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Abstract
Progressive  IL-13  signaling  is  closely  associated  with  liver  fibrosis.  Among  fibrotic  diseases,  liver  fibrosis

induced  by  Schistosoma  japonicum  in  advanced  schistosomiasis  is  the  primary  driver  of  portal  hypertension,
which is the leading cause of mortality in affected patients.  RNA sequencing analysis of human hepatic stellate
cells  revealed  that  IL-13RA2  was  markedly  upregulated  in  activated  hepatic  stellate  cells  and  enriched  in  the
cytokine-receptor interaction pathways, suggesting a potential role for IL-13RA2 in hepatic stellate cell activation
and fibrosis progression. Based on these findings, we aimed to investigate whether IL-13RA2 also contributes to
liver  fibrosis  during  Schistosoma  japonicum  infection.  In  this  study,  we  established  a  murine  model  of
Schistosoma japonicum infection. Compared with IL-13RA1, IL-13RA2 expression was significantly increased at
week  9  post-infection  in  mice.  IL-13RA2  was  enriched  within  fibrotic  regions  and  increased  in  parallel  with
collagen  accumulation  and  stellate  cell  activation.  The  phosphorylation  levels  of  MEK  and  ERK  changed  in
parallel  with  IL-13RA2  abundance.  Furthermore,  overexpression  of  IL-13RA2  markedly  accelerated  hepatic
fibrogenesis,  while  knockdown  of  IL-13RA2  attenuated  liver  fibrosis  induced  by  schistosomiasis  via  the
MEK/ERK  pathway.  Hence,  IL-13RA2  may  represent  an  effective  and  promising  therapeutic  target  for  the
attenuation of liver fibrosis.
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Introduction

Schistosomiasis,  caused  by  schistosome  infection,
affects  over  250  million  people  globally[1].  There  are
six species of Schistosoma that infect humans; among
them,  Schistosoma  japonicum  is  mainly  prevalent  in
Asia, including China, Indonesia, and the Philippines.

Following  egg  deposition  in  the  liver  and  gut,  egg
granulomas  form and  serves  to  sequester  soluble  egg
antigens  (SEAs),  protecting  adjacent  tissues  from
damage[2].  However,  sustained  antigenic  stimulation
drives  progressive  fibrotic  remodeling  in  hepatic  and
intestinal  tissues,  ultimately  culminating  in
irreversible  fibrotic  damage  to  both  the  liver  and  the
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gut.  Extensive  liver  fibrosis  can  result  in  portal
hypertension, and the mortality rate in schistosomiasis
patients is largely attributed to this condition[3, 4].
During  the  early  stages  of Schistosoma  japonicum

infection,  from cercariae to  schistosomula and finally
to adult worms, the host develops a Th1-type immune
response[5]. Starting from the fourth week of infection
in  mice,  with  the  production  of  schistosome  eggs,
immune  cells  such  as  T  cells  and  Kupffer  cells  are
recruited to the eggs, and granulomas form by the fifth
week[6]. Subsequently, the Th1-type immune response
shifts  toward  the  Th2-type  immune  response,  with
increased levels of cytokines such as interleukin- (IL)-
13 , IL-4 and transforming growth factor beta 1 (TGF-
β1).  Of  note,  IL-13  acts  as  a  key  mediator  in
activating  hepatic  stellate  cells  (HSCs),  directly
upregulating  fibrosis-related  genes  (α-Sma  and
Col1a1)  and  promoting  the  transformation  into
myofibroblasts[7].  In  addition  to  IL-13,  quiescent
hepatic  stellate  cells  (qHSCs)  can  be  activated  by
TGF-β1 or vascular endothelial growth factor (VEGF)
derived  from  Kupffer  cells  and  activated  HSCs,
thereby  promoting  their  transformation  into
myofibroblasts  and  exacerbating  liver  fibrosis[8,  9].
Therefore,  IL-13  serves  as  the  key  mediator  in  the
deterioration  of  liver  fibrosis  after  schistosome
infection.
IL-13  signaling  occurs  through  two  receptors,

namely IL-13 receptor alpha 1 (IL-13RA1) and IL-13
receptor  alpha  2  (IL-13RA2).  Of  these,  IL-13RA2  is
commonly  known as  a  nonfunctional  decoy  receptor,
which  is  typically  expressed  at  low  levels  under
homeostatic  conditions[10].  Exposure  to  IL-13  or  IL-4
together with IFN-γ can promote the expression of IL-
13RA2[11].  Studies  have  demonstrated  that  IL-13  can
activate  the  TGF-β  promoter  through  IL-
13RA2–mediated  induction  of  an  Activator  Protein-1
(AP-1)  complex  containing  c-Jun  and  Fra-2,  thereby
aggravating  intestinal  fibrosis[12].  In  contrast,
heightened  expression  of  IL-13RA2  in  the  lung,  in
both  its  membrane-bound  and  soluble  forms,  can
alleviate bleomycin-induced lung fibrosis by reducing
soluble  collagen  and  CCL17  (C-C  motif  chemokine
ligand  17)[13].  These  studies  suggest  that  IL-13RA2
may  exert  distinct  effects  in  different  fibrotic
processes.  However,  the  underlying  mechanisms  in
schistosome-induced liver fibrosis have not been fully
explored.
The  signaling  cascade  involving  ERK1/2,  also

known as extracellular  signal-regulated kinases 1 and
2, is a member of the mitogen-activated protein kinase
(MAPK)  family  and  is  crucial  for  regulating  fibrotic
processes.  In  this  signaling  module,  MAP2K1  and

MAP2K2  (MEK1/2)  act  as  dual-specificity  kinases
that  phosphorylate  ERK1/2,  thereby  activating
downstream  cellular  responses[14].  For  example,
intestinal  fibrosis  in  rats  with  Crohn's  disease  is
significantly driven by the activation of p-Ras, Raf-1,
MEK-1,  and  p-ERK1/2  in  intestinal  tissues[15,  16].
Similarly,  in  Bmi-1−/−  mice,  senescence-associated
pulmonary fibrosis has been linked to TGF-β1, IL-11,
MEK,  and  ERK[17].  In  cardiac  fibrosis,  MEK-ERK
activation  mediated  by  GSK-3α  acts  as  a  critical
profibrotic  pathway  in  the  injured  heart,  operating
independently  of  the  classical  TGF-β1/SMAD3
axis[18]. However, the precise relationship between IL-
13 and the MEK/ERK signaling pathway has not been
fully elucidated.
Our results demonstrate that IL-13 aggravates liver

fibrosis  by  activating  IL-13RA2  and  the  MEK/ERK
pathway  during  Schistosoma  japonicum  infection  in
mice  and  in  the  hepatic  stellate  cell  line  (JS1).
Therefore,  our  findings  suggest  that  targeting  IL-
13RA2  may  be  an  effective  strategy  for  attenuating
the progression of liver fibrosis. 

Materials and methods
 

Animals

All  experimental  procedures  were  approved  by  the
Committee  on  the  Ethics  of  Animal  Experiments  of
Nanjing  Medical  University  (Permit  Number:
IACUC-2010014)  and  conformed  to  its  institutional
guidelines.  Mice  were  maintained  in  specific
pathogen-free  environments  under  sterile  isolators,
provided  with  autoclaved  food  and  water,  and
subjected to a 12-hour light/dark cycle at a controlled
temperature of 24 ℃. 

Schistosoma japonicum-infected mouse models

Male  C57BL/6J  mice  aged  six  weeks  were  each
infected  percutaneously  with  10  ±  2  cercariae  of
Schistosoma  japonicum.  A  control  group  was
established  consisting  of  uninfected  mice.  The
overexpression  negative  control  (OE-NC),
overexpression Il13 (OE-Il13), overexpression Il13ra2
(OE-Il13ra2),  short-hairpin  negative  control  (shNC),
and  short-hairpin  Il13ra2  (shIl13ra2)  plasmids  were
injected  at  2.5  mg/kg/day  by  dilution  in  200  μL  of
phosphate-buffered  saline  (PBS),  and  the  injections
were  completed  rapidly  within  5−8  s,  twice  a  week.
Five  or  six  mice  per  group  were  randomly  selected
and sacrificed at 9 weeks post-infection. Weekly body
weight  measurements  were  conducted  on  the  mice
throughout the study. 
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Plasmid  and  adeno-associated  virus  serotype  8
(AAV8) construction

OE-NC, OE-Il13, OE-Il13ra2, shNC, and shIl13ra2
plasmids were purchased from Shanghai GenePharma
Co.,  Ltd  (Shanghai,  China).  AAV8-Control  (a
negative  control  AAV8)  and  AAV8-shIl13ra2  (an
AAV8 targeting Il13ra2 for silencing) were purchased
from Shanghai GenePharma Co., Ltd. 

Cell lines

The  growth  medium  for  the  JS1  mouse  hepatic
stellate  cell  line  was  DMEM  (Wisent,  Nanjing,
China),  supplemented  with  10%  FBS  (Biosharp,
Guangzhou,  China)  and  0.1%  penicillin-streptomycin
(Biosharp),  and  cultured  under  constant  conditions  at
37 ℃ with 5% CO2.
JS1  cells  were  seeded  into  culture  plates  and

allowed  to  reach  an  appropriate  cell  density  prior  to
treatment. For cytokine stimulation assays, cells were
exposed  to  recombinant  IL-13  at  0,  2,  10,  or  50
ng/mL,  with  or  without  the  addition  of  TGF-β1  (5
ng/mL).  Cells  were  collected  after  24  h  for  RNA
extraction  and  after  48  h  for  protein  analysis.  For
transient  transfection  experiments,  cells  were
transfected  with  OE-NC,  OE-Il13ra2,  shNC,  or
shIl13ra2  plasmids  using  Lipofectamine  3 000
(Invitrogen,  Carlsbad,  CA,  USA)  according  to  the
manufacturer's  instructions.  After  6–8  h,  the
transfection mixture was replaced with fresh complete
medium. Subsequently, cells were stimulated with IL-
13 (10 ng/mL) for 24 h for RNA analysis or 48 h for
protein analysis. 

RNA extraction and quantitative PCR analysis

According  to  the  detailed  instructions  from  the
manufacturer,  total  RNA  was  extracted  from  mouse
livers  or  cell  cultures  using  RNAiso  Plus  kits
(Vazyme,  Nanjing,  China).  The  PrimeScript  RT
Master  Mix  kits  (Vazyme)  were  used  to  synthesize
first-strand cDNA from the mRNA. Quantitative real-
time  PCR  was  performed  using  the  LightCycler®
Real-Time  PCR  System  (Roche,  Basel,  Switzerland)
with ChamQ Blue Universal SYBR qPCR Master Mix
(Cwbio, Taizhou, China). The qPCR reaction program
was  set  based  on  a  predefined  protocol.  Relative
transcript levels were assessed using the 2−ΔΔct method.
The  specific  primer  sequences  are  listed  in
Supplementary Table 1. 

Western blot analysis

Mouse  livers  were  dissected,  and  liver  specimens,

together  with  JS1  cells,  were  immediately  lysed  in
RIPA buffer  (Beyotime,  Shanghai,  China)  containing
protease  and  phosphatase  inhibitors  cocktails
(Beyotime)  for  protein  extraction.  The  cell  lysates
were denatured by boiling in SDS sample buffer for 5
min.  Proteins  were  then  separated  by  SDS-
polyacrylamide  gel  electrophoresis  and  transferred  to
PVDF membranes,  which were then blocked at  room
temperature  for  2  h  with  of  5%  nonfat  dry  milk  in
PBS-Tween.  Thereafter,  the  membranes  were
incubated  overnight  at  4  °C  with  primary  antibodies
directed  at  specific  targets:  GAPDH  (1:5 000,  Cat.
#AF7021,  Affinity  Biosciences,  Jiangsu,  China),  IL-
13RA2 (1:800, Cat. #11059-1-AP, Proteintech Group,
Wuhan,  Hubei,  China),  p-MEK1/2  (1:1 000,  Cat.
#AF8035,  Affinity  Biosciences),  MEK1/2  (1:1 000,
Cat.  #AF6385,  Affinity  Biosciences),  p-ERK1/2
(1:1 000,  Cat.  #AF1015,  Affinity  Biosciences),  and
ERK1/2  (1:1 000,  Cat.  #AF0155,  Affinity
Biosciences), followed by incubation for 2 h with anti-
rabbit  (1:5 000,  Cat.  S0010,  Affinity  Biosciences)  or
anti-mouse  (1:10 000,  Cat.  S0002,  Affinity
Biosciences)  secondary  antibodies.  Immunoreactive
bands  were  visualized  using  an  ultrasensitive
chemiluminescence  imaging  system  with  enhanced
chemiluminescence (ECL) substrate (Beyotime). Band
intensity was measured using Image Lab 6.0 software. 

RNA-sequencing (RNA seq) analysis

Control  mice  and  mice  at  9  weeks  post-infection
were  euthanized,  and  liver  tissue  samples  (50–100
mg) were rapidly frozen in liquid nitrogen and stored
at  −80  ℃.  Total  RNA  was  then  isolated,  and
sequencing libraries  were  prepared and sequenced by
Majorbio  Bio-Pharm  (Shanghai,  China).  To  identify
differentially  expressed  genes,  we  used  the  EdgeR
software  to  compare  expression  profiles  between
groups. Genes with an absolute |log2(fold change)| ≥ 1
with  P-value  <  0.05  were  considered  significantly
differentially  expressed.  In  addition,  a  publicly
available  RNA-seq  dataset  related  to  growing  and
senescent  human  activated  hepatic  stellate  cells
(GSE11954) was downloaded from the GEO database
for further comparative analysis. 

Histology and immunohistochemistry analyses

After  fixation  in  4%  paraformaldehyde,  mouse
livers  were  embedded  in  paraffin  and  sliced  into  4-
μm-thick  sections.  For  retrieve  antigens,  the  slides
were treated with a 10 mmol/L sodium citrate solution
(pH  6.0)  and  boiled  for  15  min.  Endogenous
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peroxidase  activity  was  blocked  with  3%  H2O2,  and
nonspecific  binding  was  blocked  using  a  blocking
reagent  (Beyotime).  The  sections  were  incubated
at 4   ℃ overnight  with  anti-IL-13RA1  (1:100,  Cat.
#AF9095,  Affinity  Biosciences),  anti-IL-13RA2
(1:100,  Cat.  #11059-1-AP,  Proteintech  Group)  and
anti-IL-4RA  (1:100,  Cat.  #DF8567,  Affinity
Biosciences). An HRP-conjugated goat anti-rabbit IgG
(H+L)  secondary  antibody  was  used.  Chromogenic
signal was developed with DAB substrate, and images
were  obtained  using  a  light  microscope  (Carl  Zeiss,
Germany). 

Hematoxylin‒eosin (H&E) and Masson staining

Liver  tissue  specimens  embedded  in  paraffin
underwent H&E and Masson's trichrome staining. All
staining procedures  were  performed by a  commercial
histopathology  service  provider  (Servicebio,  Wuhan,
China)  using  standardized  protocols.  After  staining,
liver inflammation and fibrosis were evaluated under a
light microscope. 

Immunofluorescence analysis

According  to  previous  methods,  after  fixation  and
blocking,  the  liver  sections  were  incubated  for
overnight at  4   ℃ with  the  following  primary
antibodies:  α-SMA  (1:200,  Cat.  #BF9212,  Affinity
Biosciences)  and  IL-13RA2  (1:150,  Cat.  #11059-1-
AP,  Proteintech  Group).  Following  a  one-hour  room
temperature  with  species-matched  secondary
antibodies, cell nuclei were counterstained with DAPI
for 3 min prior to imaging. 

Statistical analysis

Analyses  were  performed  using  GraphPad  Prism
9.0.  Data were presented as mean ± standard error of
the  mean  (SEM)  based  on  at  least  three  independent
experiments.  Differences  between  two  groups  were
analyzed  using  the  Student's  t-test,  while  one-way
ANOVA with  Bonferroni  post  hoc  test  was  used  for
multiple  group  comparisons.  Statistical  significance
was defined as P values < 0.05. 

Results
 

IL-13RA2  is  markedly  upregulated  in  activated
human hepatic stellate cells

In  an  RNA-seq  comparison  of  quiescent  and
activated  HSCs  (GSE11954),  the  cytokine–receptor
interaction  pathway  was  significantly  enriched  (Fig.
1A).  Among  the  differentially  expressed  genes,  IL-
13RA2  showed  marked  upregulation,  along  with
increased TGF-β expression (Fig. 1B–1D), suggesting
a  potential  role  in  the  fibrogenic  activation  of  HSCs.
Considering  that  excessive  HSC  activation  underlies
hepatic fibrosis, we next examined whether IL-13RA2
exerts  a  similar  profibrotic  role  during  Schistosoma
japonicum infection. 

Schistosoma  japonicum infection  enhances  type  2
immunity-related  cytokines  and  aggravated  liver
fibrosis

Mice  were  infected  with  Schistosoma  japonicum
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for  0,  6  or  9  weeks,  respectively.  At  week  6  and  9
after infection, prominant granulomas were observed
by  H&E  staining,  accompanied  by  hepatocyte
necrosis  around  the  eggs  in  the  liver  (Fig.  2A  and
2D). Meanwhile, Masson staining revealed extensive
collagen  deposition  compared  with  week  0,  along
with  destruction  of  the  liver  lobular  structure  (Fig.
2B and 2E). Immunohistochemical staining revealed
increased  expression  of  α-SMA  (alpha-smooth

muscle actin), a marker of activated myofibroblasts,
indicating  enhanced  fibrotic  activity  at  both  time
points (Fig. 2C and 2F). In addition, the expression
of  Acta2  and  Col1a1  were  both  significantly
increased  in  the  liver  at  both  week  6  and  week  9
after Schistosoma japonicum  infection (Fig. 2G and
2H).
We  then  assessed  the  mRNA  expression  levels  of

Il4,  Il13,  and Tgfb  in  the  liver  in  mice  at  the  week  6
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Fig. 1   IL-13RA2 is markedly upregulated in activated human hepatic stellate cells (HSCs) A: Top 10 enriched Kyoto Encyclopedia of
Genes  and  Genomes  (KEGG)  pathways  identified  in  human  HSCs  (GSE11954).  B:  Circular  plot  showing  KEGG  pathway  enrichment
analysis for differentially expressed genes (DEGs) in growing versus quiescent human HSCs. C: Volcano map of the DEGs between growing
and  senescent  activated  HSCs.  The  x-axis  illustrates  the  log2(fold  change  [FC]),  and  the  y-axis  showing  the P  value.  Data  points  in  red
represent  genes  that  are  considerably  enhanced  (log2FC  >  1,  P  <  0.05).  Data  points  in  blue  represent  genes  that  are  significantly
downregulated (log2FC < −1, P < 0.05), and non-important genes are shown in gray. D: Heat map analysis of IL-13RA1, IL-13RA2, TGF-β1,
and MAP2K2 mRNA expression between senescent (Group 1: Samples 1 and 2) and growing (Group 2: Samples 3 and 4) HSCs.
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and week 9 post-infection. The expression of Il4 (Fig.
2I),  Il13  (Fig.  2J),  and Tgfb  (Fig.  2K)  was  higher  at

week  9  than  week  6,  and  Il13  showing  the  most
pronounced upregulation (Fig. 2J). 
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Fig. 2   Schistosoma japonicum infection enhances type 2 immunity-related cytokines and aggravates liver fibrosis A: Representative
images  of  hematoxylin‒eosin  (H&E)  staining  of  liver  sections  from  mice  at  week  0,  week  6,  and  week  9  post-infection.  B:  Masson's
trichrome staining.  C:  Immunohistochemical  (IHC) detection of  α-SMA. D–F:  Quantification of  statistical  analysis  for  H&E (D),  Masson
(E), and α-SMA IHC staining (F). G–K: qRT-PCR analysis of Acta2 (G), Col1a1 (H) mRNA expression, and type 2 cytokines Il4 (I), Il13
(J),  and Tgfb1  (K)  expression in  liver  tissues  of  mice.  Data  are  presented  as  mean ±  standard  error  of  the  mean (One-way ANOVA with
Bonferroni post hoc test). *P < 0.05; **P < 0.01; ***P < 0.001. n = 5 per group. Scale bars: A and B, 100 μm; C, 50 μm.
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Schistosoma  japonicum infection  promotes  the
expression  of  IL-4  and  IL-13-related  receptors,
particularly increased the expression of IL-13RA2

To  investigate  the  temporal  gene  expression
changes  during  Schistosoma  japonicum  infection,
RNA-seq was  performed on livers  from control  mice

and  mice  at  9  weeks  post-infection.  A  total  of  2 984
genes were found to be upregulated,  and 1 475 genes
were  downregulated  in  the  differential  expression
analysis (Fig. 3A). The Kyoto Encyclopedia of Genes
and  Genomes  (KEGG)  pathway  enrichment  analysis
demonstrated  significant  enrichment  of  the
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cytokine–cytokine  receptor  interaction  pathway  (Fig.
3B). Key fibrogenic mediators including Il13, Il13rα1,
Il13rα2,  Tgfb1,  Acta2,  and  Col1a1  were  markedly
increased  in  the  infected  mice  (Fig.  3C).  We  further
examined  the  expression  of  Il4ra,  Il13ra1,  and
Il13ra2.  Il4ra  expression  decreased  throughout  the
infection, while Il13ra1 increased at week 6 and week
9.  Il13ra2  expression  did  not  significant  increase  at
week  6  but  was  markedly  elevated  at  week  9  (Fig.
3D–3F). These data suggest that sharp upregulation of
IL-13RA2 at  the later stage of infection may indicate
its  involvement  in  the  liver  fibrosis  process  during
schistosomiasis,  prompting us  to  further  investigation
of its functional role. 

IL-13/IL-13RA2  overexpression  aggravates
Schistosoma japonicum-induced liver fibrosis

To examine how IL-13 and IL-13RA2 are involved
in  liver  fibrosis  resulting  from  Schistosoma
japonicum,  mice  were  injected  with  overexpression
plasmids of negative control (OE-NC), IL-13 (OE-IL-
13),and  IL-13RA2  (OE-IL-13RA2)  as  well  as  shRNA
of  negative  control  (shNC)  and  IL-13RA2  (shIL-
13RA2),  respectively,  from  weeks  5  to  9  post-
infection.. As shown in Fig. 4A–4B, the expression of
IL-13  and  IL-13RA2  was  significantly  increased  in
the OE-Il13 and OE-Il13ra2 groups, while the Il13ra2
levels were reduced in the shIl13ra2 group compared
with the negative control groups.
Overexpression of Il13 and Il13ra2 led to increased

liver  weight  (Fig.  4D),  accompanied  by  increased
collagen deposition, a higher collagen area ratio, more

severe  fiber  hyperplasia  (Fig.  4E–4H),  and
significantly elevated expression of Acta2 and Col1a1
(Fig.  4I  and  4J).  In  contrast,  knockdown  of  Il13ra2
resulted  in  reduced  collagen  deposition,  a  decreased
collagen  area  ratio  (Fig.  4E–4H),  and  lower  mRNA
expression  of  Acta2  and  Col1a1  (Fig.  4I  and  4J).
Consistently,  AAV-mediated  knockdown  of  Il13ra2
in Schistosoma japonicum-infected mice also resulted
in  improved  hepatic  histopathology  and  reduced
collagen  accumulation  in  the  liver  (Supplementary
Fig. 1A). These results indicate a pro-fibrotic role for
IL-13/IL-13RA2 signaling. 

Liver fibrosis is significantly influenced by the IL-
13/IL-13RA2/MEK/ERK signaling pathway

To  further  explore  how  IL-13/IL-13RA2  are
involved  in  liver  fibrosis,  we  used  the  UCSC  Gene
Interactions  tool  to  identify  interacting  proteins.  We
found  that  MAP2K1  and  MAP2K2  interact  with  IL-
13RA2  (Fig.  5A).  Given  the  well-established  role  of
the  MEK/ERK  pathway  in  mediating  inflammatory
and  fibrotic  responses,  this  finding  led  us  to
hypothesize that IL-13RA2 might exert its profibrotic
effects,  at  least  in  part,  through  activation  of  this
pathway.
In  the  livers  of  mice  infected  with  Schistosoma

japonicum at weeks 0, 6, and 9, the expression of both
Map2k1  and  Map2k2  was  significantly  increased  at
week 9 (Fig. 5B and 5C). Moreover, Il13 and Il13ra2
overexpression  promoted  the  phosphorylation  of
MEK1/2  (p-MEK1/2)  and  the  phosphorylation  of
ERK1/2  (p-ERK1/2),  whereas  p-MEK1/2  and  p-
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Fig.  3    Schistosoma  japonicum infection  promotes  the  expression  of  IL-4  and  IL-13-related  receptors,  particularly  increases  the
expression of IL-13RA2 A. Number of differentially expressed genes (DEGs) in liver tissues of mice at  week 9 post-infection compared
with controls. B. Top 20 enriched pathways identified in liver tissues of mice at week 9 post-infection compared with controls. C. Heatmap
illustrating  the  expression  patterns  of  representative  DEGs  in  liver  tissues  of  control  mice  (Group  1:  Samples  1  and  2)  and Schistosoma
japonicum-infected mice (Group 2: Samples 3 and 4) at week 9 post-infection . D–F: Quantitative RT-qPCR analysis of Il4ra (D), Il13ra1
(E) and Il13ra2  (F)  expression levels  in liver  tissues of  mice.  G–I:  Representative immunohistochemical  images of  liver  IL-4RA (G),  IL-
13RA1 (H) and IL-13RA2 (I) in liver tissues of mice. J–L: Quantification immunohistochemical staining for IL-4RA (J), IL-13RA1 (K), and
IL-13RA2 (L) in liver tissues of mice. Data are presented as mean ± standard error of the mean (One-way ANOVA with Bonferroni post hoc
test). *P < 0.05; **P < 0.01; ***P < 0.001. n = 5 per group. Scale bars: G–I, 100 μm; enlarged views, 20 μm.
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Fig.  4     IL-13/IL-13RA2  overexpression  aggravates Schistosoma  japonicum-induced  liver  fibrosis Mice  were  assigned  to  uninfected
control,  infected  OE-NC,  OE-Il13,  OE-Il13ra2,  shNC,  and  shIl13ra2  groups.  A:  Il13 mRNA  expression  in  the  liver.  B:  Il13rα2 mRNA
expression  in  the  liver.  C:  Body  weight  change  of  mice.  D:  Liver  weight-to-body  weight  ratio  of  mice.  E  and  F:  Representative
hematoxylin‒eosin (H&E) staining images (E) and its  quantification (F) of mouse liver.  G and H: Representative Masson staining images
(G) and its quantification (H) of mouse liver. I and J: Liver mRNA expression of Acta2 (I) and Col1a1 (J).  Data are presented as mean ±
standard error of the mean (One-way ANOVA with Bonferroni post hoc test). *P < 0.05; **P < 0.01; ***P < 0.001. n = 6 per group. Scale bars:
E  and  G,  100  μm.  Abbreviations:  inf+OE-NC,  infected  mice  transfected  with  the  overexpression  negative  control  plasmid;  inf+OE-Il13,
infected mice transfected with the Il13 overexpression plasmid; inf+OE-Il13ra2, infected mice transfected with the Il13ra2 overexpression
plasmid; inf+shNC, infected mice transfected with the short-hairpin negative control plasmid; Inf+shIl13ra2, infected mice transfected with
the shIl13ra2 plasmid.
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Fig. 5   Liver fibrosis is significantly influenced by the IL-13/IL-13RA2/MEK/ERK signaling pathway A: Predicted protein interactions
between IL-13RA2 and MAP2K1 and MAP2K2.  B and C: Map2k1  (B)  and Map2k2  (C)  mRNA expression  in  mouse  liver  at  0,  6  and 9
weeks after Schistosoma japonicum infection. D and E: Map2k1 (D) and Map2k2 (E) mRNA expression in the liver of mice injected with
plasmid and infected with Schistosoma japonicum for 9 weeks. F: Expression of IL-13RA2, p-MEK1/2, MEK1/2, p-ERK1/2 and ERK1/2 in
the liver of mice,  detected by Western blot  analysis.  G: Quantification of IL-13RA2, p-MEK, MEK, p-ERK, and ERK protein expression
levels by Western blot, normalized to GAPDH. Data are presented as mean ± standard error of the mean (One-way ANOVA with Bonferroni
post hoc test). *P < 0.05; **P < 0.01; ***P < 0.001. n = 5 per group.
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ERK1/2  levels  were  reduced  following  shIl13ra2
plasmid injection (Fig. 5D–5G). 

Activation  of  IL-13RA2/MEK/ERK  pathway  in
HSCs promotes liver fibrosis

Activated  hepatic  stellate  cells  are  fundamentally
involved  in  liver  fibrosis.  Therefore,  we  investigated
whether  IL-13RA2  in  HSCs  promotes  liver  fibrosis.

Immunofluorescence  staining  showed  that  IL-13RA2
and α-SMA exhibited stronger fluorescence in the OE-
Il13  and  OE-Il13ra2  plasmid-injected  groups  after
Schistosoma japonicum infection, while the shIl13ra2
treatment  group  exhibited  weaker  fluorescence  (Fig.
6A). Furthermore, AAV-mediated Il13ra2 knockdown
in the  liver  significantly  reduced liver  fibrosis  and α-
SMA  expression.  (Supplementary  Fig.  1B).
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Consistently,  a  heatmap  of  mouse  liver  samples
showed  that  AAV-mediated  Il13ra2  knockdown  also
led  to  decreased  expression  of  Acta2  and  Col1a1
(Supplementary Fig. 1C).
To  clarify  whether  the  IL-13RA2/MEK/ERK

pathway  activated  by  IL-13  requires  TGF-β,  we
stimulated JS1 cells with varying concentrations (0, 2,
10,  50  ng/mL)  of  IL-13  with  or  without  TGF-β  (5
ng/mL) for 24 hours.  IL-13 alone (10 and 50 ng/mL)
upregulated  IL-13RA2  and  activated  p-MEK1/2  and
p-ERK1/2  (Fig.  6B  and  6G-I),  with  corresponding

increases  in  Map2k1  (Fig.  6C),  Map2k2  (Fig.  6D),
Acta2 (Fig. 6E), and Col1a1 (Fig. 6F, Supplementary
Fig. 2A–2C). TGF-β further enhanced this activation.
These  results  demonstrate  that  IL-13  synergizes  with
TGF-β to promote HSC activation, and IL-13 alone is
sufficient  to  activate  the  IL-13RA2/MEK/ERK
pathway and drive HSC activation.
Based  on  the  above  results,  Il13ra2  was

overexpressed or knocked down in JS1 cells (Fig. 6J),
followed  by  IL-13  (10  ng/mL)  stimulation  for  24
hours.  After  overexpressing  Il13ra2  and  stimulating
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Fig. 6   Activation of IL-13RA2/MEK/ERK pathway in human hepatic stellate cells (HSCs) promotes liver fibrosis A: Representative
images of IL-13RA2 and α-SMA immunofluorescence staining in liver sections of mice from each group. B–F: JS1 cells  were stimulated
with different concentrations of IL-13 (0, 2, 10, 50 ng/mL), with or without TGF-β (5 ng/mL) for 24 h. The mRNA expressions of Il13rα2
(B), Map2k1 (C), Map2k2 (D), Acta2 (E), and Col1a1 (F) was determined by RT-qPCR. G–I: Protein expression and quantification of IL-
13RA2, p-MEK1/2, MEK1/2, p-ERK1/2, and ERK1/2 in JS1 cells was detected by western blot, normalized to GAPDH. J–N: Il-13rα2 was
knocked  down  or  overexpressed  on  the  JS1  cell  line,  and  stimulated  with  IL-13  (10  ng/mL)  on  the  JS1  cell  line  for  24  h.  The  mRNA
expressions  of  Il13ra2  (J),  Map2k1  (K),  Map2k2  (L),  Acta2  (M)  and  Col1a1  (N)  was  determined  using  RT-qPCR.  O  and  P:  Protein
expression  and  quantification  of  IL-13RA2,  p-MEK1/2,  MEK1/2,  p-ERK1/2,  and  ERK1/2  was  detected  by  western  blot,  normalized  to
GAPDH. Data are presented as mean ± standard error of the mean (One-way ANOVA with Bonferroni post hoc test). *P < 0.05; **P < 0.01;
***P < 0.001. n = 3 per group. Scale bars: A, 10 μm.

12 et al. J Biomed Res, 2026, 40(0)

Un
pro
ofe
d



with  IL-13,  the  expression  of  p-MEK,  p-ERK,  α-
SMA,  and  COL1A1  significantly  increased,  whereas
knockdown of  Il13ra2  reduced their  expression (Fig.
6K–6P,  Supplementary  Fig.  2D  and  2E).  These
results  confirm  a  positive  correlation  between  IL-
13RA2 and p-MEK/p-ERK, indicating that  activation
of  the  IL-13RA2/MEK/ERK  pathway  promotes
fibrosis. 

Discussion

Parasitic  diseases,  such  as  schistosomiasis,  are
major  contributors  to  liver  fibrosis,  often  leading  to
ascites,  splenomegaly,  esophageal  variceal  bleeding,
portal  hypertension,  and  even  death[19,  20].  Therefore,
identifying  critical  molecular  targets  and  developing
effective  anti-fibrotic  therapies  following
schistosomiasis infection are of significant importance
for improving quality of life.
Type 2 immunity, an important immune response in

both mouse and humans with schistosomiasis,  acts as
a  protective  response  during  infection.  The  existence
of eggs in the liver triggers a type 2 cytokine response;
IL-4 and IL-13 directly or indirectly coordinate tissue
repair  by  targeting  macrophages  or  HSCs[21,  22].  They
can  promote  macrophage  polarization  into  M2
phenotype,  which  suppresses  the  IL-12/Th1/M1
response  and  IL-17-mediated  neutrophil  recruitment,
ultimately  facilitating  tissue  repair  and  maintaining
intestinal  barrier  integrity[23].  However,  chronic  and
persistent  activation  of  type  2  immunity  leads  to
excessive  HSC  activation.  Activated  HSCs  produce
collagen  fibers  and  drive  granulomas  to  isolate  egg
antigens,  resulting  in  fibrosis.  Although  IL-4  and  IL-
13 are both critical in type 2 responses, accumulating
evidence suggests that IL-13 exerts a more prominent
influence  in  the  progression  of  fibrosis[24, 25].  IL-13  is
highly  upregulated  in  schistosomiasis-induced  liver
fibrosis,  and  its  inhibition  reduces  granuloma
formation and improves survival in mice[26]. Similarly,
blocking  IL-13  reduces  fibrosis  and  collagen
deposition  in  pulmonary  fibrosis  models[27].  Other
studies  have  also  shown  that  inhibiting  IL-13/IL-4
signaling  may  serve  as  a  therapeutic  target  for  the
treatment of fibrosis[28]. Given this evidence, targeting
the  IL-13/IL-4  axis  has  emerged  as  a  potential
antifibrotic  strategy.  Our  findings  indicate  that  liver
fibrosis  triggered  by  Schistosoma  japonicum  also
exhibits persistent type 2 immune activation, with IL-
13  significantly  exacerbating  granuloma  formation
and fibrosis progression.
IL-13  binds  to  two  receptors,  IL-13RA1  and  IL-

13RA2. IL-4RA forms a type I IL-4 receptor with γc,

and its heterodimerization with IL-13RA1 results in a
type II IL-4 receptor, which also functions as an IL-13
receptor  complex[29].  Previous  studies  have  primarily
focused  on  IL-13RA1  and  IL-4RA  in  the  context  of
fibrosis. It has been reported that Il4rα knockout mice
infected with Schistosomiasis mansoni exhibited acute
schistosomiasis  but  controlled  liver  fibrosis[30].
Similarly,  systemic  or  macrophage-specific  Il4rα
knockout in mice resulted in inhibited liver fibrosis[31].
Furthermore,  gene  correlation  analysis  of  human
white  adipose  tissue  samples  also  showed  a  strong
positive  correlation  between  fibrosis  and  IL-13/IL-
4RA  signaling[22].  IL-13RA1  and  the  transcription
factor STAT6 aggravate liver fibrosis through a TGF-
β-dependent  pathway  by  releasing  osteoprotegerin
(OPG),  suggesting  that  IL-4RA  and  IL-13RA1  may
contribute  to  the  development  of  liver  fibrosis[32].  In
contrast to the conventional decoy receptor hypothesis
that  often  considers  IL-13RA2  non-functional,  our
data reveal its significant upregulation at week 9 post-
infection.  Notably,  the  magnitude  of  this  increase
surpassed  that  of  both  IL-13RA1  and  IL-4RA,
prompting  further  investigation.  Through  functional
studies  employing  both  overexpression  and
knockdown  approaches,  we  demonstrated  that  IL-
13RA2  plays  an  essential  role  in  the  development  of
Schistosoma japonicum-induced liver fibrosis.
Extensive  research  supports  that  TGF-β  drives

tissue  fibrosis.  TGF-β  can  induce  excessive
extracellular  matrix  and  activate  fibroblasts  via  the
classical  SMAD-dependent  pathway[33,  34].  Previous
studies  have  shown  that  IL-13  can  drive  TGF-β
production  through  IL-13RA2  signaling  and  promote
fibrosis  in  colitis[35].  Moreover,  the  CHI3L1-IL-
13RA2 complex has been reported to modulate TGF-
β1 signaling, regulate antibacterial immune responses,
and  promote  inflammasome activation.  [36].  Similarly,
in  bleomycin-induced  pulmonary  fibrosis,  blocking
IL-13RA2  signaling  in  vivo  reduces  TGF-β
expression, as well as pulmonary fibrosis and collagen
deposition[37].  However,  the  regulatory  role  of  IL-
13RA2  beyond  the  TGF-β  pathway  warrants  further
investigation. It has been reported that IL-11 promotes
lung  fibroblasts  activation  by  activating  TGF-
β1/MEK/ERK signaling[17]. These studies suggest that
the TGF-β/MEK/ERK pathway is involved in various
fibrotic  diseases.  However,  some  studies  have
suggested  that  the  MEK-ERK signaling  pathway  can
function  independently  of  the  classical  TGF-
β1/SMAD3  pathway  and  is  crucial  in  promoting
cardiac fibrosis[18]. Using the UCSC Gene Interactions
tool,  we  identified  the  potential  interactions  between
IL-13RA2  and  two  MAPK  pathway  genes  (Map2k2
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and Map2k1). In our study, the phosphorylation levels
of  MEK1/2  and  ERK1/2  correlated  with  the
expression  of  IL-13RA2  in  mice  injected  with
plasmids  overexpressing  or  silencing  Il13ra2.
Additionally, in JS1 cell lines, IL-13 stimulation, both
with  and  without  TGF-β,  provided  further  evidence
that  IL-13  alone  is  sufficient  to  activate  the
MEK/ERK pathway, even without TGF-β.
IL-13 signaling pathway may alter both the number

and composition  of  immune cells  within  granulomas,
including eosinophils.  However,  in  the  present  study,
we did not perform a detailed quantitative analysis of
granuloma-associated  cell  populations.  In  addition,
data  from  the  Human  Protein  Atlas  indicate  that  IL-
13RA2  is  also  expressed  in  hepatocytes  and  non-
parenchymal  liver  cells,  such  as  liver-resident
macrophages  (Kupffer  cells)  and  liver  sinusoidal
endothelial  cells.  The  potential  contribution  of  IL-
13RA2  expression  in  these  cell  populations  to  liver
fibrosis  has  not  yet  been  systematically  investigated.
These  aspects  represent  limitations  of  the  current
study and warrant further investigations.
In summary, our study demonstrates that IL-13RA2

expression  is  markedly  induced  at  week  9  following
Schistosoma  japonicum  infection.  Both  IL-13
overexpression and Il13ra2 overexpression exacerbate
liver  fibrosis  in  schistosomiasis,  whereas  silencing
Il13ra2  expression  partially  alleviates  fibrotic
progression. Moreover, we identified a regulatory role
for IL-13RA2 in modulating the MEK/ERK signaling
pathway  during  hepatic  fibrogenesis.  Collectively,
these  findings  provide  new  mechanistic  insights  into
IL-13RA2-mediated  liver  fibrosis  and  suggest  IL-
13RA2  as  a  potential  therapeutic  target  for  fibrosis-
associated diseases. 
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