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Liver fibrosis induced by Schistosoma japonicum (Sj) infection is characterized by the
accumulation of extracellular matrix (ECM). The activated and differentiated hepatic
stellate cells (HSCs) are the predominant ECM-producing cell type in the liver. Toll-like
receptor (TLR) 4 pathway activation plays a key role in mice liver fibrosis models induced
by alcohol, biliary ligation, and carbon tetrachloride 4. In this work, we found that TLR4
pathway activation correlated with the severity of liver fibrosis post Sj infection. The TLR4
receptor inhibitor TAK242 reduced the extent of liver fibrosis. The increased expression
of TLR4, a-smooth muscle actin (a-SMA), and cytoglobin was observed in the HSCs of
mouse liver after Sj infection. In response to stimulation with either lipopolysaccharide
or §j’s soluble egg antigen (SEA), high levels of TLR4 and a-SMA were induced in HSCs
and were inhibited by TAK242 treatment. In previous work, we had reported that a high
level of transglutaminase 2 (TGM2) is crucial for liver fibrosis post Sj infection. Herein,
we found that TLR4 signaling also controlled Tgm2 expression. Inhibition of TGM2
activity by cystamine (CTM) in Sj-infected mice or in HSCs induced with all-trans-reti-
noic acid (ATRA) stimulation led to a lowered activation of TLR4 signaling and a reduced
a-SMA expression. These results were confirmed by downregulating the Tgm2 gene
by specific siRNA. These observations implied the presence of a positive feedback
regulation between TGM2 and TLR4 signaling in HSCs that correlated with liver fibrosis
post Sj infection. This novel connection between TGM2 and TLR4 pathway activation
in liver fibrosis induced by Sj infection enhances our understanding of liver diseases.

Keywords: toll-like receptor 4 signaling, transglutaminase 2, liver fibrosis, hepatic stellate cells, Schistosoma
japonicum

INTRODUCTION

Schistosoma japonicum (Sj) infection has been reported in 12 provinces in China to date (1).
Sj-infected hosts display serious pathological changes in the liver. Hepatic fibrosis develops as a
response to chronic liver injury or infection and occurs almost exclusively in a pro-inflammatory
environment. However, the role of inflammatory mediators in the fibrogenic responses of the liver
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remains poorly understood. The activation and proliferation
of hepatic stellate cells (HSCs), which are characterized by the
morphological transition to myofibroblast-like cells marked by a
high level of a-SMA expression and extracellular matrix (ECM)
deposition [e.g., collagen type I (COL I) and III (COL III),
encoded, respectively, by the collal and col3al genes] have been
well established as central events in the pathogenesis of hepatic
fibrosis (2, 3). HSCs are the predominant ECM-producing cell
type in the liver (4). Previous studies suggest that inhibiting
the activation, proliferation, and migration of HSCs may be an
attractive option for anti-fibrotic therapy (4). The inflammatory
mechanisms that underlie the activation of HSCs and the liver
fibrosis induced by Sj infection both warrant further study.

The toll-like receptors (TLRs) in liver tissues are expressed
on Kupffer cells, endothelial cells, dendritic cells (DCs), bil-
iary epithelial cells, HSCs, and hepatocytes. TLRs, especially
TLR4 signal pathway, play critical roles in liver fibrosis (5-7).
A deficiency in TLR4 expression attenuates alcoholic or non-
alcoholic steatohepatitis in mice (8-10), which is similar to
liver fibrosis induced in mice by biliary ligation and exposure to
carbon tetrachloride 4 (11). HSCs express all TLRs in the liver,
including TLR4 (12, 13). TLR4 signaling can be activated in
the HSCs of mice with liver fibrosis induced by biliary ligation
(11). Lipopolysaccharide (LPS) is the major ligand of TLR4. In
response to LPS stimulation, some inflammatory cytokines and
chemokines are upregulated in HSCs, including intercellular
cell adhesion molecule-1 (ICAM-1), vascular cell adhesion mol-
ecule 1 (VCAM-1), chemokine (C-C motif) ligand 5 (CCL5),
and chemokine (C-X-C motif) ligand 10 (CXCL10), most of
which can directly activate HSCs (11, 14, 15). The glycolipids
in Schistosoma mansoni (Sm) adult worm, the C-type lectin
DC-specific intercellular adhesion molecule-3-grabbing non-
integrin (DC-SIGN), and TLR4 on DCs have crucial roles in
DC activation, which can skew the T cell response toward a Th1
profile during the early stage of a Sm infection (16). However,
no study has examined the relationship between the TLR4 signal
pathway and Schisotosoma-induced fibrosis.

Transglutaminase 2 (TG2 or TGM2), also known as tissue
transglutaminase, is a multifunctional enzyme involved in several
important biological processes, including cell death, signaling,
cytoskeleton rearrangements, ECM stabilization, and fibrosis
(17, 18). We have provided evidence that TGM2 regulates
the TGF-P1 of parasite origin and IL-13 of the host as well as
documented the important role of TGM2 in liver fibrosis during
§j infection (19, 20). Tgm?2 expression has been reported to be
induced by LPS in macrophages, microglial cells, and astrocytes
(21-23). The genetic knockout of Tgm?2 confers resistance to
LPS-induced septic shock in mice and has been associated with
the capacity to restore the initial equilibrium of circulating
cytokines and pro-inflammatory mediators (24). On the other
hand, a marked downregulation of membrane TLR4 in DCs was
observed in Tgm2-knockout mice (25). However, the relation-
ship among TLR4 signaling, TGM2, and liver fibrosis in HSCs
has never been reported in the literatures.

Based on above findings, the objectives of this study were to
gain further insights into the mechanisms that lead to the dys-
regulation of HSCs activation in liver fibrosis post Sj infection.

We specifically focused on the possible role of TLR4 signaling,
TGM2, and their feedback regulation.

MATERIALS AND METHODS

Reagents

Sirius red staining kit was purchased from Abcam (USA). The
antibodies used were as follows: anti-a-SMA (BS70000, Bioworld
Technology, China), anti-TLR4 (Ab47093, Abcam, USA), anti-
COL I (14695-1-AP, Abcam, USA) and anti-COL III (Ab7778,
Abcam, USA), anti-TMG2 (3557, Santa Cruz Biotechnology,
USA), anti-cytoglobin (CYGB) (Ab52662, Abcam, USA),
anti-desmin (DMO0095, Boster, China), anti-cleaved-Caspase3
(9664, CST, USA), anti-p-IRAK1 (bs-3194R, Bioss, China),
anti-p-Tubulin (DKM9003, Sanjian Biotechnology, China),
and HRP-conjugated secondary antibodies of mice or rabbit
IgG (SA00001, Proteintech, Wuhan, China), Alexa Fluor-488-
and Alexa Fluor-594-conjugated anti-mouse and anti-rabbit
secondary antibodies (35552 and 35510, Invitrogen, USA).
Lipopolysaccharide, a ligand of TLR4, was purchased from
Sigma-Aldrich (USA). TAK242, a small-molecule inhibitor
of the TLR4 receptor that blocks binding to downstream
adaptors in the signal pathway, was purchased from Shanghai
Haoyuan Chemexpress. Cystamine (CTM), the inhibitor of
TGM2 enzyme activity, was obtained from Sigma-Aldrich
(USA). Bicinchoninic acid protein assay kit was purchased
from the Beyotime Institute of Biotechnology (Jiangsu, China).
3,3’-diaminobenzidine substrate kit was purchased from Gene
Tech Company Limited (Shanghai, China). Hoechst33342
was purchased from Sigma-Aldrich (USA), while the powder
of the soluble egg antigen (SEA) of Sj was obtained from the
National Institute of Parasitic Diseases in Chinese Center for
Disease Control and Prevention. PrimeScript® RT Reagent
Kit with gDNA Eraser (Perfect Real Time) and SYBR® Premix
Ex Taq™ II (Tli RNase H Plus) were purchased from TaKaRa
Biotechnology Co., Ltd. (Dalian, China). Trizol was obtained
from Life Technologies (USA), and all-trans-retinoic acid
(ATRA) was obtained from Sigma-Aldrich (USA). Recombinant
human TGM2 protein [recombinant TGM2 (rTGM2), endo-
toxin level <1.0 EU per 1 pg] was purchased from R&D systems
(USA). Lipofectamin RNAiMAX RNAI transfection reagent was
purchased from Invitrogen (USA). The Tgm2 siRNAs targeting
the 3-UTR of the Tgm2 mRNA were synthesized by Robibio
Biotechnology Limited. The target sequences are as follows:
Tgm2 siRNA-1, 5-CCTTCTCATCGAGTACTTC-3’; Tgm2
siRNA-2, 5'-TCAATGCCGACGTGGTAGA-3’; Tgm2 siRNA-3,
5'-GCCTGATCCTTCTAGATGT-3'.

Mice, Ethics Statement, Infection of

Parasites, and Treatments

Six- to eight-week-old female BABL/c mice (Experimental
Animal Center of Sun Yat-Sen University, Guangzhou, China)
were maintained according to the guidelines and were approved
to be appropriate and humane by Institutional Animal Care
and Use Committee of Guangzhou Medical University. These
mice were fed with commercially available diet and housed in
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a controlled environment at 23 + 2°C. They were infected per-
cutaneously through the abdomen with 20 + 3 §j cercariae of
Chinese mainland strain. The mice developed liver granuloma
and then acute, advanced, and chronic fibrosis at weeks 5, 6,
8, and 12 after they were infected (n = 8-10), respectively. The
uninfected mice were used as normal controls (n = 7). Three days
post-infection, the mice group with TGM2 inhibitor-CTM treat-
ment (n = 8-10) were administered with 100 ul CTM (107 M)
in PBS by intraperitoneal injection once a day for 7 days (26),
while the infection control group (n = 7) only received PBS.
Two non-infection control mice groups were treated with CTM
(n=7) and PBS (n = 7), respectively. Four weeks post-infection,
the mice group with TLR4 pathway inhibitor-TAK242 treatment
(n = 8-10) were administered with 100 ul TAK242 (0.3 mg/kg)
in PBS by intraperitoneal injection twice a week for 4 weeks,
while the infection control group (n = 7) only received PBS. Two
non-infection control mice groups were treated with TAK242
(n =7) and PBS (n = 7), respectively. All mice were sacrificed at
week 8 and their liver tissues and sera were collected for further
detection.

Measurement of the Severity of Liver
Fibrosis in Mice via Sirius Red Staining

Fresh liver tissues were fixed in 4% paraformaldehyde for 24 h
and routinely embedded with paraffin. Liver sections of 5 um
were then prepared for Sirius red staining to evaluate the degree
of liver fibrosis. The area of morphometric collagen as shown in
red was analyzed using the Image J software. Each stained sample
was evaluated in a double-blind fashion by two independent
researchers.

RNA Isolation and Quantitative PCR

The total RNA from fresh liver tissues and HSCs was extracted
with a Trizol reagent, and cDNA was synthesized using
PrimeScript® RT Master Mix according to the instructions of

the manufacturer. cDNA was amplified by quantitative real-time
PCR(qPCR) using the SYBR Green I PCR master kit and the
CFX96™ real-time system (BIO-RAD, USA). Table 1 lists the
primer sequences. The mRNA level of individual genes was nor-
malized to GAPDH and calculated using the 2744 data analysis
method.

Semi-Quantitative Immunohistochemical
(IHC) Assay

After sacrificing the mice, their livers were quickly fixed in 4%
paraformaldehyde overnight before they were dehydrated with
alcohol and embedded with paraffin. Liver sections of 5 pm
were prepared. Endogenous peroxidase was blocked with 3%
hydrogen peroxide (H,O.) and nonspecific background was
eliminated through a 10% bovine serum albumin treatment. The
tissue sections were then incubated with specific primary anti-
bodies, including anti-: a-SMA (1:400), COL I (1:400), COL III
(1:400), p-IRAK1(1:400), or desmin (1:400), followed by HRP-
conjugated secondary anti-rabbit or anti-mouse antibodies. The
images were observed and captured with an optical microscope
(Olympus, Japan).

Five fields were randomly selected from each section of one
sample at 400X magnification, and the semi-quantitative IHC
assay was determined based on the modified H-score (27).
The results of the THC assay were scored in a semi-quantitative
fashion by incorporating both the staining intensity level and the
specific positive staining area (400%). Three staining intensity
levels and five categories for the percentage of positive staining
areas were scored as shown in Table 2. The score of each field
from the same section was computed by multiplying a weighted
staining intensity level by the percentage of positive staining area.
The final score (H-score) of each tissue section was equal to the
average score of five fields ranging from 0 to 12.

The protein expression level in IHC was standardized based
on H-score as follows: 0: negative expression or (+); 1-4: weak

TABLE 1 | Primer sequences used in gPCR.

Proteins Genes Forward primer sequence Reverse primer sequence

Mice

GAPDH Gapdh TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG
a-SMA Acta2 (actin, alpha 2, smooth muscle, aorta) TTCGTGTGGCCCCTGAAGAGCAT CCAGTTGTACGTCCAGAGGCA
Col | Coltat CGTAAGCACTGGTGGACAGA TCTGAGGAATGCCAGCTGCA

Col Il Col3al AGCACGTCTGGTTTGGAGAG GACATTAGGCGCAGGAAGGT
TLR4 Tird ACCTGGCTGGTTTACACGTC CTGCCATATACATTGCAGAA
CD14 Cd14 ATTTGCATCCTCCTGGTTTC AAATCAGGGGTCAAGTTTGC
Pro-IL-1p I1b TTGACGGACCCCAAAAGATG TGGACAGCCCAGGTCAAAG
TNF-a Tnf CAGGAGGGAGAACAGAAACTCCA CCTGGTTGGCTGCTTGCTT
CXCL10 Cxcl10 CTGCCGTCATTTTCTGCCTC TTCAAGCTTCCCTATGGCCC
CCL5 Cclb ATATGGCTCGGACACCACTC TCTTCTCTGGGTTGGCACACA
IFN-o Ifnat TTTCCCCTGACCCAGGAAGATG CTCTCAGTCTTCCCAGCACATT
Transglutaminase 2 (TGM2) Tgm2 CTAGAGGCTTCTACTGGCTACC GCGTAAGGACATATTCCCGTC
Fibronectin 1 (FN1) Fn1 CTACGGAGAGACAGGAGGAAATAGC AGTGACAGCATACAGGGTGATGG
Humans

GAPDH GAPDH GAACGGGAAGCTCACTGG GCCTGCTTCACCACCTTCT
Pro-IL-1p IL1B ATGATGGCTTATTACAGTGGCAA GTCGGAGATTCGTAGCTGGA
CXCL10 Cxcl10 GTGGCATTCAAGGAGTACCTC TGATGGCCTTCGATTCTGGATT
IL-6 IL6 TCCACAAGCGCCTTCGGTCCAGTTG AGAGGTGAGTGGCTGTCTGTGTGGG
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TABLE 2 | Scoring parameters of semi-quantitative Immunohistochemical.

Staining intensity level Score Percentage of positive staining area (%)

- 0 0-5
Canary yellow 1 6-25
Pale brown 2 26-50
Tan 3 51-75
- 4 76-100

expression or (++); 5-8: moderate expression or (+++); and
9-12: strong expression or (++++). The semi-quantitative
level of target protein expression in each group was determined
based on the average H-score among the sections of different
samples.

Semi-Quantification of the Single or
Double-Positive Cells for a-SMA

and TLR4 Immunofluorescence (IF)

The liver sections of Sj-infected mice with or without TAK242 or
CTM treatment were incubated with primary antibodies against
a-SMA or CYGB and TLR4 at 4°C overnight. Afterward, these
sections were incubated with Alexa Fluor-488- and Alexa Fluor-
594-conjugated anti-mouse and anti-rabbit antibodies (1:4,000)
for 1 h at room temperature in the dark. Cell nuclei were stained
with Hoechst 33343 (1:4,000) for 30 min. The slides were then
mounted with an antifading medium. Immunofluorescent
images were observed and captured using a Zeiss LSM Pascal
Axiovert confocal microscope (Carl Zeiss). The number of
single TLR4 or a-SMA or CYGB positive cells as well as a-SMA
or CYGB and TLR4 double-positive cells in each field at 400x
magnification was calculated using Image J. Five images were
randomly selected from each sample, and the staining intensity
of the selected images was quantified with a preselected thresh-
old using Image J.

In Vitro Cultured Human HSCs Line

A human HSCs line (LX-2) was obtained from the Shanghai Cell
Institute (Shanghai, China) and was maintained in a DMEM cul-
ture medium with 10% fetal bovine serum, 1 mmol/L glutamate,
100 U/mL penicillin, and 100 ug/mL streptomycin.

Western Blotting

The proteins from mouse livers and the cultured HSCs line were
extracted in radio-immunoprecipitation assay buffer. Equal
amounts of cell proteins were resolved in 10% SDS-polyacrylamide
gels and then transferred to PVDF membranes. After incubating
with the primary and secondary antibodies, the target proteins
were visualized using an enhanced ECL reagent according to the
instructions of the supplier.

RNA Interference

Hepatic stellate cells were seeded in a six-well plate the day before
transfection at 30-50% confluency. Tgm2 siRNA was transfected
with Lipofectamin RNAiMAX RNAi transfection reagent.
48 h after transfection, TGM2 protein levels were measured by
Western blotting.

Statistical Analysis

The results are presented as the mean or SEM (+SD) of the
indicated number of replicates/experiments. We performed one-
way analysis of variance to calculate the statistical differences
among multiple groups, and then performed paired comparisons
through t-test. An adjusted P-value of <0.05 was considered
statistically significant.

RESULTS

Activation of the TLR4 Signal Pathway
Correlates with the Extent of Liver

Fibrosis Post Sj Infection
The extent of liver granuloma and fibrosis was evaluated by
monitoring the liver aspect, collagen deposition (Sirius red stain-
ing) (Figure 1A), and HSCs activation [high RNA and protein
expression levels of Acta2 (which encodes a-SMA), Collal, and
Col3al] (Figures 1B,C). The week-8 Sj infection group displayed
the largest collagen deposition area (29.66 + 1.07%), followed by
the week 6 (21.69 + 1.24%), week 12 (11.98 + 0.95%), and week
5 (1.76 + 0.34%) groups (Figure 1A, right). The levels of Acta2,
Collal, and Col3al transcription and translation in the liver
increased after Sj infection at weeks 5, 6, 8, and 12, and peaked at
week 8 (Figure 1B). The expression of a-SMA, COL I, and COL
III was moderate at week 8 after Sj infection (Figure 1C, right).
Consistent with the results of our previous study (19, 20), liver
granuloma induced by Sj infection began at week 5, acute fibrosis
began at week 6, and advanced liver fibrosis began at week 8. The
areas of collagen deposition and the expressions of a-SMA, COL
I, and COL III all decreased at week 12 (chronic liver fibrosis).
To examine the correlation between TLR4 signaling and liver
fibrogenesis, QPCR was used to screen the transcriptional profiles
of hepatic TIr4 and Cd14, which encode, respectively, transmem-
brane and membrane associated receptors, Tnf and Il1b that
code for effector cytokines of MyD88-dependent TLR4 pathway
activation, and Cxcl10 and Ccl5 chemokine genes, which are used
as readouts of MyD88-independent TLR4 pathway activation.
The mRNA levels of Tnf and Il1b significantly increased after Sj
infection at week 6 during acute liver fibrosis and subsequently
remained high at the advanced liver fibrosis stage (week 8). The
level of Cxcl10 and Ccl5 strongly increased at weeks 5 and 6 when
the Sj eggs began to induce granuloma and acute liver damage,
and no differences were observed between week 8 and the non-
infected control (Figure 1D). These data are compatible with
the hypothesis that TLR4 pathway activation triggers the host
inflammatory response during Sj infection.

Inhibition of TLR4 Signaling Alleviates

Hepatic Fibrosis Induced by Sj Infection

To assess whether the TLR4 signal pathway is involved in the for-
mation of liver fibrosis induced by Sj infection, we started to inject
the TLR4 signal pathway inhibitor TAK242 (28) to Sj-infected
mice at week 4 of infection. The whole treatment lasted for 4 weeks.
TAK242 treatment lowered the mRNA levels of Tlr4, Il1b, and
ifnal, Ccl5 (Figure 2A). In addition, the TAK242-treated mice
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FIGURE 1 | Toll-like receptor (TLR) 4 pathway activation correlates with the extent of liver fibrosis post Schistosoma japonicum (Sj) infection. BALB/c mice were
infected with 20 + 3 infective cercariae of Sj for 5, 6, 8, and 12 weeks, and non-infected mice served as negative control. Liver tissues were fixed and stained with
sirius red. A typical staining (200x) is shown in [(A) left]. Percentage of the total areas of morphometric collagen displayed with red color was calculated and shown
in [(A) right]. (B) The steady-state mRNA expression levels of Acta2, Col1al, and Col3a1 in the liver tissue of BALB/c mice were measured by quantitative-RT-PCR
(gPCR). Gapdh was used as an internal reference; (C) The protein expression levels of a-SMA, COL |, and COL Ill in the mouse liver tissue were determined by
immunohistochemical (IHC) assay (400x, left), and the semi-quantitative level of these proteins was analyzed using a modified H-score procedure (right); (D) The
steady-state MRNA expression levels of TLR4 signal pathway-related molecules (TIr4, Cd14, II1b, Tnf, Cxcl10, and Ccl) in the mouse liver tissue were measured by
qPCR. Data are presented as mean + SD from 7—-10 mice per group. All experiments were performed twice. “P < 0.05; **P < 0.01; ***P < 0.001.
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exhibited a significant reduction in their collagen depositionarea  of these mice were lower than those of TAK242-untreated mice.
percentage after Sj infection (Figure 2B). The mRNA and protein ~ The expression of a-SMA changed from moderate to low level
expression levels of Acta2, Collal, and Col3al (Figures 2C,D)  according to H-score evaluation in the IHC assay (Figure 2D).
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TAK242-treated mice showed a significant decrease in parasite
egg number after Sj infection compared to the non-treated mice
(P <0.05, Figure S1 in Supplementary Material). These findings
suggest that inhibiting TLR4 signaling alleviated the egg load
and extent of liver fibrosis, thereby highlighting TLR4 pathway
activation as an important pathogenic mechanism that induces
liver fibrogenesis post Sj infection.

TLR4 and a-SMA Expression Is Induced in
Sj-Infected Liver HSCs, and LPS, and Sj
SEA Triggered the Activation of In Vitro
Cultured HSCs

Hepatic stellate cells activation plays a crucial role in the
progression of hepatic fibrosis (2, 3). TLR4 signaling in HSCs,
but not in Kupffer cells, is crucial for the development of liver
fibrosis induced by alcohol, CCL4, and viral infection (11, 13).
In humans, CYGB has been reported to be a relevant marker

for distinguishing stellate cells from portal myofibroblasts in
the damaged liver, while a-SMA marks activated HSCs and
myofibroblasts (29). However, in mice, a-SMA and desmin are
used as markers for activated and total HSCs, respectively (30).
We explored whether the TLR4 signal pathway is activated in
HSCs during Sj infection. In the week 8 Sj-infected liver but not
in the non-infected control, TLR4 (red fluorescence) was highly
expressed in the cells surrounding the vessels where Sj adult
worms located. TLR4 was especially expressed in the granuloma
where Sj eggs are deposited, while a-SMA (green) (Figure 3A)
or CYGB (green) (Figure S2 in Supplementary Material, left)
was highly expressed in HSCs or appeared as fiber-like materials
surrounding the eggs. Consistent with the results of gPCR and
THC (Figure 2), TAK242 decreased the levels of TLR4, a-SMA
(Figure 3B, top), and CYGB (Figure S2 in Supplementary
Material, right top) in the liver 8 weeks after Sj infection. As
expected, TLR4 and a-SMA or TLR4 and CYGB doubly posi-
tive cells were found, and TAK242 treatment did decrease the
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number of these doubly positive cells (Figure 3B, bottom;
Figure S2 in Supplementary Material, right bottom). The num-
bers of TLR4 and a-SMA doubly positive cells (yellow, merged
color by red, and green) in each field (200x) with or without
TAK242 treatment were 63.3 & 6.2 and 18.2 + 5.7, respectively
(Figure 3B, bottom), while the numbers of TLR4 and CYGB
doubly positive cells in each field (200x) were 256.0 + 34.1 and
33.0 + 7.3, respectively (Figure S2 in Supplementary Material,
right bottom). The liver sections of TAK242-treated mice also
showed reduced levels of desmin expression after Sj infection
compared to the non-treated control according to the IHC
assay (Figure S3 in Supplementary Material). These results
suggest that the activated TLR4 signal pathway in HSCs may
contribute to the activation of HSCs and fibrogenesis induced by
Sj infection. When we stimulated the in vitro cultured HSC line
with LPS to activate TLR4 signaling, we found that the protein
level of a-SMA was upregulated in a LPS-dose-dependent way
(Figure 3C; Figure S4A in Supplementary Material). The SEA of
Sj also triggered TLR4 and a-SMA expression in the in vitro cul-
tured HSCs in a dose-dependent way (Figure 3D; Figure S4B in
Supplementary Material). Altogether, these results suggest that
the TLR4 signal pathway in HSCs contributes to the activation
of HSCs during §j infection.

TLR4 Signaling Regulates the

Expression of TGM2

Our previous work indicated that TGM2 contributes to liver
fibrosis post Sj infection (19, 20). Thus, both TGM2 and activa-
tion of the TLR4 signal pathway correlated with the develop-
ment of liver fibrosis during §j infection. As an inflammatory
factor, TGM2 might be under the control of TLR4 signaling

and involved in the activation of HSCs. The mRNA and protein
expression levels of Tgm?2 in the 8-week Sj-infected mouse liver
with TAK242 treatment were significantly reduced compared to
those of the non-treated control (Figures 4A,B; Figure S5A in
Supplementary Material). In the HSC line, the TGM2 and a-SMA
levels both increased after LPS stimulation and were reduced by
TAK242 treatment in a dose-dependent way (Figures 4C; Figure
S5B in Supplementary Material), thereby indicating that Tgm2
expression is regulated by the TLR4 signal pathway.

TGM2 Is Involved in Liver Fibrosis during
Sj Infection As an Upstream Factor That
Activates TLR4 Signaling in HSCs

Positive feedback regulations often occur in immune response
and immune-related diseases. We examined whether TGM2
might not only act downstream of TLR4 signaling but also act as
an upstream activator of the TLR4 signal pathway in our infection
model.

Inour previous work, we found that treating mice with CTM, a
TGM2 inhibitor, decreased the levels of TGM2 and liver fibrosis
in the 8-week Sj-infected mouse liver (19). We observed that the
mRNA expression levels of Tlr4, I11b, and Ccl5 (Figure 5A) as
well as the TLR4 protein expression levels were downregulated
in CTM-treated mice with respect to the non-treated control
(Figure 5B; Figure S11A in Supplementary Material). IHC
assay results showed that the level of p-IRAKI, an important
cytoplasmic factor of the TLR4-MyD88-dependent pathway,
decreased upon CTM treatment (Figure 5C), as p-IRAK1
positive cells were rarely found in the CTM-treated mouse liver
sections (Figure 5C). TGM2 can interact with fibronectin (FN)
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*P <0.05; *P < 0.01; P < 0.001. E, eggs of §j; V, vein in the mice liver.

with high affinity (31), and FN extra domain A was identified as
anagonist of TLR4 (32). We found that the RNA expression level
of Fnl during Sj infection was accordingly increased at weeks
5 and 6, which correlated with the level of expression of Tgm2
and TLR4 pathway effector genes (Figure S6 in Supplementary
Material).

We investigated further whether TGM2-TLR4 signaling
regulation also operates in HSCs in Sj-infected mouse liver. We
detected TLR4, a-SMA, and CYGB in the 8-week §j infection
mice livers with or without CTM treatment using IF assay. CTM
treatment dramatically decreased the levels of TLR4, a-SMA
(Figure 5D, right top), and CYGB (Figure S7 in Supplementary
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activated TLR4 pathway leads to Tgm2 induction, which in turn contributes
to HSCs activation and then liver fibrosis. Moreover, upregulated TGM2
positively strengthened TLR4 signaling by enhancing TLR4 activation or
possibly by triggering IRAK1 phosphorylation.

Material, top right). Moreover, the treatment significantly
decreased the number of TLR4 and a-SMA doubly positive
cells (Figure 5D, left) and also TLR4 and CYGB doubly positive
cells (Figure S5 in Supplementary Material left). The number of
TLR4, a-SMA doubly positive cells changed from 79.3 + 6.7 in
every 200X field in the CTM treatment group to 48.4 + 6.6 in the
non-treatment group (Figure 5D, bottom right), whereas that of
TLR4, CYGB doubly positive cells changed from 256.0 + 34.1 to
66.4 +16.3 (Figure S5 in Supplementary Material, bottom right).
The THC assay results showed that the expression level of desmin
significantly decreased in the liver sections of the CTM-treated
mice after Sj infection in comparison with the non-treatment
group (Figure S8 in Supplementary Material). Western blotting
analysis showed that CTM treatment significantly decreased
cleaved caspase 3 (c-casp3) levels in the infected mice livers
(Figure S9 in Supplementary Material). Furthermore, CTM-
treated mice after Sj infection displayed no significant change
in egg numbers when compared with the non-treated control
group (Figure S10 in Supplementary Material). These results
thereby exclude the possibility that CTM treatment triggers
caspase 3 cleavage in the host liver and thus triggers apoptosis

of HSCs and also rule out that CTM directly acts upon the
pathogen during Sj infection.

We, further, verified the effect of TGM2 regulation on TLR4
signaling in the cultured HSC line. As Tgm2 gene promoter
contained a retinoic acid response element (1.7 kb upstream
of the initiation site), all trans-retinoic acid (ARTA) was used
to trigger TGM2 expression (33). In cultured HSCs, ATRA at
2.5-15 uM (Figure 5E, left and Figure S11B in Supplementary
Material) and rTGM2 (Figure 5E, right and Figure S11C in
Supplementary Material) treatment effectively upregulated
TLR4 and a-SMA expression, whereas ATRA treatment at
20 uM downregulated TGM2 and TLR4 (Figure 5E, left and
Figure S11B in Supplementary Material). The upregulation of
TLR4, TGM2, and a-SMA in response to 10 uM ATRA could
be reduced by CTM treatment in a dose-dependent manner
(Figure 5F, left and Figure S11D in Supplementary Material).
Moreover, treatment with validated specific siRNAs of Tgm2
(Figure 5F, bottom right and Figure S11E in Supplementary
Material) confirmed this result (Figure 5F, top right and Figure
S11F in Supplementary Material). Meanwhile, the RNA expres-
sion levels of the IL1B, IL6, and Cxcl10, readouts of TLR4
pathway activation were significantly upregulated with 10 pM
ATRA and 20 ng/ml human rTGM2. Almost all of these levels
could be lowered by CTM treatment, except for Cxcl10 under
ATRA stimulation (Figure 5G).

Collectively, these results establish a novel positive feedback
regulation in which §j infection activated TLR4 signal pathway
increases the expression of TGM2, which in turn contributes to
HSCs activation through TLR4 pathway and then causes liver
fibrosis. Moreover, upregulated TGM2 positively enhances TLR4
signaling by triggering TLR4 ligation or possibly through IRAK1
phosphorylation (Figure 6).

DISCUSSION

Despite major efforts on this research topic, the mechanisms of
liver fibrosis post Sj infection remain unclear to date. TLR signal-
ing contributes to the development of chronic liver diseases via
complex immunopathogenesis (34). TLR4 activation in HSCs
is a key step in collagen production and a major mechanism
for the development of fibrosis and cirrhosis (11, 14, 35, 36).
Activated HSCs can express TLR4 and CD14 and respond to
LPS via the secretion of pro-inflammatory cytokines (such as
IL-6 and IL-8) and several chemokines or adhesion molecules
(such as monocyte chemotactic protein 1, macrophage inflam-
matory protein-2, ICAM-1, VCAM-1, CCL5, and CXCL10)
(14, 15, 37, 38). In chimeric C3H/He] mice with TLR4 mutation
in HSCs, remission of hepatic fibrosis induced by exposure to
LPS indicated a main role for HSCs in hepatic inflammation and
fibrosis (11, 39). In this work, we show that the transcription of
Tlr4 and Cd14 is upregulated in the liver of Sj-infected mice,
and that suppression of TLR4 signaling by TAK242 decreases
the extent of hepatic fibrosis induced by S§j infection. We also
observed the consistent correlation of the expressions of TLR4,
a-SMA, CYGB, and desmin in the HSCs of Sj-infected liver with
or without TAK242 treatment through the IF or IHC method.
Importantly, under SEA of Sj or LPS stimulation, TLR4 and
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a-SMA levels in cultured HSCs were upregulated in a dose-
dependent manner. As a-SMA is a marker of activated HSCs in
mice (30), these results indicate that Sj-activated TLR4 signaling
induces HSCs activation and then liver fibrogenesis. Compared
with wild-type mice, Tlr4 (—/—) mice showed a higher survival
ratio and a higher extent of liver fibrosis, but the difference was
not significant (data not shown). Zhang et al. (40) have reported
that Tlr4(—/—) mice display reduced levels of IL-12, IFN-y, and
IL-4 in dermal tissues and retroauricular draining lymph nodes
4 days after Sj infection as well as increased egg burden and
decreased T cell activation at week 6. Duraes etal. (41) concluded
that TLR4 is a key receptor involved in Sm tegument induction
of pro-inflammatory cytokines. These results indicate that TLR4
signaling is needed for the host’s protective response at an early
stage of Schistosoma infection. This early protective function of
TLR4 renders the use of Tlr4 (—/—) mice unsuitable for the study
of liver fibrosis at the late stage of Sj infection. As a first step,
we therefore used the TLR4 pathway inhibitor TAK242 at week
4, when §j enters the liver for 4 weeks. Of note, as we cannot
formally exclude a possible direct action of the TAK242 inhibitor
on §j, the results obtained with this inhibitor will need to be
confirmed in future work either using a conditional knockout
of TLR4 in HSCs, or using the chimeric C3H/He] HSCs mouse
model (11, 39).

Transglutaminase 2, a multifunctional enzyme, is reportedly
involved in liver fibrosis (18, 19). We also provided evidence
that TGM2 regulates TGF- 1 of Sj origin and IL-13 of the host
and documented the important involvement of TGM2 in liver
fibrosis during Sj infection in previous studies (19, 20). TGM2
and TLR4 levels display a similar pattern of expression changes
that correlates with the extent of liver fibrosis post Sj infection.
Seki etal. (11) reported that TLR4-enhanced TGF-p1 signaling
and HSCs activation promote hepatic fibrosis, which prompted
us to explore the relationship between TGM2 and TLR4 sign-
aling in liver fibrosis post §j infection. Brown (42) reviewed
that NF-kB pathway activation upregulates TGM2 level in the
breast cancer, and Kiziltas (34) reported that NF-kB pathway
activation is the common downstream pathway of TLR4
signal pathway activation in the liver. Based on these data, we
hypothesized that TLR4 signaling might act upstream of TGM2
during Sj infection. As expected, the RNA and protein expres-
sion levels of Tgm?2 significantly decrease in the liver of 8-week
Sj-infected mice treated with the TLR4 inhibitor TAK242, and
the expression levels of TGM2 and a-SMA increase in vitro in
cultured HSCs under LPS stimulation. Moreover, the increased
levels are dose-dependently lowered by TAK242 treatment.
These results suggest that Tgm?2 is a downstream target of TLR4
signaling during Sj infection. The mechanisms by which TLR4
regulates Tgm?2 expression will need to be clarified in future
experiments.

Positive feedback regulation usually occurs in immune-related
diseases. In the present research, we found that TGM2 expres-
sion is not only regulated through the TLR4 pathway but also
its protein product acts upstream to activate this pathway. The
TGM2 inhibitor CTM decreased the level of expression of TLR4,
of the TLR4 pathway-dependent effector cytokines, and levels of
p-IRAKI, a cytoplasmic adaptor of the TLR4-MyD88-dependent

pathway in Sj-infected mice liver. However, we found that p-IRF3
levels were also upregulated in HSCs, suggesting an involvement
of the TLR4/MyD88-independent pathway (data not shown).
Petrasek et al. (43) reported that high levels of p-IRF3 in paren-
chymal cells of the liver exert protective effect against liver injury
in alcoholic mice. In-depth studies will be performed to assess the
effect of CTM treatment or Tgm2 downregulation on p-IRAK-1
and p-IRF3 expression. IF results establish that the TGM2-TLR4
pathway is regulated in the HSCs of Sj-infected mouse liver.
Furthermore, we have confirmed that this regulation also takes
place in in vitro cultured HSCs. Treatment with ATRA (a trig-
ger of TGM2 expression), and rTGM2 effectively upregulated
TGM2, TLR4, and a-SMA, and the upregulation was alleviated by
CTM or specific siRNA of TGM2. The transcription levels of IL1B,
IL6, and Cxcl10 were also upregulated by the ATRA treatment.
Taken together, our results indicate that a novel self-reinforcing
molecular feedback loop takes place between TGM2 and the
TLR4 pathway in HSCs. Given that TLR4 expression in mice liver
without treatment is very low or absent (34), this feedback loop
should not exist in normal mice.

Using Myd88-deficient mice, Seki etal. (11) concluded that the
TLR4-MyD88-NF-kB axis is linked to hepatic fibrosis induced
by elevated LPS levels. However, TLR4-MyD88-independent
activation by damage-associated molecular patterns (DAMPs)
is central to the inflammatory process in ischemia-reperfusion
lesions (44, 45). In our infection model, the following indirect
evidence suggests that TLR4 signaling is possibly MyD88-
dependent: there is a significant increase of the expression levels
of the TLR4/MyD88-dependent effector cytokine genes, Tnf, and
11188 at week 6 when liver fibrosis is acute and then at week 8
when liver fibrosis is advanced after Sj infection. However, the
levels of CXCL10 and CCLS5, readout cytokines of the MyD88-
independent TLR4 pathway increased at week 5 when Sj eggs
induce granuloma and then at week 6 when Sj eggs induce acute
liver damage. Only the RNA levels of IL1B or IL6 but not those of
Cxcl10 were decreased in HSCs after CTM and ATRA treatment.

Cystamine treatment of mice during the early stage of Sj
infection (from day 3 to 10) alleviates the extent of liver fibrosis
but the treatment during the late stage (from week 5 to 6 or from
week 6 to 8) did not have this effect (19). The early inhibition
role might persist in some cells because TGM2 might affect
CD8+ memory T-cell generation as reported by Kim et al.
(46). However, the exact mechanism needs to be elucidated.
Tgm?2(—/—) mice were not used in this study to verify the results
because of the inconsistent effect of CTM treatment in the early
and late stages of liver fibrosis.

In general, the positive feedback regulation between TGM2
and TLR4 signaling in HSCs correlated with liver fibrosis post Sj
infection. It is, however, unclear at this stage as to which stimulus
actually triggers the TLR4 pathway during Sj infection. Results
showed that the level of FN was correlated with the level of
TGM2, TLR4, and the extent of liver fibrosis during Sj infection.
SEA of Sjand rTGM2 induce TLR4 and a-SMA expression in cul-
tured HSCs in a dose-dependent manner. Thus, potential TLR4
ligands during §j infection include pathogen associated molecu-
lar patterns such as the components of SEA from the parasite,
possibly some danger associated molecular patterns (DAMPs),
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e.g., FN and/or TGM2 from the host. The novel self-reinforcing
molecular feedback loop between the TLR4 pathway and TGM2
may represent a potential new target in Sj infection-induced liver
fibrosis and even other related liver diseases. Future studies will
reveal whether the TGM2/TLR4 pathway axis is relevant in other
inflammatory diseases.
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