANOVA; Fy gya=193.953, Fyjjpgen 1 =263.689,
Feoliagen 1v=257.479; P<0.0001). Consistent results were
also found by Western blot, the protein expression
levels of a-SMA, collagen I, and collagen IV were sig-
nificantly decreased in the liver tissue of Sj+lact group
compared to Sj group (P<0.05, Fig. 6C, D) (ANOVA;
Fa—SMA = 50994’ Fcollagen 1= 32.637, Fcollagen = 41997’
P<0.0001). The results indicate that blockage of galec-
tin-receptor interactions may effectively decrease the
expressions of hepatic fibrosis-related proteins in S.

Jjaponicum-infected mice.

Blockage of galectin-receptor interactions promoted

M1 macrophage polarization in the liver and spleen of S.
japonicum-infected mice

The expressions of MHC-II (a phenotypic marker for
M1 macrophages) and CD206 (a phenotypic marker
for M2 macrophages) in the liver of different groups of
mice were compared using immunofluorescence stain-
ing, and macrophages were detected by staining with
anti-F4/80 antibody. A few F4/80 positive cells (F4/80"
cells, red fluorescence) were observed in the liver sec-
tions of naive group and lact group, but many F4/80%"
cells were observed in the liver sections of Sj group and
Sj+lact group (Fig. 7A, C). Meanwhile, compared with
naive group and lact group, more MHC-II positive cells
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A Naive

Fig. 5 Hepatic fibrosis was relieved in Schistosoma japonicum-infected mice with blockage of galectin-receptor. A Representative liver granulomas
were observed by Masson's trichrome staining at 8 weeks p.i. after S. japonicum infection. Collagen is in blue color. Original magnification
100 X (scale bar=200 pm). B Collagen deposition positive areas were digitized and analyzed on Image Pro Plus software. Results are expressed

as mean=+SD (n=6). " <0.0001, §j group compared with naive group and lact group; P <0.001, §j+lact group compared with Sj group

(MHC-II* cells, green fluorescence) or CD206 positive
cells (CD206" cells, green fluorescence) and merged
with F4/80% cells in yellow color were observed in the
liver sections of Sj group and Sj+lact group (Fig. 7A, C).
The numbers of MHC-II" cells and CD206" cells in the
liver tissues of Sj group and Sj+lact group were signifi-
cantly higher than those of naive group and lact group
(ANOVA; Fyyc.1=462.657, Frpoge=229.691; P<0.0001,
Fig. 7B, D). Compared with Sj group, the number of
MHC-II" cells was significantly increased (P<0.0001),
whereas the number of CD206" cells was significantly
decreased (P<0.0001) in the liver tissue of Sj+lact group.

The gating strategy of flow cytometry data used in the
liver samples of Sj+ lact group was as below; this was also
used in all liver and spleen samples of different groups:
(i) gated the leukocyte subsets from all cells accord-
ing to the parameters of SSC-A/FSC-A, namely P1; (ii)
gated the single cells from P1 according to FSC-A/FSC-A
parameters, namely P2; (iii) gated the live cells from P2
according to SSC-A/LIVE/DEAD parameters, namely P3;
(iv) F4/807/CD11b™" cells (Q1-UR, top right corner) were
gated from the cells of the P3, which were macrophage
subtypes (Fig. 8A). Based on the above gating data, the
M1/M2 macrophage subtypes of antibody-labeled MHC-
II and CD206 cells in the livers and spleens of mice of dif-
ferent groups were further analyzed (Fig. 8B). Compared
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with naive group and lact group, there were significantly
increased CD206 cells in the liver and spleen of Sj group
(P<0.001); however, the proportion of MHC-II cells
had no significant change. Compared with Sj group,
there were significantly increased MHC-II cells in the
liver (P<0.001) and spleen (P<0.001) and significantly
decreased CD206 cells in the liver (P<0.01) of Sj+lact
group (ANOVA; Fyje; mpic 1= 42127, Fiyyer cpoos=13.868,
Fopteen MHC-1=25253, Fopieen cpos=16.672; P<0.0001,
Fig. 8C). These findings suggest that S. japonicum infec-
tion induced increased M2 macrophages, while blockage
of galectin-receptor interactions resulted in increased
M1 macrophages and decreased M2 macrophages in the
liver of Sj+lact mice.

We further evaluated whether a-lactose treatment
induced changes in M1 and M2 macrophage cytokines
in the liver and spleen of mice with S. japonicum infec-
tion. Compared with naive group and lact group,
there were significantly increased mRNA expression
levels of iNOS (P<0.0001), IL-1f (P<0.001), TGF-f
(P<0.0001), IL-10 (P<0.0001 and P<0.01, respec-
tively), and IL-4 (P<0.0001) in the livers of Sj group and
Sj+lact group (ANOVA; Fiyos=50.657, Fy 15=141.254,
Frpp=26.876, F_1p=14.213, F;; ,=40.989; P<0.0001,
Fig. 9A); significantly increased mRNA levels of TGF-
(P<0.0001), IL-10 (P<0.0001), and IL-4 (P<0.001) in
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Fig. 6 Immunohistochemical staining of a-SMA, collagen |, and collagen IV in the liver. A Immunohistochemical staining of a-SMA, collagen

I, and collagen IV positive cells in the livers of different groups of mice. Original magnification 400 x (scale bar=50 um). B a-SMA, collagen |,

and collagen IV positive areas were digitized and analyzed by Image Pro Plus software. Data are expressed as mean +SD (n=4). C The protein
expression levels of a-SMA, collagen |, and collagen IV in the liver were detected by Western blot. D Densitometric analysis of a-SMA, collagen |,

and collagen IV normalized to GAPDH and expressed as fold change. Data are expressed as mean = SD (n=4). #P<0.01, #¥P <0.001, #*P <0.0001, §
group compared with naive group and lact group; ‘P<0.05 and “P<0.01, Sj+lact group compared with Sj group

the spleen of Sj group, and significantly increased iNOS
mRNA level (P<0.01) in the spleen of Sj+lact group
(ANOVA; Fiyos=15.191, Fjj 15=42.234, Frgpp=34.811,
Fj1.10=49.043, F; ,=14.040; P<0.0001, Fig. 9B). How-
ever, compared with Sj group, there were significantly
increased mRNA levels of iNOS (P<0.001) and IL-1f
(P<0.001 and P<0.0001, respectively) in the liver and
spleen, significantly decreased mRNA levels of TGE-f

(See figure on next page.)

(P<0.01), IL-10 (P<0.05), Arg-1 (P<0.05), and IL-4
(P<0.01) in the liver, and significantly decreased mRNA
levels of TGF-p (P<0.001), IL-10 (P<0.001), and IL-4
(P<0.05) in the spleen of Sj+lact group (Fig. 9). The
results indicated that blockage of galectin-receptor
interactions may increase M1 macrophage response
and decrease M2 macrophage response in the liver and
spleen of S. japonicum-infected mice.

Fig. 7 Double immunofluorescence staining of macrophage subtypes in the livers of different groups of mice. A Liver sections of different groups
of mice were co-stained with anti-F4/80 (macrophage marker, red) and anti-MHC-II (M1 marker, green). DAPI was used to visualize nuclei (blue).
Original magnification 600 x (scale bar=20 pm). B F4/80 positive cells and MHC-II positive cells in the liver tissue sections counted in five random
fields were quantified. Data are shown as the means+SD (n=4). C Liver sections of different groups of mice were co-stained with anti-F4/80 (red)
and anti-CD206 antibodies (M2 marker, green). DAPI was used to visualize nuclei (blue). Original magnification 600X (scale bar=20 um). D F4/80
positive cells and CD206 positive cells in the liver tissue sections counted in five random fields were quantified. Data are shown as the means+SD
(n=4). ""*P < 00001, Sj group compared with naive group and lact group; ~ P<0.001, §j+lact group compared with Sj group
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Fig. 8 Flow cytometry for M1/M2 macrophages in the liver and spleen of different groups of mice. A Gating strategy of the flow cytometry data.
P1 represented the leukocyte subsets gated from all the events; P2 represented the single cells gated from the P1; P3 represented the live cells
gated from the P2; F4/80*/CD11b" cells (Q1-UR, top right corner) were the macrophage subtypes gated from the cells of the P3. B Representative
data of the M1/M2 macrophage subtypes in different groups. The quadrants show MCH-II"/CD206~ cells (MCH-II, upper left), MCH-UII*/CD206*
cells (**, upper right), MCH-II/CD206" cells ("7, lower left), and MCH-II"/CD206" cells (CD206™, lower right). C The percentage of MCHII*/CD206~
cells and MCH-II/CD206" cells in the liver and spleen. Data are shown as the means+SD (n=4). #*P<0.001, Sj group compared with naive group

and lact group; "P<0.01 and

ok

P<0.001, Sj+lact group compared with naive group, lact group, and §j group. **P<0.01 and ***P<0.001, MCH-II*
cells compared with CD206" cells in Sj group; **P<0.01, MCH-II" cells compared with CD206" cells in Sj+lact group
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Fig. 9 mRNA expression levels of M1 and M2 macrophage cytokines of different groups of mice. A mRNA expression levels of M1 and M2
macrophage cytokines in the liver. B mRNA expression levels of M1 and M2 macrophage cytokines in the spleen. Values are means from triplicate
measurements, and data are presented as means+SD (n=10); Y axis represents the mRNA expression levels of different genes. ns: no significance;
#p<0.01, P <0.001,and P <0.0001, §j group compared with naive group and lact group; P<0.05, 'P<0.01, "P<0.001,and “"P<0.0001,
Sj+lact group compared with Sj group



Huang et al. Parasites & Vectors (2024) 17:232

Correlation analysis between mRNA expressions of Gal-3
and M1/M2 macrophage cytokines in the liver of S.
japonicum-infected mice

Only significant correlations between the mRNA levels
of Gal-3 and M1/M2 macrophage cytokines in the liv-
ers of Sj group and Sj+lact group were provided here.
There were significant negative correlations between the
mRNA levels of Gal-3 and iNOS (Pearson’ s correlation
coefficient, r=0.5551, P=0.0339) and Gal-3 and IL-1f
(r=0.8464, P=0.0012) and significant positive corre-
lations between the mRNA levels of Gal-3 and TGF-p
(r=0.7878, P=0.0033), Gal-3 and IL-10 (r=0.7070,
P=0.0089), Gal-3 and Arg-1 (r=0.5748, P=0.0293),
and Gal-3 and IL-4 (r=6670, P=0.0134) in the liver of
Sj group (Fig. 10A), while there were significant nega-
tive correlations between the mRNA levels of Gal-3
and iNOS (r=0.7788, P=0.0037), and Gal-3 and IL-1p
(r=0.6525, P=0.0153) and significant positive corre-
lations between the mRNA levels of Gal-3 and TGF-$
(r=0.8036, P=0.0026), Gal-3 and IL-10 (r=0.7025,
P=0.0094), Gal-3 and Arg-1 (r=0.7460, P=0.0057),
and Gal-3 and IL-4 (r=0.7830, P=0.0035) in the liver of
Sj+lact group (Fig. 10B).
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Blockage of galectin-receptor interaction promoted
macrophage autophagy through the Akt/mTOR signaling
pathway in the liver of S. japonicum-infected mice

Study has reported that Gal-3, as a negative regulator of
autophagy, can decrease autophagy activity [16]. To ver-
ify whether autophagy is regulated by Gal-3 in the liver of
S. japonicum-infected mice, immunofluorescence stain-
ing showed that faint intensities of LC3B fluorescence
and Gal-3 fluorescence were observed in the livers of
naive group and lact group. Compared with uninfected
mice, there were higher intensities of LC3B fluorescence
and Gal-3 fluorescence in the liver of Sj group. Com-
pared with Sj group, the intensity of LC3B fluorescence
was stronger and the intensity of Gal-3 fluorescence
was lower in the liver of Sj+lact group (Fig. 11A). Thus,
blockage of galectin-receptor interaction may promote
autophagy through downregulating Gal-3 expression in
the liver of S. japonicum-infected mice.

Western blot was performed to explore S. japoni-
cum infection-induced autophagy signaling pathway.
The results showed that, compared with Sj group, there
were significantly decreased p62 protein expression
(P<0.01), significantly decreased protein expression ratio
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of phospho-mTOR/mTOR (P<0.05), and significantly
decreased protein expression ratio of phospho-AKT/
AKT (P<0.05) while significantly increased Beclinl
protein expression (P<0.01) and significantly increased
protein expression ratio of LC3B-II/LC3B-I (P<0.05)
in the liver of Sj+lact group at 8 weeks p.i. (ANOVA;
Fpp=29.132,  P<0.0001;  Fypospho-mror/mror=5112,
P<0.05; Fohospho-akT/AKT =7-234, P<0.01; Fgen =6.898,
P<0.01; Fi o35 11/ic3p.1 = 3-551, P<0.05, Fig. 11B, C).

According to the above results, we found that block-
age of galectin-receptor interaction could promote
autophagy in the liver of Sj+lact group; however, which
kind of cells undergoes autophagy needs to be inves-
tigated. By immunofluorescence staining, a few F4/80
positive cells (F4/80" cells with red fluorescence) were
observed in the liver sections of naive group and lact
group, but many F4/807 cells were observed in the liver
sections of Sj group and Sj+lact group (Fig. 12A). Com-
pared with naive group and lact group, more double-
labeled cells (F4/80%/LC3B™ cells) merged in yellow color
were counted in the liver section of Sj group (P<0.001).
Compared with Sj group, the number of F4/80%/LC3B*
cells was significantly increased (P<0.001) in the liver
section of Sj+lact group (ANOVA; F=153.973; P<0.001,
Fig. 12B). The results suggest that macrophage autophagy
may be involved in regulating liver pathogenesis of S.
japonicum-infected mice.

Discussion

Schistosomiasis is a parasitic disease caused by trema-
tode blood flukes of the genus Schistosoma. It affects
almost 240 million people worldwide, and > 700 million
people live in endemic areas [2]. The formation of gran-
ulomata around eggs of S. japonicum deposited in the
liver is related to hepatic fibrogenesis in schistosomiasis
japonica [17]. However, the mechanism of hepatic fibro-
sis caused by S. japonicum egg granuloma remains not
well defined.

Galectins are lectins with a highly conserved carbo-
hydrate recognition domain (CRD) and affinity for B
galactose-containing oligosaccharides [18]. Gal-3 is pre-
dominantly located in the cytoplasm with multiple func-
tions including regulation of inflammation, cell growth,

(See figure on next page.)
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signaling, chemotaxis, and cell-matrix interactions, etc.
[19]. Gal-3 has been described as a biomarker associated
with fibrosis and inflammation in patients with heart fail-
ure [20]. In the present study, serum ALT and AST levels,
the liver and spleen indexes, liver and spleen histopatho-
logical score, the grade of hepatic fibrosis, and Gal-3
expression level in the liver were significantly decreased
in Sj+lact group compared with Sj group. It has been
reported that Gal-3 is involved in Chagas disease and
mediating cardiac tissue damage as well as in immune
responses against Trypanosoma cruzi experimental
infection; lack of Gal-3 prevents cardiac fibrosis [21].
Genetic deletion of Gal-3 prevented cardiac damage,
adverse remodeling, and dysfunction, associated with
reduced cardiac oxidative stress and fibrosis in C57 Gal-3
knockout mice treated with doxorubicin [22]. The role of
Gal-3 in fibrosis and immune response has been exten-
sively studied. In the present study, our results found that
Gal-3 was strongly involved in hepatic immunopathol-
ogy induced by S. japonicum infection, and blockage of
galectin-receptor interactions resulted in relieved liver
function and decreased liver pathology and fibrosis in S.
japonicum-infected C57BL/6 mice, indicating the poten-
tial therapeutic effect of Gal-3 in fibrotic pathogenesis
caused by S. japonicum infection.

It has been reported that the eggs of S. japonicum
and S. mansoni induced local granulomas inflamma-
tory response, and granulomas mainly consist of lym-
phocytes, macrophages, and eosinophils [17]. The role
of eosinophils in the pathogenesis of schistosomiasis
remains controversial [23]. Study has demonstrated that
eosinophils play a role in limiting the pathology associ-
ated with human schistosomiasis mansoni [24], and
ECP may be an important protein both in the immune
response against S. mansoni and in the development of
periportal fibrosis [24]. However, experiments using S.
mansoni-infected mouse models of eosinophil lineage
ablation demonstrated that eosinophils had no impact on
granuloma number, size, or fibrosis, and eosinophil abla-
tion also had no effect on worm burden or egg deposition
[25]. Therefore, eosinophils may make unknown immu-
nomodulatory contributions to liver fibrosis of mice
infected with S. mansoni [25]. In the absence of Gal-3, S.
mansoni egg granulomas in chronic-phase are smaller in

Fig. 11 Effects of a-lactose on autophagy Akt/mTOR signaling pathway in the livers of different groups of mice. A Liver sections of different
groups of mice were co-stained with anti-Gal-3 (red) and anti-LC3B (autophagy marker, green). DAPI was used to visualize nuclei (blue). Original
magnification 1000 x (scale bar=10 um). B Western blot analysis for p-mTOR, mTOR, p-AKT, AKT, p62, Beclin1, LC3B, and GAPDH. C p-mTOR,
p-AKT, and LC3B-Il band density normalized to mTOR, AKT, and LC3B-|, respectively; the relative densitometry of p62 and Beclin1 (relative

to the endogenous control, GAPDH) expressed as fold change. The values are expressed as mean +SD (n=4). ns: no significance; *P < 0.05

and *P<0.01, §j group compared with naive group and lact group; ‘P<0.05 and “P<0.01, Sj+lact group compared with Sj group
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Fig. 12 Double immunofluorescence staining of F4/80 and LC3B in the liver tissues of different groups of mice. A Liver sections of different
groups of mice were co-stained with anti-F4/80 (macrophage marker, red) and anti-LC3B (autophagy marker, green). DAPI was used to visualize
nuclei (blue). Original magnification 1000 (scale bar=10 pm). B F4/807/LC3B" cells in the liver tissue sections counted in five random fields were
quantified. Data are shown as the means +SD (n=4). *#P<0.001, §j group compared with naive group and lact group; " P<0.001, §j+lact group

compared with Sj group

diameter, with thinner collagen fibers [26]. Schistosoma
mansoni-infected Gal-37/~ mice have fewer macrophages
and B lymphocytes but increased eosinophil absolute
number in the periphery compared with the infected
wild-type mice [26]. The inflammatory cell composition
around S. mansoni egg granulomas in Lgals3~/~ mice
presents dominance of eosinophils in liver granulomas,
and there is significant inflammatory infiltration as well
as phagocytes (specifically Kupffer cells) and numerically
reduced and diffuse matrix extracellular deposition in
fibrotic areas in the liver of Lgals3~/~ infected mice com-
pared to Lgals3™/" mice [7]. In the present study, there
were decreased Gal-3 expression, increased eosinophil
infiltration and ECP expression, and increased mRNA
levels of ECP, EPO, IL-5, CCL11, and CCR3 in the liver
of Sj+lact group compared to Sj group. However, hepatic
histopathological changes and fibrosis were signifi-
cantly alleviated, accompanied by significantly decreased
a-SMA, collagen I, and collagen IV in the liver of Sj+lact
group. Our data further demonstrated that blockage
of galectin-receptor interactions increases eosinophil

numbers and eosinophil degranulation in the liver of S.
japonicum-infected mice, which has a great impact on
the immunomodulation of granulomatous inflammation
and decreases hepatic lesions induced by egg deposition
of S. japonicum.

Gal-3 is an immune regulator and induces the immune
response against S. mansoni infection, and the absence
of Gal-3 interfered with the function of the resident
liver macrophages and Kupfter cells [7]. Because Gal-3
is highly expressed in inflammatory cells surrounding
liver granulomas, it is considered to favor the interac-
tive network between macrophages and immunogenic
carbohydrates [27]. Gal-3 is highly expressed by Kupffer
cells in liver around S. mansoni eggs [7]. Compared
with S. mansoni-infected Lgals3™* mice, there was
significant inflammatory infiltration with lower lev-
els of a-SMA and eotaxin and higher levels of IL-4 in
S. mansoni-infected Lgals3™~ mice at 90 days p.i. The
reduction of macrophages and decreased phagocytic
activity of local Kupffer cells in S. mansoni-infected
Lgals3™/~ mice suggest that Gal-3 is necessary for fibrotic
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concentric granulomas and myofibroblast activation in S.
mansoni-infected mice [7]. In the present study, blockage
of galectin-receptor interactions resulted in decreased
M2 macrophages and increased M1 macrophages in the
liver of Sj+lact mice. It has been reported that iNOS
and IL-1p are M1 macrophage-associated genes, and
TGEF-B, Argl, IL-4, and IL-10 are M2 macrophage-asso-
ciated genes [28]. We evaluated M1 and M2 macrophage
cytokines in the liver and spleen of mice of differ-
ent groups; there were significantly increased levels of
iNOS and IL-1f in the liver and spleen, and significantly
decreased levels of TGF-, IL-10, Arg-1, and IL-4 in the
liver and significantly decreased levels of TGF-p, IL-10,
and IL-4 in the spleen of Sj+lact group compared to Sj
group. Additionally, our results showed that there were
significant negative correlations between the mRNA lev-
els of Gal-3 and M1 macrophage cytokines (iNOS/IL-1p)
and significant positive correlations between the mRNA
levels of Gal-3 and M2 macrophage cytokines (TGF-f/
Arg-1/IL-10/IL-4) in the liver of Sj+lact group. Our data
demonstrated that blockage of galectin-receptor interac-
tions increases M1 macrophage response and decreases
M2 macrophage response in the liver and spleen of S.
japonicum-infected mice, indicating that Gal-3 is associ-
ated with macrophage polarization.

Macrophage autophagy has an important regulatory
role in downregulation of hepatic immunopathology in
different diseases, and macrophages play a critical role
in S. japonicum egg-triggered immunopathology in host
liver [9]. Alveolar macrophages are significant sources of
Gal-3, which drives inflammation and the development of
pulmonary fibrosis and reduction in Gal-3 expression in
alveolar macrophages and neutrophils decreasing inflam-
mation and neutrophil recruitment into the interstitium
of lung [29]. In the present study, by immunofluorescence
staining, more F4/807/LC3B™ cells were observed in the
liver of Sj+lact group compared to Sj group. It has been
reported that Gal-3, as a negative regulator of autophagy,
can decrease autophagy activity [16]. Our result is con-
sistent with this study.

A study has reported that the PI3K/Akt/mTOR sig-
nal has a critical role in the biology of S. mansoni; it is
involved in glucose uptake by S. mansoni, the repro-
duction of S. mansoni, and worm survival [30]. How-
ever, whether the Akt/mTOR pathway can impact on
liver immunopathology caused by S. japonicum infec-
tion through regulating macrophage autophagy has
not been reported. Enterococcus faecalis lipoteichoic
acid may increase macrophage autophagy by inhibiting
the PI3K/Akt/mTOR pathway [31]. Doxazosin inhib-
its autophagy by activation of the PI3K/Akt/mTOR
signaling pathway in hepatic stellate cells [32]. In the
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present study, our results showed that Gal-3 expression
was decreased while LC3B expression was increased
in the liver of Sj+lact group compared to Sj group.
There were decreased p62 protein expression and
decreased protein expression ratios of phospho-mTOR/
mTOR and phospho-AKT/AKT, while increased Bec-
linl protein expression and increased protein expres-
sion ratio of LC3B-II/LC3B-I in the liver of Sj+lact
group at 8 weeks p.i. compared with Sj group, indi-
cating that blockage of galectin-receptor interaction
(e.g. through downregulating Gal-3 expression) may
reduce S. japonicum-induced liver fibrosis by promot-
ing autophagy by inhibiting AKT/mTOR signaling
pathway activation. Gal-3 knockdown may enhance
autophagy by inhibiting the Gal-3/Akt/mTOR pathway,
which helps ameliorate renal fibrosis [33]. We proposed
that autophagy signaling pathway could be involved in
the pathogenesis of schistosomiasis japonica. Further
study focused on macrophage autophagy could elu-
cidate the pathological mechanisms of liver fibrosis
caused by S. japonicum infection.

In conclusion, we used mouse models to investigate
whether galectins were involved in the immunopatholog-
ical mechanisms of liver fibrosis caused by S. japonicum
infection by blocking galectin-receptor interactions with
a-lactose; our data suggested that Gal-3 plays a pivotal
role during S. japonicum infection, which leads to attenu-
ated liver functional damage and liver fibrosis by promot-
ing eosinophil infiltration, M1 macrophage polarization,
and macrophage autophagy. Thus, use of Gal-3 inhibition
may be a therapeutic approach to prevent the early liver
fibrosis caused by S. japonicum infection.
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