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Abstract. IL‑17A+ γδT cells are involved in biliary atresia 
(BA) inflammatory injury; however, the mechanism under‑
lying their activation remains unclear. The present study 
aimed to elucidate the mechanism by which γδT cells are 
activated to secrete IL‑17A in BA. Clinical samples from 
27 patients with BA and 23 control individuals were collected 
and analyzed using reverse transcription‑quantitative PCR 
(RT‑qPCR), western blotting, ELISA, flow cytometry, Opal 
multiplex immunohistochemistry and immunohistochemistry. 
In addition, wild‑type (WT) and Tcrδ‑/‑ BA murine models 
were developed through infection with rhesus rotavirus (RRV) 
and assessed by RT‑qPCR, western blotting, ELISA, flow 
cytometry, immunohistochemistry and hematoxylin and eosin 
staining. The release of high‑mobility group box‑1 (HMGB1) 
from RRV‑infected biliary epithelial cells (BECs) and macro‑
phages was investigated by ELISA and immunofluorescence 

confocal microscopy. In addition, co‑culture systems of γδT 
cells with BECs or macrophages were established. The results 
revealed that the levels of hepatic IL‑17A were higher in 
patients with BA, with γδT cells serving an important role in 
producing IL‑17A. In the BA murine model, the IL‑17A levels 
increased from day 3 to 14, and IL‑17A+ γδT cells peaked on 
day 7. The Tcrδ‑/‑ BA murine model exhibited lower IL‑17A 
levels, improved liver and bile duct morphology, and lower 
BA incidence compared with in the WT BA murine model, 
which was reversed through adoptive transfer of murine 
IL‑17A+ γδT cells. HMGB1, and Toll‑like receptor (TLR)2 
and 4 were upregulated in liver tissues from both patients with 
BA and the BA murine model. By contrast, hepatic IL‑17A 
levels were decreased in the BA murine model treated with 
the HMGB1 inhibitor. In addition, HMGB1 was released from 
RRV‑infected BECs or macrophages, and exogenous HMGB1 
stimulation enhanced IL‑17A production in γδT cells. The 
Tlr2‑/‑ and Tlr4‑/‑ γδT cell co‑culture system inhibited IL‑17A 
production and NF‑κB activation, whereas NF‑κB inhibition 
abolished HMGB1‑induced IL‑17A production in WT γδT 
cells. In conclusion, HMGB1 released from injured BECs 
or macrophages may activate IL‑17A+ γδT cells to mediate 
BA inflammatory injury via the HMGB1‑TLR2/4‑NF‑κB 
pathways. The present study was registered with the Chinese 
Clinical Trial Registry (registration ID: ChiCTR2000039619; 
registered November 3, 2020).

Introduction

The pathogenesis of biliary atresia (BA), which has not yet been 
fully elucidated, is multifactorial, involving genetic suscep‑
tibility, environmental influence and immune factors (1,2). 
Notably, virus‑related autoimmune bile duct destruction is 
considered pivotal in BA pathogenesis (3). Several studies (4‑6) 
have reported the presence of multiple immune cells in the 
hepatic portal region, which may be involved in the progres‑
sion of hepatobiliary inflammation in BA.

Our previous study reported that the pro‑inflammatory 
cytokine IL‑17A is closely related to inflammation and 
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fibrosis in patients with BA (7). IL‑17A has been shown to be 
upregulated in patients with BA and in experimental BA (7,8), 
whereas inhibiting IL‑17A production can markedly reduce 
inflammation in experimental BA (9). Therefore, immune 
cells that produce IL‑17A may be involved in the pathogenesis 
of BA. Several studies have indicated the critical involvement 
of IL‑17A‑producing γδT cells in targeting cholangiocyte 
damage in murine models of BA (9,10). Notably, γδT cells 
do not secrete IL‑17A under steady‑state conditions, and 
their activation, which is triggered by stress signals or other 
cytokine stimulation, is required for IL‑17A secretion (9‑11). 
However, the activation mechanism of IL‑17A+ γδT cells in BA 
remains unclear.

Extracellular high‑mobility group box‑1 (HMGB1) is 
released by various cells, including immune cells, and acts 
as a damage‑associated molecular pattern (DAMP) mole‑
cule (12‑14), mediating innate and adaptive immune responses. 
Aberrant activation of HMGB1 signaling can promote 
inflammation and autoimmune disorders (14,15). HMGB1 is 
upregulated in BA and thus may be involved in the patho‑
genesis of BA (13,14). Toll‑like receptors (TLRs) can activate 
immune responses by recognizing and binding to corre‑
sponding pathogen‑associated molecular patterns (PAMPs) 
and DAMPs (16,17). Extracellular HMGB1 can trigger early 
inflammatory and immune responses by binding with TLR2 
and TLR4, and it is critical in multiple immunopathological 
processes  (17,18). Moreover, hepatic TLR2 and TLR4 are 
upregulated in patients with BA and in a murine model of 
BA (19,20), which may trigger the classical downstream NF‑κB 
pathway to mediate immune responses (21,22). However, it 
remains unclear as to whether HMGB1‑TLR2/TLR4‑NF‑κB 
interaction activates γδT cells in BA. The present study aimed 
to investigate the mechanism underlying IL‑17A+ γδT‑cell 
activation in BA.

Materials and methods

Human specimens. The present study was approved by 
the Ethics Committees of Union Hospital, Tongji Medical 
College (Wuhan, China; approval no.  2016‑LSZ‑S180) 
and Shanxi Children's Hospital (Taiyuan, China; approval 
no. 2RB‑SB‑2021‑005), and was registered in the Chinese 
Clinical Trial Registry (registration ID: ChiCTR2000039619). 
Written informed consent was obtained from the guard‑
ians of all participants. Liver tissues were obtained from 
27 patients with BA (BA group) undergoing Kasai portoen‑
terostomy between May 2021 and December 2023, and from 
23 age‑matched patients with choledochal cyst undergoing 
surgery during the same period as the patients with BA. The 
BA group included 10 male patients and 17 female patients, 
with a median age at surgery of 54 days (range, 28‑90 days), 
whereas the control group consisted of 8 male patients and 
15 female patients, with a median age at surgery of 60 days 
(range, 25‑98 days). Fresh liver samples were processed imme‑
diately after collection. Liver tissues for flow cytometry and 
magnetic bead‑based cell enrichment were maintained on ice 
and utilized within 4 h, whereas the remaining samples were 
either fixed in 10% formalin (24 h at room temperature) for 
preparation of paraffin‑embedded tissue sections or stored at 
‑80˚C for mRNA isolation.

Mice. Adult wild‑type (WT) Balb/c mice (n=48; 16 male mice 
and 32 female mice; age, 8‑10 weeks; weight, 20‑25 g) were 
purchased from Shulaibao (Wuhan) Biotechnology Co., Ltd. 
The Tcrδ‑/‑, Tlr2‑/‑ and Tlr4‑/‑ Balb/c mice (n=2 male mice and 
4 female mice per genotype; age, 8‑10 weeks; weight, 20‑25 g) 
were produced by Shanghai Model Organisms Center, Inc., 
using a proprietary CRISPR‑Cas9 gene targeting platform. All 
mice were maintained in specific pathogen‑free laminar‑flow 
cages at a temperature of 23˚C and humidity of 50%, under 
a 12 h light/dark cycle with free access to standard chow 
and water. All procedures were approved by the Institutional 
Animal Care and Use Committee of Tongji Medical College, 
Huazhong University of Science and Technology (Wuhan, 
China; approval no.  4296; 2024). Experimental BA was 
induced in neonatal Balb/c mice (the WT offspring from the 
aforementioned adult WT mice; the Tcrδ‑/‑ offspring from adult 
Tcrδ‑/‑ mice; all mated in‑house) by intraperitoneal injection 
of 1.5x106 ffu rhesus rotavirus (RRV; provided by Professor 
C.L. Mack, University of Colorado, Denver, CO, USA) in 20 µl 
within 24 h of birth [n=25 for RRV group (11 male, 14 female); 
n=52 for Tcrδ‑/‑ + RRV group (24 male, 28 female); n=54 for 
WT + RRV group (26 male, 28 female); n=48 for Tcrδ‑/‑ + 
RRV + RPMI 1640 (cat. no. 11875093; Gibco; Thermo Fisher 
Scientific, Inc.) group (25 male, 23 female); n=51 for Tcrδ‑/‑ + 
RRV + IL‑17A+ γδT group (24 male, 27 female)] (23), whereas 
control mice received minimum essential medium (MEM; cat. 
no. 11095080; Gibco; Thermo Fisher Scientific, Inc.) (n=25 
for MEM group). Additionally, an independent cohort of 
neonatal WT mice (n=96; 45 male and 51 female; the offspring 
from the aforementioned adult WT mice) was used for γδT 
cell extraction following RRV injection. Separate cohorts of 
neonatal WT mice (n=18; 8 male and 10 female; the offspring 
from the aforementioned adult WT mice), Tlr2‑/‑ mice (n=8; 
4 male and 4 female; the offspring from the aforementioned 
adult Tlr2‑/‑ mice), and Tlr4‑/‑ mice (n=8; 5 male and 3 female; 
the offspring from the aforementioned adult Tlr4‑/‑ mice) were 
used for γδT cell extraction. The mice were sacrificed on 
days 3, 7 and 14 for serum and tissue examination. Mice were 
anesthetized by intraperitoneal injection of sodium pento‑
barbital (70 mg/kg), followed by cardiac puncture for blood 
collection (50‑150 µl per mouse). Subsequently, the mice were 
euthanized by cervical dislocation. Death was confirmed by 
the cessation of heartbeat and respiration, loss of reflexes and 
dilated pupils.

For inhibitor treatment, mice were intraperitoneally 
injected with glycyrrhizin (HMGB1 inhibitor; 50 mg/kg; cat. 
no. NSC 167409; Selleck Chemicals) on days 1, 3, 5 and 7 after 
RRV injection, respectively (n=20 for RRV + Glycyrrhizin 
group). The control group received an intraperitoneal injec‑
tion of an equal volume of DMSO (n=20 for RRV + DMSO 
group). For macrophage depletion, mice were intraperitone‑
ally administered with GdCl3 (cat. no. G7532; Sigma‑Aldrich; 
Merck KGaA) 24 h before RRV infection (n=15 for RRV + 
GdCl3 group), whereas control mice were administered PBS 
(n=15 for RRV + PBS group).

Functional blockade assay. Mononuclear cells were isolated 
from the liver tissues of patients with BA (n=6) by density 
gradient centrifugation using Ficoll‑Paque PLUS (cat. 
no.  17‑1440‑02; Cytiva) according to the manufacturer's 
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instructions. The cells were cultured in RPMI‑1640 complete 
medium and stimulated with 1 µg/ml anti‑CD3 monoclonal 
antibody (mAb; cat. no.  300437; BioLegend, Inc.) and 
10 µg/ml anti‑CD28 mAb (cat. no. 302933; BioLegend, Inc.) at 
37˚C for 48 h. Subsequently, digoxin (100 nM; cat. no. S4290; 
Selleck Chemicals) or AM80 (100 nM; cat. no. 3507; Tocris 
Bioscience) was added to selectively inhibit T helper 17 (Th17) 
cells or γδT cells, respectively, followed by incubation at 37˚C 
for 72 h. Cell supernatants were then collected for IL‑17A 
detection by ELISA.

Flow cytometry. Flow cytometry was performed using an 
LSRII cytometer (BioLegend, Inc.). Liver tissues from patients 
[BA group (n=5), control group (n=5)] and mice [MEM group 
(n=5 per time point), RRV group (n=5 per time point), RRV + 
DMSO group (n=5 per time point), RRV + Glycyrrhizin group 
(n=5 per time point)] were homogenized into single‑cell 
suspensions and washed in PBS containing 0.3% fetal calf 
serum (FCS; cat. no.  10100147; Gibco; Thermo Fisher 
Scientific, Inc.) and 4 mM EDTA. Dead cells were stained 
with the LIVE/DEAD Fixable Aqua Dead Cell Staining kit 
(cat. no. L34957; Invitrogen; Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocol.

For extracellular staining at 4˚C for 30 min in the dark, 
human liver single cells were incubated with PE anti‑human 
CD45 (cat. no. 368509), Alexa Fluor® 700 anti‑human CD3 
(cat. no. 300423), Brilliant Violet 421™ anti‑human TCR γ/δ 
(cat. no. 331217) (all from BioLegend, Inc.), BB700 anti‑human 
CD56 (cat. no. 566574; BD Biosciences), FITC anti‑human 
CD4 (cat. no. 344604) and PE/Cyanine7 anti‑human CD8 
(cat. no. 344711) (both from BioLegend, Inc.). Th17 cells were 
identified as CD3+CD4+IL‑17A+ T cells.

Mouse liver single cells were incubated with APC/Cyanine7 
anti‑mouse CD45 (cat. no. 103115), Brilliant Violet 421™ 
anti‑mouse CD3 (cat. no. 100227) and PE anti‑mouse TCR γ/δ 
(cat. no. 118107) (all kits from BioLegend, Inc.).

For intracellular cytokine staining, the aforementioned 
human and mouse liver single cells were incubated for 2 h at 37˚C 
in MEM containing 5% FCS and Golgi Plug/Golgi Stop (cat. 
no. 554724; BD Biosciences). After fixation and permeabiliza‑
tion using the Cytofix/Cytoperm™ Fixation/Permeabilization 
kit (cat. no. 554714; BD Biosciences) according to the manu‑
facturer's protocol, intracellular staining at 4˚C for 30 min in 
the dark was performed with APC anti‑human IL‑17A (cat. 
no. 512333) and Brilliant Violet 605™ anti‑mouse IL‑17A 
(cat. no.  506927) (both from BioLegend, Inc.). Analyses 
were performed using FlowJo v10.8.1 software (FlowJo; BD 
Biosciences).

Magnetic bead enrichment and stimulation of γδT cells. 
For magnetic bead enrichment, liver mononuclear cells from 
human [BA group (n=6)] and mouse [RRV‑infected WT mice 
(n=96), WT mice (n=18), Tlr2‑/‑ mice (n=8), Tlr4‑/‑ mice (n=8)] 
liver tissues were used for γδT‑cell enrichment. Because the 
yield of γδT cells from each neonatal mouse liver was limited, 
a relatively large number of RRV‑infected WT mice was 
required to obtain sufficient viable γδT cells for subsequent 
in vitro cell experiments and adoptive‑transfer experiments in 
the Tcrδ‑/‑ + RRV + IL‑17A+ γδT group (n=51). By contrast, 
γδT cells isolated from WT mice, Tlr2‑/‑ mice and Tlr4‑/‑ mice 

were used only for in vitro co‑culture experiments. Human 
BA samples were processed individually, whereas mouse liver 
mononuclear cells were pooled, when necessary, only within the 
same mouse group in each experimental batch. The cells from 
different mouse groups were not mixed with each other. The 
cells were separately incubated with biotinylated antibodies 
(biotin anti‑human TCR γ/δ antibody, 1:100, cat. no. 331206; 
biotin anti‑mouse TCR γ/δ antibody, 1:200, cat. no. 118103; 
both from BioLegend, Inc.) for 15 min at room temperature, 
followed by anti‑biotin microbeads (20 µl per 107 cells; Miltenyi 
Biotec, Inc.) for 15 min at 4˚C and isolated through two rounds 
of magnetic separation using MS columns (designed for the 
positive selection of cells; Miltenyi Biotec, Inc.) to obtain γδT 
cells (live mononuclear cells, CD3+ and TCRγδ+). The purity 
of CD3+ TCRγδ+ cells isolated from liver tissues was >90% for 
both human and mouse samples (Fig. S1A and B). For activa‑
tion of γδT cells from human and mouse liver tissues, subsets 
were separately stimulated with 10 ng/ml IL‑1β (recombinant 
human IL‑1β, cat. no. 579402; recombinant mouse IL‑1β, cat. 
no. 575102; both from BioLegend, Inc.) and 10 ng/ml IL‑23 
(recombinant human IL‑23, cat. no.  574102; recombinant 
mouse IL‑23, cat. no. 589002; both from BioLegend, Inc.) 
at 37˚C for 48  h, and stimulated with 1  µg/ml anti‑CD3 
mAb (purified anti‑human CD3, cat. no. 300437; purified 
anti‑mouse CD3, cat. no. 100339; both from BioLegend, Inc.) 
and 10 µg/ml anti‑CD28 mAb (purified anti‑human CD28, cat. 
no. 302933; purified anti‑mouse CD28, cat. no. 102115; both 
from BioLegend, Inc.) at 37˚C for 48 h.

Adoptive transfer of IL‑17A+ γδT cells in vivo. After RRV 
infection in neonatal Tcrδ‑/‑ mice, 106 IL‑17A+ γδT cells isolated 
from RRV‑infected WT mouse liver tissue, suspended in 
50 µl RPMI 1640 medium (cat. no. 11875085; Gibco; Thermo 
Fisher Scientific, Inc.) were injected intraperitoneally within 
24 h for 3 consecutive days. Control mice received medium 
alone and the relevant indexes were assessed: Hepatic IL‑17A 
levels, liver histopathology, extrahepatic bile duct morphology, 
BA incidence, survival rate and hepatic pro‑inflammatory 
cytokine levels.

HMGB1 stimulation. The purified human (n=3) γδT cells 
isolated from liver tissues were stimulated with HMGB1 
(20 ng/ml; cat. no. 1690‑HMB‑050; R&D Systems, Inc.) for 
48 h at 37˚C, then collected for flow cytometric analysis, 
whereas the supernatants were collected for IL‑17A 
measurement.

RRV infection in BECs/macrophages and the co‑culture 
system. All cells were cultured using RPMI 1640 medium 
containing 10% FCS, 2 mmol/l L‑glutamine and 100 U/ml 
penicillin‑streptomycin. Immortalized BECs were obtained 
from Shanghai Zhong Qiao Xin Zhou Biotechnology Co., 
Ltd., whereas THP‑1 cells were purchased from Pricella®; 
Elabscience Bionovation, and were differentiated into macro‑
phages with phorbol 12‑myristate 13‑acetate (cat. no. P8139; 
Sigma‑Aldrich; Merck KGaA) at 37˚C for 24 h. RRV [multi‑
plicity of infection (MOI)=20] was added to the culture 
medium of BECs and macrophages for incubation, and the 
release of HMGB1 was dynamically detected by immunofluo‑
rescence confocal microscopy in BECs, and by ELISA in the 
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supernatants of both BECs and macrophages after 0, 12, 24 
and 36 h at 37˚C.

BECs or macrophages (4x104 cells/well) were cultured 
in 24‑well plates. After placing the Transwell chamber 
(pore size, 0.4 µm; cat. no. 3470; Corning, Inc.) in a 24‑well 
plate, 200 µl medium containing WT/Tlr2‑/‑/Tlr4‑/‑ γδT cells 
(2x104 cells/chamber) (isolated from the liver tissues of WT, 
Tlr2‑/‑ or Tlr4‑/‑ mice) was added to the chamber, along with 
anti‑mouse CD3 mAb (1 µg/ml) and anti‑mouse CD28 mAb 
(10 µg/ml), to establish a co‑culture system. RRV (MOI=20) 
was added, whereas the control group received medium alone 
without RRV. Where indicated, WT γδT cells were pretreated 
with 10 µM Bay 11‑7082 (NF‑κB inhibitor; cat. no. S2913; 
Selleck Chemicals) for 1 h at 37˚C before co‑culture. After 
36 h of co‑culture, the cell supernatant was collected for 
IL‑17A detection.

Similarly, a co‑culture system was established using BECs 
or macrophages with human γδT cells isolated from liver 
tissues of patients with BA (n=3). Briefly, BECs or macrophages 
(4x104 cells/well) were cultured in 24‑well plates. Human 
γδT cells (2x104 cells/chamber) were added to the Transwell 
chamber (pore size, 0.4 µm), and stimulated with anti‑human 
CD3 mAb (1 µg/ml) and anti‑human CD28 mAb (10 µg/ml). 
Where specified, BECs or macrophages were pretreated with 
40 µM glycyrrhizin for 2 h at 37˚C prior to co‑culture, followed 
by the addition of RRV after co‑culture establishment, with 
controls lacking RRV. After 36 h of co‑culture, the IL‑17A in 
the cell supernatant was detected.

Immunofluorescence confocal microscopy of HMGB1. BECs 
were immobilized using 4% paraformaldehyde for 30 min 
at room temperature, washed with PBS, and blocked with 
3% bovine serum albumin (cat. no.  BS114; Biosharp Life 
Sciences) at room temperature for 1 h. The cells were then 
incubated overnight with rabbit anti‑HMGB1 antibody (1:800; 
cat. no.  ab18256; Abcam) at 4˚C, followed by incubation 
with Cy3‑conjugated goat anti‑rabbit secondary antibody 
(1:100; cat. no. SA00009‑2; Proteintech Group, Inc.) at room 
temperature for 1 h. After nuclear staining with DAPI at 
room temperature for 10 min, the cells were observed using 
a confocal fluorescence microscope (Olympus Corporation).

ELISA. Cell culture supernatants were collected and then 
centrifuged at 300 x g for 10 min at 4˚C to remove cellular 
debris, and the clarified supernatants were stored at ‑80˚C until 
detection. IL‑17A and HMGB1 in liver homogenates [Humans: 
BA group (n=27), control group (n=23); Mice: MEM group 
(n=5 per time point), RRV group (n=5 per time point), WT + 
RRV group (n=5 per time point), Tcrδ‑/‑ + RRV group (n=5 
per time point), Tcrδ‑/‑ + RRV + RPMI 1640 group (n=5 per 
time point), Tcrδ‑/‑ + RRV + IL‑17A+ γδT group (n=5 per time 
point), RRV + DMSO group (n=5 per time point), RRV + 
Glycyrrhizin group (n=5 per time point), RRV + PBS group 
(n=5 per time point), RRV + GdCl3 group (n=5 per time point)] 
and cell culture supernatants were detected according to the 
instructions of the IL‑17A (cat. nos. ab216167 and ab199081; 
Abcam) and HMGB1 (cat. nos. SP14752 and SP11733; Wuhan 
Saipei Biotechnology Co., Ltd.) ELISA kits. A microplate 
reader (Spectramax Plus; Molecular Devices, LLC) was 
employed for plate analysis.

Opal multiplex immunohistochemistry. Liver tissue samples 
from patients [BA group (n=5), control group (n=5)] were 
fixed in 10% formalin at room temperature for 24  h, 
embedded in paraffin and cut into 4‑µm sections. Slices 
of paraffin‑embedded samples were prepared, followed by 
dewaxing with xylene, rehydration in graded alcohols and 
antigen restoration using EDTA at 95‑100˚C for 20  min. 
The sections were sequentially stained with six primary 
antibodies (incubated at room temperature for 1  h) using 
the Opal seven‑color immunohistochemistry detection kit 
(cat. no.  NEL821001KT; PerkinElmer, Inc.) according to 
the manufacturer's instructions, followed by incubation with 
HRP‑conjugated secondary antibodies (included in the Opal 
seven‑color immunohistochemistry detection kit) at room 
temperature for 10 min and then DAPI nuclear staining. A 
tyramine signal amplification system was used after each round 
of primary antibody and HRP‑conjugated secondary antibody 
staining, and antibody stripping was performed between each 
staining cycle according to the manufacturer's protocol. The 
primary antibodies and dyes were cytokeratin (CK)19 (1:400; 
cat. no. ab52625; Abcam)/green, CD3 (1:200; cat. no. A26443; 
ABclonal Biotech Co., Ltd.)/red, CD4 (1:600; cat. no. ab133616; 
Abcam)/magenta, IL‑17A (1:200; cat. no. A12454; ABclonal 
Biotech Co., Ltd.)/cyan, NKG2D (1:1,000; cat. no. MA5‑51623; 
Invitrogen; Thermo Fisher Scientific, Inc.)/grey and TCRγδ 
(1:500; cat. no. ab313573; Abcam)/yellow. The stained slides 
were scanned for panoramic imaging using a Vectra Polaris 
slide digital scanner (PerkinElmer, Inc.), and the results were 
evaluated by two pathologists.

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). Total RNA was isolated from human liver tissues 
[BA group (n=5‑8), control group (n=5‑8)], mouse liver tissues 
[MEM group (n=5), RRV group (n=5), WT + RRV group 
(n=5), Tcrδ‑/‑ + RRV group (n=5), RRV + DMSO group (n=5), 
RRV + Glycyrrhizin group (n=5)] and γδT cells isolated 
from mouse liver using TRIzol® reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.) and cDNA was synthesized using a 
PrimeScript™ RT Reagent Kit (Perfect Real Time; TaKaRa 
Bio, Inc.). The RT reaction was performed at 37˚C for 15 min, 
followed by inactivation at 85˚C for 5 sec. qPCR was performed 
with SYBR Green PCR Master Mix (SYBR Premix Ex Taq™ II; 
TaKaRa Bio, Inc.). The thermocycling program consisted of 
initial denaturation at 95˚C for 30 sec, followed by 40 cycles 
at 95˚C for 15 sec and 60˚C for 30 sec. The primer sequences 
are provided in Table SI. Transcript levels were normalized to 
GAPDH and were calculated via the 2‑ΔΔCq method (24).

Western blot analysis. Total proteins were extracted from 
human liver tissues [BA group (n=5‑8), control group (n=5‑8)], 
mouse liver tissues [MEM group (n=5), RRV group (n=5)] 
and γδT cells (isolated from mouse liver) using radioimmu‑
noprecipitation assay lysis buffer (cat. no. P0013B; Beyotime 
Biotechnology) following the provided protocol. Protein 
concentrations were determined using a bicinchoninic acid 
protein assay kit (cat. no. P0010; Beyotime Biotechnology) 
according to the manufacturer's instructions. Equal amounts 
of total protein (20‑30 µg/lane) were separated by SDS‑PAGE 
on 10 or 12% gels, transferred onto polyvinylidene difluoride 
membranes, blocked with 5% fat‑free milk at room temperature 
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for 45 min and incubated with the following primary antibodies 
overnight at 4˚C according to the recommended dilution 
method: Anti‑IL17A rabbit polyclonal antibody (pAb) (1:2,000; 
cat. no. A12454; ABclonal Biotech Co., Ltd.), anti‑HMGB1 
rabbit pAb (1:5,000; cat. no. A2553; ABclonal Biotech Co., 
Ltd.), anti‑TLR2 antibody (1:400; cat. no. ab213676; Abcam), 
anti‑TLR4 antibody (1:10,000; cat. no. ab218987; Abcam), 
anti‑NF‑κB (1:10,000; cat. no. A19653; ABclonal Biotech Co., 
Ltd.), phosphorylated (p)‑NF‑κB p65/RelA‑S536 rabbit mAb 
(1:10,000; cat. no. AP1294; ABclonal Biotech Co., Ltd.) and 
anti‑GAPDH mAb (1:50,000; cat. no. 60004‑1‑Ig; Proteintech 
Group, Inc.). Subsequently, the membranes were incubated 
with horseradish peroxidase‑conjugated secondary antibodies 
for 1 h at room temperature (anti‑rabbit IgG: 1:5,000; cat. 
no. RGAR001; anti‑mouse IgG: 1:5,000; cat. no. RGAM001; 
both from Proteintech Group, Inc.). Proteins were visual‑
ized with enhanced chemiluminescence detection reagent 
(cat. no. RM00020P; ABclonal Biotech Co., Ltd.).

Immunohistochemistry and hematoxylin and eosin (H&E) 
staining. Briefly, human [BA group (n=8), control group (n=8)] 
and mouse liver tissues [MEM group (n=5), RRV group (n=5), 
WT + RRV group (n=5), Tcrδ‑/‑ + RRV group (n=5), Tcrδ‑/‑ + 
RRV + RPMI 1640 group (n=5), Tcrδ‑/‑ + RRV + IL‑17A+ γδT 
group (n=5), RRV + DMSO group (n=5), RRV + Glycyrrhizin 
group (n=5)] were fixed in 10% formalin at room temperature 
for 24 h, followed by paraffin embedding and sectioning. The 
paraffin‑embedded sections (4 µm) were dewaxed using xylene 
and rehydrated in graded alcohols. After antigen retrieval 
using either sodium citrate buffer or EDTA at a temperature 
of 95‑100˚C for 20 min continuously, endogenous enzyme 
blocking was performed with 3% H2O2 for 10 min at room 
temperature and then 5% goat serum (cat. no. C0265; Beyotime 
Biotechnology) was used for blocking (at room temperature 
for 30 min). According to the manufacturer's instructions, 
the sections were then incubated with the following primary 
antibodies overnight at 4˚C: Anti‑CK19 antibody (1:400; cat. 
no. ab52625; Abcam), anti‑HMGB1 rabbit pAb (1:100; cat. 
no. A2553; ABclonal Biotech Co., Ltd.), anti‑TLR2 antibody 
(1:200; cat. no. ab213676; Abcam) and anti‑TLR4 antibody 
(1:200; cat. no. ab218987; Abcam), followed by incubation 
with secondary antibody (HRP‑conjugated goat anti‑rabbit 
IgG; 1:50; cat. no. A0208; Beyotime Biotechnology) for 1 h 
at room temperature. After DAB solution was added for 
color development, the sections were counterstained with 
hematoxylin for 1 min at room temperature. In addition, some 
paraffin‑embedded sections underwent H&E staining, using 
0.5% hematoxylin for 5 min at room temperature and 0.05% 
eosin for 1 min at room temperature. All stained sections were 
observed using a light microscope (Nikon Corporation). The 
results were assessed by two pathologists.

Statistical analysis. Data were analyzed using FlowJo soft‑
ware (v10.8.1) and GraphPad Prism 8.0 software (Dotmatics). 
The χ2 test was used to compare the BA incidence between two 
groups. Continuous data between two groups were compared 
using the unpaired Student's t‑test, whereas comparisons 
across three or more groups were performed using one‑way 
ANOVA, followed by Bonferroni's post hoc test for pairwise 
comparisons. All experiments were performed in triplicate. 

Following intraperitoneal injections of RRV or saline within 
24 h after birth, the survival and disease status of neonatal 
mice [n=28 for Tcrδ‑/‑ + RRV group; n=34 for WT + RRV 
group; n=32 for Tcrδ‑/‑ + RRV + RPMI 1640 group; n=34 
for Tcrδ‑/‑ + RRV + IL‑17A+ γδT group] were assessed and 
recorded for 20 consecutive days. Day 1 was regarded as the 
starting point, and the event of death as the endpoint. Survival 
curves were generated using the Kaplan‑Meier method and 
compared using the log‑rank test. The hazard ratio (HR) 
with a 95% confidence interval (CI) was calculated as part 
of the log‑rank analysis. P<0.05 was considered to indicate a 
statistically significant difference.

Results

IL‑17A serves an important role in the inflammatory injury 
of patients with BA and is produced by γδT cells. IL‑17A is a 
key pathogenic cytokine in various inflammatory and autoim‑
mune processes (10,22). In the present study, hepatic IL‑17A 
levels were measured using RT‑qPCR (Fig.  1A), western 
blotting (Fig. 1B) and ELISA (Fig. 1C) to investigate its role 
in BA; the results revealed that IL‑17A levels were higher in 
the BA group compared with those in the control group. Flow 
cytometric analysis of human liver tissues identified TCRγδ+ 
T cells (γδT cells), CD56+ T cells (natural killer T cells), CD4+ 
T cells and CD8+ T cells as potential IL‑17A sources (Fig. 1D), 
with CD4+IL‑17A+ T cells (Th17 cells) and IL‑17A+ γδT cells 
showing the highest increases in percentages within their 
respective subsets (Fig. 1D and E). In Fig. 1E, quantitative 
analysis of the percentages represent the proportion of IL‑17A+ 
cells within their respective T cell subsets (for example, CD56+ 

IL‑17A+ T cells/CD56+ T cells), calculated as [(upper‑right 
quadrant)/(upper‑right + lower‑right quadrants) x100%] based 
on the flow cytometry dot plots in Fig. 1D. Opal multiplex 
immunohistochemistry results revealed that the BA group had 
higher levels of CK19 markers in the liver, indicating abnormal 
proliferation of intrahepatic bile ducts, and IL‑17A, NKG2D 
immune activation index, CD3, CD4 and TCRγδ were mark‑
edly increased around the bile ducts (Fig. 1F). Quantitative 
analysis validated higher percentages of IL‑17A+ γδT cells in 
γδT cells and Th17 cells in CD4+ T cells in BA (Fig. 1G), which 
was consistent with the flow cytometry results. Functional 
blockade experiments using digoxin (Th17 cell inhibitor) 
and AM80 (γδT cell inhibitor) on mononuclear cells isolated 
from the liver tissues of patients with BA demonstrated γδT 
cells as an important source of IL‑17A, with AM80 treatment 
causing a more marked reduction in IL‑17A levels (Fig. 1H). 
These results indicated that γδT cells are the major producers 
of IL‑17A driving inflammatory injury in BA, consistent with 
previous study results (9,10).

IL‑17A+ γδT cells induce the inflammatory response in the BA 
model. A mouse model of BA was established to elucidate the 
role of IL‑17A+ γδT cells in BA progression. Dynamic analysis 
revealed a time‑dependent increase in IL‑17A levels in liver 
homogenate supernatants from day 3 to 14 (Fig. 2A), whereas 
the proportion of IL‑17A+ γδT cells in the liver tissue increased 
from day 3 and peaked at day 7 (Figs. 2B and S1C), suggesting 
their pathogenic role in initiating an early inflammatory 
response in BA. The murine BA model on day 7 was used 
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Figure 1. IL‑17A is highly expressed in the liver tissues of patients with BA and γδT cells are major producers of IL‑17A. (A) Reverse transcription‑quantitative 
PCR was used to quantify the mRNA levels of IL‑17A relative to GAPDH, revealing increased mRNA levels of IL‑17A in the liver of patients with BA 
(n=5/group). (B) Western blotting (n=5/group) and (C) ELISA (n=27 for BA group, n=23 for control group) showed higher IL‑17A protein levels in the liver of 
patients with BA. (D and E) Single cell suspensions were prepared from the liver tissue of patients with BA and control individuals, followed by extracellular 
and intracellular staining. (D) Representative flow cytometry plots showing the gating strategy for IL‑17A+ CD56+ T cells, IL‑17A+ CD8+ T cells, IL‑17A+ 
CD4+ T cells (Th17 cells) and IL‑17A+ γδT cells (n=5/group). (E) Percentage of IL‑17A+ subsets in CD56+, CD8+, CD4+ and TCRγδ+ T cells (n=5/group). 
(F) Representative images of the localization of CK19, IL‑17A, CD3, CD4, TCRγδ and NKG2D expression in liver tissue, as detected through Opal multiplex 
immunohistochemistry (n=5/group). Scale bar, 50 µm. (G) Quantitative analysis of IL‑17A+ CD3+ TCRγδ+, IL‑17A+ CD3+ CD4+, IL‑17A+, NKG2D+, CD3+, 
CD4+ and TCRγδ+ cells, as determined using Opal multiplex immunohistochemistry (n=5/group). (H) After adding anti‑CD3 mAb and anti‑CD28 mAb to 
liver mononuclear cells from patients with BA (n=6), the secretion of IL‑17A by Th17 cells and γδT cells was inhibited by digoxin and AM80, respectively. 
The concentration of IL‑17A in the cell supernatant was subsequently detected by ELISA. Data are presented as the mean ± standard deviation of at least three 
repeated experiments. ***P<0.001. BA, biliary atresia; CK19, cytokeratin 19; mAb, monoclonal antibody; Th17, T helper 17.
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Figure 2. IL‑17A+ γδT cells are increased and induce the inflammatory response in experimental BA. Experimental BA was induced in neonatal Balb/c mice 
through intraperitoneal injection of RRV; after RRV injection, (A) IL‑17A levels in the liver homogenate supernatant of the murine BA model were dynami‑
cally measured through ELISA (n=5/group per time point), and (B) IL‑17A+ γδT cells were dynamically analyzed through flow cytometry on days 3, 7 and 14 
(n=5/group per time point). (C) After knocking out the Tcrδ gene in Balb/c mice, the dynamic change in IL‑17A content in the liver tissue of the Tcrδ‑/‑ murine 
BA model was measured through ELISA (n=5/group per time point). (D) On day 7 of the Tcrδ‑/‑ murine BA model, immunohistochemical staining with CK19 
(upper panels, original magnification, x100) was used to observe the morphology of intrahepatic bile ducts, and H&E staining (original magnification, x100) 
was used to observe liver inflammation (middle panels) and extrahepatic bile duct morphology (lower panels) (n=5/group). (E) Incidence of BA and survival 
analysis in the Tcrδ‑/‑ murine BA model (n=28 for Tcrδ‑/‑ + RRV group, n=34 for WT + RRV group). (F‑H) After adoptive transfusion of murine IL‑17A+ γδT 
cells into Tcrδ‑/‑ mice, the aforementioned indicators were observed. (F) Dynamic changes in hepatic IL‑17A levels were measured by ELISA (n=5/group 
per time point). (G) Liver inflammation, intrahepatic bile duct morphology and extrahepatic bile duct morphology were analyzed by immunohistochemical 
staining with CK19 (left panels, original magnification, x100) and H&E staining (middle panels for liver inflammation and right panels for extrahepatic bile 
duct morphology, original magnification, x100) (n=5/group). (H) Incidence of BA and survival analysis (n=32 for Tcrδ‑/‑ + RRV + RPMI 1640 group, n=34 for 
Tcrδ‑/‑ + RRV + IL‑17A+ γδT group). Data are presented as the mean ± standard deviation of at least three repeated experiments. ***P<0.001; ns, not significant. 
BA, biliary atresia; CK19, cytokeratin 19; H&E, hematoxylin and eosin; MEM, minimum essential medium; RRV, rhesus rotavirus; WT, wild‑type.
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for further analysis. Mice with BA exhibited elevated hepatic 
mRNA levels of IL‑1β, IL‑6 and TNF‑α compared with those 
in the control group (Fig. S2A), reflecting a pro‑inflammatory 
state. Moreover, compared with in the WT murine model of 
BA, the Tcrδ‑/‑ murine model of BA exhibited reduced hepatic 
IL‑17A levels (a 61.89% reduction at day 7; Fig. 2C), improved 
liver inflammation, reduced intrahepatic bile duct proliferation 
and improved extrahepatic bile ducts (Fig. 2D). The incidence 
of BA was markedly decreased from 82.4% (28/34) in WT mice 
to 35.7% (10/28) in Tcrδ‑/‑ mice (Fig. 2E), with a concomitant 
increase in 20‑day survival rate from 29.4% (10/34) to 71.4% 
(20/28) [HR for WT vs. Tcrδ‑/‑=4.147; 95% CI, 2.055‑8.369; 
Fig. 2E]. Concomitant reductions in IL‑1β, IL‑6 and TNF‑α in 
Tcrδ‑/‑ mice compared with in WT mice further validated the 
role of IL‑17A+ γδT in orchestrating inflammatory responses 
(Fig. S2B). By contrast, adoptive transfusion of IL‑17A+ γδT 
cells into the Tcrδ‑/‑ murine BA model (n=34) notably exac‑
erbated these parameters compared with in the Tcrδ‑/‑ murine 
BA model receiving RPMI‑1640 medium (n=32) (Fig. 2F‑H). 
These data indicated that γδT cell‑derived IL‑17A may be 
critical for BA progression.

HMGB1 is essential to activate IL‑17A+ γδT cells. HMGB1, 
as a DAMP, triggers early inflammatory responses in various 
pathologies and is important in the pathogenesis of BA (12,13). 
Therefore, the expression of HMGB1 in BA and its role in 
IL‑17A+ γδT cell activation were explored in the present 
study. Immunohistochemical staining results showed elevated 
HMGB1 expression in the hepatic portal area of patients with 
BA and in the BA mouse model (Fig. 3A and B). Similarly, 
the mRNA and protein expression levels of HMGB1 were 
markedly higher in BA (Fig. 3C‑F). After inhibiting HMGB1 
with glycyrrhizin, the BA mouse model showed a significant 
decrease in the proportion of hepatic IL‑17A+ γδT cells and 
IL‑17A levels in the liver homogenate supernatant on days 3 
and 7 (Figs. 3G, H and S1D). Meanwhile, compared with 
that in the untreated BA mice, HMGB1 inhibition reduced 
pro‑inflammatory cytokine levels (IL‑1β, IL‑6 and TNF‑α; 
Fig. S2C), which is consistent with the role of HMGB1 in BA 
hepatic inflammation. These changes were accompanied by 
improvements in liver inflammation, intrahepatic bile duct 
proliferation and extrahepatic bile duct obstruction (Fig. 3I). 
These results suggested that HMGB1 may be critical in IL‑17A 
production by γδT cells in BA. Subsequently, 48‑h exogenous 
HMGB1 in vitro stimulation of hepatic γδT cells from patients 
with BA increased the percentage of IL‑17A+ γδT cells (Figs. 3J 
and S1E) and IL‑17A levels (Fig. 3K), further demonstrating 
the importance of HMGB1 in IL‑17A+ γδT cell activation.

HMGB1 is released from BECs and macrophages in response 
to RRV infection and promotes IL‑17A secretion by γδT cells. 
To determine the cellular sources of HMGB1 in BA, the 
present study continued to focus on BECs and macrophages, 
which are known targets of RRV infection that have a key 
role in hepatic inflammation (13,20). The capacity of BECs 
or macrophages to release HMGB1 after RRV infection was 
explored in vitro to validate their role in HMGB1 production. 
The immunofluorescence confocal assay (Fig. 4A) showed that 
HMGB1 protein was located in the nucleus of BECs at 0 h of 
RRV infection and began to be released from the nucleus at 

12 h. A large amount of nuclear HMGB1 was accumulated 
in the cytoplasm and extracellular areas of BECs at 24 and 
36 h. Meanwhile, the observed low nuclear signals of HMGB1 
at 24 and 36 h likely reflect that the rate of HMGB1 release 
exceeds that of its synthesis, resulting in a reduction in nuclear 
HMGB1 staining. Correspondingly, BEC supernatants had 
higher HMGB1 levels at 24 and 36 h after RRV infection 
(Fig. 4B). Similar findings were observed in macrophages 
(Fig. 4C), suggesting both BECs and macrophages contribute 
to HMGB1 release in BA. Consistent with previous studies, 
HMGB1 was actively released from BECs after RRV infection 
in the experimental BA model (13,25). In vivo, macrophage 
depletion via GdCl3 reduced serum HMGB1 at days 7 and 14 
(Fig. 4D), and hepatic IL‑17A concentrations at days 3 and 7 
(Fig. 4E) in the BA murine model, confirming macrophages as 
important sources of HMGB1.

Subsequently, the present study investigated whether 
HMGB1 directly participated in γδT cell activation. BECs and 
macrophages were co‑cultured with γδT cells derived from 
patients with BA, and IL‑17A levels in the cell supernatant 
were measured under the intervention of RRV and glycyrrhizin 
(HMGB1 inhibitor) separately or in combination (Fig. 4F). 
Co‑culture of RRV‑infected BECs or macrophages with γδT 
cells derived from patients with BA significantly increased 
IL‑17A secretion compared with co‑culture with BECs or 
macrophages uninfected with RRV, which was suppressed 
by pre‑incubating BECs or macrophages with glycyrrhizin 
(HMGB1 inhibitor) before co‑culture (Fig. 4F).

HMGB1‑TLR2/4‑NF‑κB signaling axis mediates the activa‑
tion of the IL‑17A+ γδT cells. Due to the interaction of HMGB1 
with TLRs on various cell surfaces, including TLR2 and 
TLR4 (20,26), and the importance of TLR2 and TLR4 in γδT 
cell activation (27), the present study aimed to verify whether 
HMGB1 activates γδT cells through the TLR2/4‑NF‑κB path‑
ways. The expression levels of TLR2 and TLR4 were notably 
upregulated in patients with BA (Fig. 5A‑C) and localized 
near the hepatic portal area (Fig. 5C), indicating activation of 
the TLR2 and TLR4 pathways. In addition, the BA murine 
model showed similar findings, with higher expression of 
TLR2 and TLR4 compared with in control mice receiving 
MEM (Fig. 5D‑F). The extraction of γδT cells from human 
liver tissues in the control group was insufficient, making it 
difficult to detect TLR2 and TLR4 on these cells. Therefore, 
the present study investigated the TLR pathway in γδT cells in 
the BA murine model, and the results showed higher mRNA 
and protein levels of TLR2 and TLR4 in IL‑17A+ γδT cells 
compared with in γδT cells (Fig. 5G and H).

To further demonstrate the effect of TLR2 and TLR4 
pathways on γδT cell activation, γδT cells were extracted 
from WT, Tlr2‑/‑ and Tlr4‑/‑ mice, and were co‑cultured with 
RRV‑infected BECs or macrophages in vitro. After stimula‑
tion with RRV for 36 h, the IL‑17A secretion levels of the 
Tlr2‑/‑ and Tlr4‑/‑ γδT cells were significantly lower than those 
of WT γδT cells (Fig. 6A and B). These findings indicated the 
importance of TLR2 and TLR4 on γδT cells in IL‑17A secre‑
tion. The reduced IL‑17A production by Tlr2‑/‑ and Tlr4‑/‑ γδT 
cells in co‑culture with RRV‑infected BECs or macrophages 
(releasing HMGB1) confirms that the HMGB1‑TLR2/4 path‑
ways mediates IL‑17A+ γδT cell activation.
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Figure 3. HMGB1 is essential for activation of IL‑17A+ γδT cells in BA. Representative immunohistochemical staining of increased HMGB1 expression in 
the liver tissues of (A) patients with BA (n=8/group) and (B) the BA murine model on day 7 (n=5/group) (original magnification, x100 and x400). Increased 
(C) mRNA (n=8/group) and (D) protein expression levels (n=8/group) of HMGB1 in patients with BA, and increased (E) mRNA and (F) protein expression 
levels of HMGB1 in experimental BA on day 7 were measured through reverse transcription‑quantitative PCR (n=5/group) and western blotting (n=5/group). 
mRNA levels were normalized to GAPDH levels. After inhibition of HMGB1 with glycyrrhizin, (G) reduced proportions of IL‑17A+ γδT cells were detected 
through flow cytometry (n=5/group per time point) and (H) lower IL‑17A levels were measured by ELISA (n=5/group per time point) in the liver tissues of the 
murine BA model on days 3, 7 and 14. (I) Immunohistochemical staining with cytokeratin 19 (upper panels) and hematoxylin and eosin staining (middle panels 
for liver inflammation and lower panels for extrahepatic bile duct morphology) for improvements in liver inflammation, and intrahepatic and extrahepatic 
bile duct obstruction of the murine BA model on day 7 (n=5/group, original magnification, x100). After stimulation of hepatic γδT cells of patients with BA 
with HMGB1 in vitro, the (J) percentage of IL‑17A+ γδT cells was detected through flow cytometry (n=3) and (K) IL‑17A levels in the cell supernatant were 
measured through ELISA (n=3). Data are presented as the mean ± standard deviation of at least three repeated experiments. **P<0.01. ***P<0.001; ns, not 
significant. BA, biliary atresia; HMGB1, high‑mobility group box‑1; MEM, minimum essential medium; RRV, rhesus rotavirus.

https://www.spandidos-publications.com/10.3892/ijmm.2026.5852


ZHANG et al:  IL-17A+ γδT-CELL ACTIVATION IN BILIARY ATRESIA10

Figure 4. After RRV infection, HMGB1 is released from BECs and macrophages, and promotes IL‑17A secretion by γδT cells. (A) In an immunofluorescence 
confocal assay, HMGB1 was released from the nucleus of BECs at different time points (0, 12, 24 and 36 h) following RRV infection. The nucleus was stained 
blue and HMGB1 was stained red. Scale bar, 10 µm. The secretion of HMGB1 in the cell supernatant of (B) BECs and (C) macrophages stimulated by RRV was 
dynamically measured through ELISA. After macrophage depletion using GdCl3, (D) serum HMGB1 (n=5/group per time point) and (E) liver IL‑17A levels 
(n=5/group per time point) were detected through ELISA. (F) A co‑culture system of BECs or macrophages and γδT cells of patients with BA (n=3) was estab‑
lished. IL‑17A levels in the supernatant of the co‑culture system were measured by ELISA after the intervention of BECs or macrophages with RRV, as well as 
pretreatment with glycyrrhizin before co‑culture. Data are presented as the mean ± of at least three repeated experiments. *P<0.05, **P<0.01, ***P<0.001; ns, not 
significant. BA, biliary atresia; BEC, biliary epithelial cell; HMGB1, high‑mobility group box‑1; MEM, minimum essential medium; RRV, rhesus rotavirus.
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Figure 5. TLR2 and TLR4 are highly expressed in the liver tissues of humans and experimental BA. TLR2 and TLR4 expression in liver tissues was detected 
through (A) RT‑qPCR (n=8/group), (B) western blotting (n=8/group) and (C) immunohistochemical staining (n=8/group, original magnification, x100 and 
x400), with higher mRNA and protein levels detected in patients with BA. TLR2 and TLR4 expression was detected in the experimental BA model on day 7 
(n=5/group) by (D) RT‑qPCR, (E) western blotting and (F) immunohistochemical staining (original magnification, x100 and x400). RT‑qPCR data were 
normalized to GAPDH. Expression of TLR2, TLR4 and NF‑κB on hepatic IL‑17A+ γδT cells in the BA murine model on day 7 (n=5/group) was detected 
through (G) RT‑qPCR and (H) western blotting. Data are presented as the mean ± standard deviation of at least three repeated experiments. ***P<0.001. BA, 
biliary atresia; MEM, minimum essential medium; p‑, phosphorylated; RRV, rhesus rotavirus; RT‑qPCR, reverse transcription‑quantitative PCR; TLR, 
Toll‑like receptor.
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To investigate the downstream mechanism, the present 
study focused on the NF‑κB pathway, a canonical down‑
stream effector of TLR signaling (21,22). The IL‑17A+ γδT 
cells from the BA murine model exhibited elevated NF‑κB 

p65 and p‑NF‑κB p65 levels compared with in γδT cells 
(Fig. 5G and H), confirming the activation of NF‑κB signaling. 
NF‑κB p65 upregulation may ensure sufficient substrate 
availability for phosphorylation, whereas increased p‑NF‑κB 

Figure 6. Roles of TLR2/TLR4‑NF‑κB in the activation of IL‑17A+ γδT cells by HMGB1. After establishing the co‑culture system of γδT cells from WT, 
Tlr2‑/‑ and Tlr4‑/‑ mice with (A) BECs or (B) macrophages in vitro, the IL‑17A levels in the supernatant of the co‑culture system were measured through ELISA 
under the stimulation of RRV. After co‑culture of WT, Tlr2‑/‑ or Tlr4‑/‑ γδT cells with RRV‑stimulated BECs or macrophages, the NF‑κB p65 and p‑NF‑κB 
p65 expression levels were measured. The mRNA levels of NF‑κB in WT, Tlr2‑/‑ or Tlr4‑/‑ γδT cells were detected by reverse transcription‑quantitative PCR 
after co‑culture with RRV‑stimulated (C) BECs or (D) macrophages. NF‑κB p65 and p‑NF‑κB p65 protein expression levels in WT, Tlr2‑/‑ or Tlr4‑/‑ γδT cells 
were analyzed by western blotting after co‑culture with RRV‑stimulated (E) BECs (left panel) or macrophages (right panel). Detection of IL‑17A levels after 
pretreatment with the NF‑κB inhibitor Bay 11‑7082 in WT γδT cells, followed by co‑culture with (F) BECs or (G) macrophages, which secrete HMGB1 after 
RRV infection. Data are presented as the mean ± standard deviation of at least three repeated experiments. ***P<0.001. BEC, biliary epithelial cell; HMGB1, 
high‑mobility group box‑1; p‑, phosphorylated; RRV, rhesus rotavirus; TLR, Toll‑like receptor; WT, wild‑type.
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p65 indicates functional activation, consistent with previous 
reports on NF‑κB signaling regulation (28,29). The co‑culture 
system of Tlr2‑/‑ or Tlr4‑/‑ γδT cells with RRV‑stimulated BECs 
or macrophages exhibited attenuated NF‑κB activation, as 
evidenced by reduced levels of NF‑κB p65 and p‑NF‑κB p65 
compared with those in WT γδT cells (Fig. 6C‑E). After stim‑
ulation of γδT cells with HMGB1 released by RRV‑infected 
BECs or macrophages, the IL‑17A level was significantly 
increased compared with that from BECs or macrophages 
uninfected with RRV (Fig. 4F). However, these effects were 
abolished by pretreatment with the NF‑κB inhibitor Bay 
11‑7082 (Fig. 6F and G), demonstrating that HMGB1‑TLR2/4 
signaling depends on NF‑κB to activate IL‑17A+ γδT cells.

Discussion

The present study demonstrated the key role of the 
HMGB1‑TLR2/4‑NF‑κB axis in IL‑17A+ γδT cell activation 
in BA (Fig. 7). HMGB1, a pro‑inflammatory cytokine, can 
be released by RRV‑infected BECs and macrophages in BA; 
this activates IL‑17A+ γδT cells via TLR2/4‑NF‑κB signaling 
to produce IL‑17A, which contributes to the inflammatory 
response. The present study provides novel insights into the 
activation of IL‑17A+ γδT cells in BA.

The IL‑17 cytokine family members have various 
biological functions, including immunoprotective and 
inflammation‑inducing processes. IL‑17 is expressed in all cell 
types in the liver, highlighting the importance of the regulatory 
function of the IL‑17 axis (8,10). The first identified member, 
IL‑17A, is a key pathogenic cytokine in a variety of autoim‑
mune and inflammatory diseases, and can be produced by 
CD4+ and CD8+ T cells, γδT cells and various innate immune 
cell populations  (30‑33). Several studies have reported the 
upregulation of hepatic IL‑17A expression in BA, which is asso‑
ciated with bile duct inflammatory injury (7,8,10). Regarding 
the source of IL‑17A, Th17 cells are considered to be a notable 
contributor (7,8); however, there are also reports suggesting that 
γδT cells are the exclusive source of IL‑17A in experimental 
BA  (9,10). The present study revealed that hepatic IL‑17A 
expression was upregulated in patients with BA, which is 
consistent with previous reports. IL‑17A was mainly generated 
by γδT and Th17 cells. Notably, after inhibiting the secretion 
of IL‑17A in γδT and Th17 cells, it was demonstrated that γδT 
cells contributed more to IL‑17A production, suggesting that 
γδT cells are the major producers of IL‑17A.

γδT cells are an important subset of innate immune 
T cells that function between innate and adaptive immunity, 
and serve a vital role in immunomodulatory responses in 
newborns (34,35). These cells can produce abundant cyto‑
kines (including IL‑17A) that trigger rapid immune responses 
in infection, inflammation and autoimmune diseases (34,36). 
Moreover, γδT cells have innate receptor expression combined 
with IL‑17A production, making them the first line of defense, 
and IL‑17A+ γδT cells can differentiate and develop in a way 
that is different from Th17 cells to rapidly respond to pathogen 
invasion (36‑38). In the present study, the hepatic IL‑17A+ 
γδT cells in the BA murine model increased from day 3 and 
reached a peak on day 7, confirming their importance in 
IL‑17A production and proinflammation in the early phase of 
BA. This finding is similar to the results of previous reports, 

which reported that Th17 cells begin to secrete IL‑17A on 
day 8 of RRV‑induced experimental BA to promote biliary 
inflammation (8,39). The present findings extend this paradigm 
by demonstrating that γδT cells precede Th17 cells in driving 
IL‑17A‑dependent inflammation during early phases, whereas 
Th17 cells dominate in later phases. Knocking out the Tcrδ 
gene reduced BA incidence and alleviated inflammation in the 
biliary system, whereas the condition worsened after adoptive 
transfusion of IL‑17A+ γδT cells, highlighting the contribution 
of IL‑17A+ γδT cells in inducing inflammatory destruction of 
the biliary system in BA. However, the mechanism underlying 
activation of IL‑17A+ γδT cells remains to be elucidated.

DAMPs have been reported to mediate persistent inflam‑
matory injury by activating innate immune responses, and 
HMGB1, which is passively released by injured BECs, can 
act as a DAMP, alerting the immune system and triggering an 
immediate response during tissue injury (13,40,41). HMGB1 
has been shown to be upregulated in BA and serves a pivotal 
role in its pathogenesis (13,14). Consistent with this, the present 
study detected a significant increase in hepatic HMGB1 levels 
in human and experimental BA. Notably, inhibition of HMGB1 
by glycyrrhizin reduced hepatic IL‑17A+ γδT cells and IL‑17A 
levels, and alleviated inflammation of the biliary system in the 
early stage of experimental BA, suggesting that HMGB1 is 
required for IL‑17A+ γδT cell activation in BA. The increase in 
IL‑17A+ γδT cells after HMGB1 stimulation of hepatic γδT cells 
in vitro further supported the perspective that HMGB1 is a direct 
driver of γδT cell activation. This is similar to the previously 
reported positive role of HMGB1 in the activation of IL‑17A+ 
γδT cells in acetaminophen‑induced liver inflammation (11).

Figure 7. Schematic diagram showing the mechanism of activation of IL‑17A+ 
γδT cells mediating inflammatory injury in biliary atresia. BEC, biliary 
epithelial cell; HMGB1, high‑mobility group box‑1; RRV, rhesus rotavirus; 
TLR, Toll‑like receptor.
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Subsequently, the present study analyzed the source of 
HMGB1 in BA. In vitro studies demonstrated that HMGB1 
could be released by BECs and macrophages infected with RRV, 
which are the main target cells of RRV infection in BA (20,42). 
Previous studies have demonstrated that RRV‑infected BECs 
in experimental BA can release a large amount of HMGB1 via 
active release function (13,25). The present study further verified 
that macrophages are important contributors to HMGB1 secre‑
tion in BA by detecting reductions in HMGB1 after depleting 
macrophages with GdCl3. Notably, in addition to BECs and 
macrophages being the primary sources of HMGB1, other 
immunocytes near the hepatic portal area may also produce 
HMGB1, which requires further study.

BECs and macrophages may also secrete various other 
cytokines in addition to HMGB1 to participate in IL‑17A+ γδT 
cell activation under RRV infection. Therefore, the present 
study established a co‑culture system of BECs or macrophages 
and γδT cells, and revealed that IL‑17A levels were increased 
after RRV infection with BECs or macrophages and decreased 
after inhibition of HMGB1. These findings validated that the 
release of HMGB1 from RRV‑infected BECs and macrophages 
is directly involved in the IL‑17A production by γδT cells.

TLRs recognize endogenous DAMPs and exogenous 
PAMPs to initiate signal transduction, thereby stimulating the 
production of various cytokines to trigger an inflammatory 
response, and HMGB1 is a well‑known powerful stimulating 
ligand of TLRs (20,43). γδT cells have been reported to express 
TLRs and regulate the early immune response against different 
pathogens (44,45), and TLR2 and TLR4 serve an irreplaceable 
innate role in enhancing γδT cell activation to generate IL‑17A 
in various pathological states  (27,44,45). TLR2 and TLR4 
levels have been reported to be increased on multiple types of 
cells during modulation of the immune reaction to RRV infec‑
tion (20,46). Notably, the HMGB1‑TLR4 interaction has been 
reported to amplify NF‑κB‑driven inflammation in sepsis and 
autoimmune diseases (47,48), suggesting a conserved pathway 
across pathologies. Therefore, it was hypothesized that 
HMGB1 may mediate the activation of γδT cells to produce 
IL‑17A through the TLR2/4‑NF‑κB axis in BA. Supporting 
this, hepatic TLR2 and TLR4 expression levels were elevated 
in BA, with upregulated TLR2 and TLR4 detected on the 
surface of hepatic IL‑17A+ γδT cells, indicating that the TLR2 
and TLR4 signaling pathways of IL‑17A+ γδT cells were acti‑
vated during inflammatory injury. Moreover, the activation of 
IL‑17A+ γδT cells induced by HMGB1 was blocked through 
TLR2/4 knockout, confirming pathway dependency. These 
findings demonstrated that HMGB1‑TLR2/4 signaling path‑
ways mediate the activation of IL‑17A+ γδT cells to participate 
in the inflammatory injury of BA. A previous study demon‑
strated that γδT cells can express TLRs to contribute to early 
immune response in pathological conditions (44). By contrast, 
a deficiency of TLR2 has been shown to reduce the immune 
response of γδT cells in mice after native lipid A injection, 
whereas co‑stimulation with TLR2 and IL‑23 could promote 
the generation of IL‑17 in γδT cells  (49,50). In addition, 
TLR4 is important in promoting the activation of γδT cells, 
which respond to lipopolysaccharide in a TLR4‑dependent 
manner (51). TLR4 is involved in the activation of IL‑17A+ γδT 
cells via the HMGB1‑TLR4‑IL‑23 axis in macrophages (11). 
These studies also support the current findings on the 

importance of TLR2 and TLR4 in HMGB1‑mediated IL‑17A+ 
γδT cell activation. Notably, in addition to TLR2 and TLR4, 
other receptors of HMGB1 may be involved in stimulating the 
generation of inflammatory cytokines such as IL‑17A, causing 
inflammatory injury of BA, which requires further investiga‑
tion. HMGB1 could interact with multiple pattern recognition 
receptors other than TLR2 and TLR4, such as the receptor for 
advanced glycation end products (RAGE), and serves a critical 
role in various pathologies (52‑54). The present study focused 
on TLR2 and TLR4 given their well‑documented expression 
on γδT cells and supported role in γδT cell activation across 
different pathologies (11,42,49‑52). By contrast, the expression 
and functional relevance of RAGE specifically in γδT cells 
remain to be elucidated, presenting a potential direction for 
future research (55). Notably, the present discovery of NF‑κB 
as the downstream effector of HMGB1‑TLR2/4 signaling in 
the activation of IL‑17A+ γδT cells expands upon the aforemen‑
tioned work. This finding was consistent with the classical role 
of NF‑κB in TLR signaling (47,48), which may be a key regu‑
lator of γδT cell differentiation toward the IL‑17A phenotype.

In conclusion, the present study indicated that HMGB1 
released by RRV‑infected BECs and macrophages in BA 
could activate IL‑17A+ γδT cells to produce IL‑17A via the 
HMGB1‑TLR2/4‑NF‑κB axis, triggering the inflammatory 
response of the biliary system in BA. Novel therapies targeting 
the HMGB1‑TLR2/4‑NF‑κB axis may reduce IL‑17A+ γδT cell 
activation, inhibiting the inflammatory injury of BA.
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