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Abstract 
Primary biliary cholangitis (PBC) is a chronic autoimmune liver disease caused by intrahepatic bile duct injuries, resulting in fibrosis, cirrhosis, 
and eventually liver failure. T helper (Th) 17 cells are proposed to involve in the pathogenesis of PBC. However, how and which Th17 cell-derived 
cytokines affect PBC remains unclear. In this study, we investigated the effects of Th17 effector cytokines, including interleukin (IL)-17A, IL-17F, 
and IL-21 in PBC using a xenobiotic-induced mouse model of autoimmune cholangitis (inducible chemical xenobiotic models of PBC) treated with 
cytokine-expressing adeno-associated virus. Our results showed that administration of IL-17A, the well-known main cytokine produced by Th17 
cells, did not augment liver inflammation or fibrosis. In contrast, we noted IL-17A-treated mice had lower hepatic Th1 cell numbers and higher 
hepatic CD11b+Ly6G+ polymorphonuclear myeloid-derived suppressor cell numbers. IL-17F did not alter liver inflammation or fibrosis. However, 
the administration of IL-21 exacerbated liver inflammatory responses and portal cell infiltration. IL-21 markedly increased the numbers of acti-
vated CD8+ T cells and liver tissue-resident memory CD8+ T cells. Moreover, IL-21 aggravates liver fibrosis in mice with autoimmune cholangitis. 
These results emphasized that not IL-17A but IL-21 in Th17 cell-derived cytokines affected the pathogenesis of PBC. IL-21 enhanced liver inflam-
mation and progression to fibrosis by enhancing the numbers and effector activities of CD8+ T cells. Delineation of the effects of different Th17 
effector cytokines in PBC offers clues for developing new therapeutic approaches.
Keywords: autoimmune disease, Th17, interleukin-17A, interleukin-17F, interleukin-21, tissue-resident memory T cell
Abbreviations: 2-OA-OVA: 2-octynoic acid (2-OA) coupled with ovalbumin; α-SMA: α-smooth muscle actin; AAV: adeno-associated virus; AMA: anti-
mitochondrial autoantibody; HSC: hepatic stellate cell; MDSC: myeloid-derived suppressor cell; PBC: primary biliary cholangitis; PDC-E2: E2 component of the 
pyruvate dehydrogenase complex; Tcm: central memory T; Tem: effector-memory T; Trm: tissue-resident memory T.

Introduction
Primary biliary cholangitis (PBC) is a progressive, auto-
immune liver disease. It is characterized by the presence of 
disease-specific anti-mitochondrial autoantibodies (AMAs) 
and autoreactive CD4+ and CD8+ T cells specific to the E2 
component of the pyruvate dehydrogenase complex (PDC-
E2). The destruction of biliary epithelial cells, the targets of 
PBC, is mediated by liver-infiltrating CD4+ and CD8+ T cells 
[1, 2].

T helper 17 (Th17) cells are a subtype of activated CD4+ T 
cells defined by their dominant interleukin (IL)-17 production. 
Th17 cells mediate host–defense mechanisms against various 
infections, especially extracellular pathogens and fungal in-
fections and the pathogenesis of many autoimmune diseases 
via the production of several effector cytokines, including 
IL-17A, IL-17F, IL-21, and IL-22 [3, 4]. In PBC, IL-17-
producing cells accumulate around damaged bile ducts in 
patients’ specimens [5–7]. Biliary epithelial cells can produce 
Th17-inducible cytokines, IL-6, IL-1β, and IL-23 when 
stimulated with pathogen-associated molecular patterns [5]. 
Expression of Th17-related cytokines IL-1β, IL-6, IL-23, and 

IL-17 are upregulated in serum and peripheral blood mono-
nuclear cells from patients with PBC compared with those 
of healthy subjects [8]. In addition, advanced PBC patients 
present more Th17 cells in the liver than early PBC patients 
[7, 9]. These results suggest that Th17 cells are involved in the 
pathogenesis of PBC. However, which cytokines derived from 
Th17 cells are effector ones and how the effector cytokines 
work in the pathogenesis of PBC remain unclear.

IL-17A is the main cytokine produced by Th17 cells. 
IL-17A and IL-17F are members of the IL-17 family. They 
are genetically linked and highly homologous, with 50% 
amino acid identity. They form a heterodimer and bind 
to the same receptor, the IL-17 receptor A (IL-17RA)-IL-
17RC; however, IL-17A binds IL-17RA with much higher 
affinity [10]. IL-17A and IL-17F are chief cytokines that 
promote inflammation by increasing chemokine production 
in tissues to recruit monocytes and neutrophils to the in-
jured tissue [3]. IL-17A and/or IL-17F are responsible for 
developing many autoimmune diseases, such as rheuma-
toid arthritis, psoriasis, and juvenile idiopathic arthritis 
[11–13]. IL-17A is also involved in organ fibrosis [14–16]. 
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It enhances liver fibrosis through direct or indirect hepatic 
stellate cell (HSC) activation by inducing fibrogenic signals 
in them [16, 17].

IL-21 is an IL-2-family cytokine that mediates its functions 
via the IL-21 receptor broadly expressed in hematopoietic 
populations and epithelial cells [18]. IL-21 enhances the cyto-
toxic activity of CD8+ T and NK cells, contributes to the func-
tional differentiation of follicular helper T and Th17 cells, 
and drives the differentiation of B cells into memory cells and 
terminally differentiated plasma cells [19–21]. IL-21 is also 
involved in antitumor and antiviral responses and promotes 
the development of autoimmune and inflammatory disorders 
[18]. IL-22 is a member of the IL-10 cytokine family. IL-22 
prevents hepatic injury and modulates inflammation in many 
autoimmune diseases [22]. Our previous study showed that 
the administration of IL-22 significantly reduced portal in-
flammatory responses and liver fibrosis in a mouse model of 
PBC [23].

To investigate the effects of Th17 effector cytokines, 
including IL-17A, IL-17F, and IL-21 in PBC, we treated the 
xenobiotic-induced mouse model of autoimmune cholangitis 
(inducible chemical xenobiotic models of PBC) with liver-
preferred cytokine-expressing adeno-associated virus (AAV) 
and determined the autoimmune cholangitis features of dis-
eased mice. Mice immunized with xenobiotics, 2-octynoic 
acid (2-OA) coupled with ovalbumin (2-OA-OVA) develop 
AMAs and autoimmune cholangitis with a significant increase 
in lymphocyte infiltrates, including CD4+ and CD8+ T cells, B 
cells, NK cells and NKT cells, portal inflammation, granu-
loma formation, and bile duct damage, which are similar to 
the features of human PBC [23–26]. Most importantly, in 
contrast to other gene-knockout mouse models, 2-OA-OVA-
induced autoimmune cholangitis mice develop pathological 
and immunological features major in the liver [23–26]. In 
addition, our previous study showed that 2-OA-OVA-induced 
autoimmune cholangitis mice had apparent IL-17-expressing 
CD4+ T cells in the liver [24], making 2-OA-OVA-induced 
autoimmune cholangitis mice an excellent model for studying 
Th17 effector cytokines in liver-specific autoimmune disease. 
However, the expression of IL-17 and IL-17-expressing CD4+ 
T cells was moderate [24]; hence, we employed liver-preferred 
AAV-mediated overexpression of these cytokines to simulate 
the effects of Th17 cell-derived cytokines in the liver. Here, 
we demonstrated that administering IL-17A and IL-17F had 
little to no effect on liver inflammation and fibrosis in mice 
with autoimmune cholangitis. However, the administration 
of IL-21 markedly enhanced liver inflammation and liver 
fibrosis in autoimmune cholangitis. Hence, not IL-17A but 
IL-21 was the effector Th17 cell-derived cytokines mediated 
the pathogenesis of PBC. Delineation of the effector cytokines 
to PBC will help develop new therapeutic approaches.

Materials and methods
Preparation of adeno-associated virus-cytokine
AAV-IL-17A, AAV-IL-17F, and AAV-IL-21 were generated by 
a helper-free packaging system (AAV-DJ, Cell Biolabs, San 
Diego, CA, USA). AAV-DJ, a recombinant AAV produced 
by a complex library of hybrid capsids from eight different 
wild-type viruses, has a superior transduction efficiency in the 
liver [27]. Viral particles were purified and were quantified 
as previously reported [23–25]. AAV-mock is a control virus, 

which is identical but contains no transgene in the expression 
cassette.

Experimental mice and protocol
Female C57BL/6 mice aged 7–9 weeks were intraperitoneally 
immunized with 20 μg of 2-OA-OVA in the presence of com-
plete Freund’s adjuvant (CFA, Sigma–Aldrich, St. Louis, 
MO, USA) and subsequently boosted every 2 weeks with 
2-OA-OVA in incomplete Freund’s adjuvant (IFA, Sigma–
Aldrich) [23–26, 28]. AAV-IL-17A, AAV-IL-17F, AAV-IL-21, 
and AAV-mock (1.5 × 109 TU/mouse) were intravenously in-
jected into mice at 2 weeks after the first 2-OA-OVA immun-
ization. Mice were sacrificed at 5 weeks postimmunization 
to analyze liver inflammation and the subsets and function 
of immune cells or at 11 weeks postimmunization for liver 
pathology examination, as described below. Mice were 
obtained from the National Laboratory Animal Center, 
Taiwan, and were maintained in the Animal Center of the 
College of Medicine, National Taiwan University. The animal 
study was approved by the Institutional Animal Care and 
Use Committee (IACUC) of the National Taiwan University 
College of Medicine and College of Public Health. All experi-
ments were performed two to four times, each with a 3–5 
mice group size.

Quantitative PCR
Total RNA from liver specimens was obtained using the 
TRIzol (Invitrogen Life Technologies, Carlsbad, CA, USA) or 
Nucleospin RNA commercial kit (Macherey-Nagel, Düren, 
Germany) with DNA removal for the detection of cyto-
kine expression in Fig. 2a. cDNA was synthesized using 
High-Capacity cDNA Reverse Transcription Kits (Applied 
Biosystems, Foster City, CA, USA), followed by real-time PCR 
analysis (SYBR green; Applied Biosystems). Primers were de-
signed according to the published sequences and listed in 
Table 1. β-actin serves as an internal control. Relative quanti-
fication was performed using the comparative threshold cycle 
(CT) method.

Quantitation and functional assay of liver 
mononuclear cells
Livers were perfused and dissociated with the gentleMACS 
Dissociator (Miltenyi Biotec, Auburn, CA, USA). After cen-
trifugation at 50×g for 5 minutes, the parenchymal cells were 
removed as pellets. Leukocytes in the nonparenchymal cells 
were isolated using 40% and 70% Percoll (GE HealthCare 
Biosciences, Quebec, Canada). Subsets of liver mononuclear 
cells and functional assays of liver lymphocytes were con-
ducted using flow cytometry. Before staining cells with a pre-
viously defined optimal dilution of monoclonal antibodies, 
the cells were preincubated with anti-CD16/32 (clone 93) to 
block non-specific FcRγ binding. The following mAbs were 
used in this study: anti-CD3 (clone 145-2C11), anti-CD4 
(clone GK1.5), anti-CD8a (clone 53-6.7), anti-CD19 
(clone 6D5), anti-NK1.1 (clone PK136), anti-CD69 (clone 
H1.2F3), anti-CD44 (clone IM7), anti-CD62L (clone MEL-
14), anti-CD185 (CXCR5, clone L138D7), anti-IAb (clone 
AF6-120.1), anti-CD11b (clone M1/70), anti-CD11c (clone 
N418), anti-F4/80 (clone BM8), anti-Ly6C (HK1.4), anti-
Ly6G (clone 1A8), anti-FasL (Biolegend, San Diego). For cyto-
kines and granzyme B detection, liver mononuclear cells were 
stimulated with phorbol-myristate acetate (PMA, 50 ng/mL, 
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Sigma–Aldrich) and ionomycin (1 μg/mL, Sigma–Aldrich) for 
4 or 18 hours and IFN-γ, IL-17A, or granzyme B intracellular 
staining was performed after staining with cell surface mol-
ecules. Anti-IFN-γ (clone XMG1.2), anti-granzyme B (clone 
GB11), and IL-17A (clone TC11-18H10) (BD Biosciences, 
San Diego) were used. Stained cells were measured with 
a flow cytometer (Attune NxT Flow Cytometer, Thermo-
Fisher Scientific) and analyzed using FlowJo software (Tree 
Star, Inc., Ashland, OR, USA). Zombie Fixable Viability Kit 
(Biolegend) was used in all experiments to exclude dead cells 
in flow cytometry analysis.

Determination of serum AMAs
Purified mouse recombinant PDC-E2 at 10 μg/mL in car-
bonate buffer (pH 9.6) was coated onto ELISA plates at 4°C 
overnight. After blocking with 1% casein (Sigma–Aldrich), 
diluted sera were added for 2 hours at room temperature. 
In parallel, one positive pool serum was diluted serially and 
added to each plate to constitute an internal standard. HRP-
labeled anti-mouse IgG (Invitrogen, Camarillo, CA, USA) di-
luted 1/10 000 in blocking buffer was added to detect mouse 
antibodies. Optical density was read at 450 nm and 540 nm.

Western blot of α-smooth muscle actin
Protein samples in RIPA lysis buffer (Sigma) were heated at 
95°C for 10 minutes and separated on SDS-polyacrylamide 
gel. Then proteins were electroblotted to polyvinylidene 
fluoride (PVDF) membranes and revealed by rabbit anti-
bodies against α-SMA (1:1000, Abcam, Cambridge, UK) 
overnight at 4°C. Finally, according to the manufacturer’s 
instructions, the blot was subjected to chemiluminescent de-
tection. GAPDH (1:1000, Abcam) was the internal control. 
Quantitation was analyzed using ImageJ software.

Histopathology and immunohistochemistry of liver
Portions of the liver were excised and immediately fixed 
with a 10% buffered formalin solution for one day at 

room temperature. Paraffin-embedded tissue sections were 
then cut into 4–7 μm slices for routine hematoxylin and 
eosin (H&E) staining and Masson’s trichrome staining. For 
immunohistochemistry, after deparaffinization and rehydra-
tion, 3 μm of FFPE tissue sections were submerged in Tris-
EDTA Buffer (10mM Tris Base, 1mM EDTA Solution, 0.05% 
Tween 20, pH 9.0) to performed heat-induced antigen re-
trieval with an autoclave for 20 minutes. The tissue section 
was placed at room temperature to cool down and applied 
with blocking buffer (1% BSA, 0.3M glycine, 0.5% saponin 
in PBS) for 1 hour. For the staining of leukocytes, the slides 
were stained with unconjugated anti-CD45 Ab (diluted 1:250 
in 1% BSA, clone EPR20033, Abcam) overnight at 4°C and 
detected by Alexa594 conjugated anti-rabbit IgG antibody 
(diluted 1:500 in 1% BSA, Abcam) for 40 minutes at room 
temperature. After counterstaining with DAPI, slides were 
observed by a fluorescence microscope (Olympus IX83). 
Quantitation of the percentages of CD45 positive signals in 
the liver was analyzed using ImageJ Fiji software by the posi-
tive fluorescence pixel over the total pixel in a visual field 
(magnification ×100) of the immunostained sections. The 
average of 30 randomly chosen fields was calculated.

Statistical analysis
Data are expressed as the mean ± standard error of the mean 
(SEM). A two-sided unpaired Student’s t-test was used to 
determine significant differences between the two groups. 
Comparison of more than two groups was performed with 
one-way ANOVA followed by Dunnett’s multiple comparison 
test. The Spearman test was used to evaluate correlations. 
Statistically significant differences were defined as P-values of 
less than 0.05, less than 0.01, less than 0.001, and less than 
0.0001 (Prism 9; Graph-Pad Software, La Jolla, CA, USA).

Results
Effects of Th17 effector cytokines on autoimmune 
cholangitis
We immunized the mice with 2-OA-OVA to induce auto-
immune cholangitis. Two weeks after the first 2-OA-OVA 
immunization, we intravenously treated them with liver-
preferring AAV-IL-17A, AAV-IL-17F, AAV-IL-21, or AAV-
mock. Pathological examination was performed 11 weeks 
post-immunization. Il21, Il17A, and Il17F mRNA were de-
tected in the livers of AAV-IL-21-, AAV-IL-17A-, and AAV-
IL-17F-treated mice, respectively (Fig. 1a). We observed cell 
infiltration in the portal area in all groups of mice. Still, 
there were no differences in the degree of infiltration among 
IL-17A, IL-17F, and mock groups. A marked increase in 
portal inflammation was observed in mice treated with IL-21 
(Fig. 1b). Furthermore, we observed a more significant influx 
of CD45+ leukocytes (shown in red) around the bile duct of 
IL-21-treated mice (Fig. 1c). Liver fibrosis in liver sections 
stained with Masson’s trichrome was evident in mice treated 
with IL-21 (Fig. 1d). As expected, there was a higher expres-
sion of α-smooth muscle actin (α-SMA), an important marker 
of HSC activation to myofibroblast-like cells, in mice treated 
with IL-21 compared to the mock group. There were no dif-
ferences in the expression levels of α-SMA among IL-17A, 
IL-17F, and mock groups (Fig. 1e and f).

Serum anti-PDC-E2 IgG and liver Ifn-γ, Tnf-α, and Cxcl9 
levels were not changed in mice treated with IL-17A or IL-17F 

Table 1. List of primers for quantitative RT-PCR.

Gene name Sequence

β-actin Forward 5’ CACAGTGTTGTCTGGTGGTA 3’
Reverse 5’ GACTCATCGTACTCCTGCTT 3’

IFN-γ Forward 5’ GGCCATCAGCAACAACATAAGC 3’
Reverse 5’ TGGACCACTCGGATGAGCTCA 3’

TNF-α Forward 5’ CCCCAAAGGGATGAGAAGTTC 3’
Reverse 5’ TGAGGGTCTGGGCCATAGAA 3’

CXCL9 Forward 5’ ATTGTGTCTCAGAGATGGTGCTAATG 3’
Reverse 5’ TGAAATCCCATGGTCTCGAAAG 3’

CXCL10 Forward 5’ GGATGGCTGTCCTAGCTCTG 3’
Reverse 5’ TGAGCTAGGGAGGACAAGGA 3’

α-SMA Forward 5’ TCCTCCCTGGAGAAGAGCTAC 3’
Reverse 5’ TATAGGTGGTTTCGTGGATGC 3’

IL-17A Forward 5’ AAGGCAGCAGCGATCATCC 3’
Reverse 5’ GGAACGGTTGAGGTAGTCTGA 3’

IL-17F Forward 5’ TGAATTCCAGAACCGCTCCA 3’
Reverse 5’ TTTCTTGCTGAATGGCGACG 3’

IL-21 Forward 5’ GCCAGATCGCCTCCTGATTA 3’
Reverse 5’ CATGCTCACAGTGCCCCTTT 3’
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compared to the mock group (Fig. 2). However, we observed 
a significant decrease in Cxcl10 expression in IL-17A-treated 
mice (P < 0.05; Fig. 2c). Anti-PDC-E2 IgG levels were in-
creased in IL-21-treated mice compared to those in mock-
treated control mice (Fig. 2a). Ifn-γ and Tnf-α levels were 
significantly increased in mice treated with IL-21 (P < 0.01; 
Fig. 2b). In addition, the expression of Cxcl9 and Cxcl10 in 
the livers of IL-21-treated mice was much higher than that in 
mock-treated control mice (Fig. 2c).

A marked increase in liver CD8+ T cells with active 
and memory phenotypes in IL-21-treated mice
Liver-infiltrated leukocytes were studied at 5 weeks post-2-
OA-OVA immunization. Gating strategies for different subsets 
of lymphocytes by flow cytometry were shown in Fig. 3a. The 
overall numbers of the leukocyte and lymphocyte subsets 
in the liver of IL-17A- or IL-17F-treated mice remained un-
changed compared to the mock-treated mice (Fig. 3b and d). 
The percentage of polymorphonuclear cells was elevated in 

Figure 1. Effects on liver inflammation and fibrosis in autoimmune cholangitis mice treated with AAV-Th17 cytokines. Mice were injected with AAV-
IL-17A, AAV-IL-17F, AAV-IL-21, or AAV-mock 2 weeks after the first 2-OA-OVA immunization and studied at week 11. (a) Il17A, Il17F, or Il21 expressions 
in the liver were analyzed by RT-qPCR. (b) Representative H&E staining of liver sections. Scale bar, 30 μm. (c) Representative immunofluorescence 
staining (scale bar, 25 μm) and graphical summary of the CD45+ fluorescence in the liver of all groups of mice. (d) Representative Masson’s trichrome 
staining of liver sections. Scale bar, 50 μm. (e) The expressions of α-Sma mRNA in the liver were determined by RT-qPCR. (f) The expressions of α-SMA 
protein in the liver were determined by western blot and quantitation by ImageJ. Each dot represents an individual mouse. n = 5‒10 mice per group. All 
error bars denote ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Abbreviation: α-SMA: α-smooth muscle actin.
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IL-17A-treated mice (Fig. 3c). IL-21-treated mice had more 
leukocyte infiltration in the liver with higher numbers of T 
cells and B cells (Fig. 3b and d). Both CD4+ and CD8+ T cell 
numbers were higher in IL-21-treated mice, but a higher ratio 
of CD8/CD4 was noted, indicating a higher CD8+ T-cell infil-
tration relative to CD4+ T cells in IL-21 treatment (Fig. 3e).

IFN-γ and granzyme B expression in liver CD8+ T cells of 
AAV Th17 cytokine-administered mice were shown in Fig. 
4a. The frequencies of IFN-γ-expressing CD8+ T cells and 
granzyme B-expressing CD8+ T cells were increased in IL-21-
treated mice (Fig. 4b and c). Moreover, we observed a sig-
nificant increase in FasL expression on CD8+ T cells in the 
IL-21-treated group (P < 0.05; Fig. 4d). However, the liver 
CD8+ T cells expressing IFN-γ, granzyme B, and/or FasL did 
not differ between IL-17A- or IL-17F-treated mice and the 
mock group (Fig. 4). The frequencies of IFN-γ-expressing 
CD4+ T cells were no differences among four groups (Fig. 4e).

We also analyzed the liver memory T-cell subsets in 
cytokine-treated mice. Gating strategies for different subsets 
of memory T cells by flow cytometry were shown in Fig. 5a. 
As shown in Fig. 5b, mice treated with IL-21 had higher per-
centages and numbers of effector memory CD4+ T cells (Tem). 
A lower percentage of tissue-resident memory CD4+ T cells 
(Trm) were found in IL-21-treated mice. In contrast, the cell 
numbers were not different compared to mock controls (Fig. 
5b). There were higher percentages and numbers of CD8+ 
Trm cells in IL-21-treated mice compared to mock-treated 

mice. In addition, central memory (Tcm) and Tem CD8+ cells 
in IL-21-treated mice were higher than in mock controls (Fig. 
5c). The liver memory CD4+ and CD8+ T-cell subsets were not 
different in mice treated with either IL-17A or IL-17F com-
pared to mock-treated mice (Fig. 5b and c).

Lower Th1 cells and higher CD11b+Ly6G+ cells in the 
livers of autoimmune cholangitis mice treated with 
AAV-IL-17
Although there were no apparent changes in liver inflam-
mation in mice treated with IL-17A, correlation analysis 
demonstrated that the numbers of lymphocytes, CD4+ T 
cells, and CD8+ T cells in the liver were negatively cor-
related with serum levels of IL-17A (r = −0.66, P = 0.04; 
r = −0.75, P = 0.02; and r = −0.75, P = 0.02, respectively; 
Fig. 6a). There was a significantly lower percentage of IFN-
γ-producing CD4+ T cells in IL-17A-treated mice than in 
the mock-treated mice (P < 0.05). However, there was no 
difference in the percentage of IL-17A-producing CD4+ T 
cells between IL-17A-treated and mock-treated mice (Fig. 
6b). Notably, polymorphonuclear cell numbers were signifi-
cantly higher in the livers of IL-17A-treated mice (P < 0.001; 
Fig. 6c). In addition, CD3−CD19−NK1.1−CD11b+Ly6G+ cell 
numbers in the liver were higher in IL-17A-treated mice (Fig. 
6d). Altogether, IL-17A decreased Th1 cells and increased 
CD3−CD19−NK1.1−CD11b+Ly6G+ cells in the liver of mice 
with autoimmune cholangitis.

Figure 2. Effects on anti-PDC-E2 Abs and proinflammatory cytokines and chemokines in autoimmune cholangitis mice treated with AAV-Th17 cytokine. 
Mice were injected with AAV-IL-17A, AAV-IL-17F, AAV-IL-21, or AAV mock 2 weeks after the first 2-OA-OVA immunization and studied at week 5. (a) 
Serum levels of anti-PDC-E2 IgG were determined by ELISA. (b) The expressions of IFN-γ and TNF-α mRNA in the liver were determined by RT-qPCR. (c) 
The expressions of CXCL9 and CXCL10 mRNA in the liver were determined by RT-qPCR. Each dot represents an individual mouse. n = 8‒10 mice per 
group. All error bars denote ±SEM. *P < 0.05; **P < 0.01; ***P < 0.001. Abbreviation: AU: arbitrary unit.
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Discussion
In this study, we over-expressed IL-17A, IL-17F, or IL-21 
in the liver of autoimmune cholangitis mice to investigate 
whether and how IL-17A, IL-17F, and IL-21 were involved in 
the pathogenesis of PBC. Our results demonstrated that ad-
ministering IL-17A and IL-17F had little to no effect on liver 
inflammation and fibrosis. However, administering IL-21 
enhanced the liver inflammatory response and immune cell 
infiltration. Moreover, liver fibrosis was augmented in IL-21-
treated mice.

IL-17A is the main cytokine produced by Th17 cells. 
In PBC patients, there is an increase in the serum levels of 
IL-17A and IL-17A+ cell numbers in the portal area, espe-
cially in the advanced stage of the disease [6–8]. The levels 
of AMAs and portal inflammation are reduced in IL-17A 
knockout PBC mice [29], suggesting a pathogenic role of 
IL-17A in PBC. However, it has been demonstrated that the 
deletion of IL-17A in IL-2Rα−/− mice caused autoimmune 
cholangitis, leading to more severe liver inflammation, sug-
gesting the protective role of IL-17A [30]. This study showed 

Figure 3. Effects on immune cell recruitment in autoimmune cholangitis mice treated with AAV-Th17 cytokines. Mice were injected with AAV-IL-17A, 
AAV-IL-17F, AAV-IL-21, or AAV mock 2 weeks after the first 2-OA-OVA immunization and studied at week 5. (a) Representative flow plots show gating 
strategies for different subsets of lymphocytes. (b) Liver leukocytes were quantified. (c) The percentages of polymorphonuclear cells (PMNs) and 
macrophages were determined. PMNs are CD3−CD19−NK1.1−CD11b+Ly6G+. Macrophages are CD3-CD19−NK1.1− F4/80+CD11b+. (d) The numbers of NK, 
NKT, T, and B cells in the liver were quantified. (e) The numbers of CD4+ and CD8+ T cells and the ratios of CD8+/CD4+ T cells in the liver were assayed. 
Each dot represents an individual mouse. n = 8‒10 mice per group. All error bars denote ±SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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no noticeable increase in AMAs, number and function of infil-
trated immune cells, liver inflammation, and fibrosis in IL-17-
treated autoimmune cholangitis mice. Notably, we found 
IFN-γ-secreting Th1 cells were lower in IL-17A-treated mice. 
There was a negative correlation between cell infiltration and 
serum IL-17A levels. In addition, there was a significant in-
crease in the number of CD3-CD19-NK1.1-CD11b+Ly6G+ 
cells detected on week 5, which may be polymorphonuclear 
myeloid-derived suppressor cells (PMN-MDSCs) after IL-17 
treatment. MDSCs are a population of myeloid cells with po-
tent immunosuppressive activity. In contrast to neutrophils 
in acute infection or inflammation, they are generated under 
persistent stimulation associated with chronic infection or 
inflammation involving relatively low-strength signals [31]. 
Reportedly, IL-17A can induce and regulate MDSCs, suppress 
anti-tumor immune responses, and promote tumor develop-
ment [32]. These results suggest that IL-17 does not enhance 
but mildly reduces inflammation in autoimmune cholangitis.

IL-17F shares 50% amino acid identity and binds to the 
same receptor as IL-17A [10]. IL-17F is less efficient at 
signaling through IL-17R than IL-17A, but the previous study 
showed that the downstream activities of IL-17F are similar 
to those of IL-17A [33]. It has been shown that increased 
IL-17F is more clinically relevant than IL-17A in primary 
Sjögren’s syndrome [34], indicating that IL-17A and IL-17F 
have overlapping yet distinct functions in autoimmune dis-
eases. However, in our study, IL-17F does not affect auto-
immune cholangitis.

In patients with PBC, the serum levels of IL-21 are sig-
nificantly higher [35]. Variants of IL-21 and IL-21 receptor 
(IL-21R) are identified as risk loci for PBC in a genome-wide 
association study [36]. Enhanced expression of IL-21 and 
IL-21R in the hepatic portal tracks of PBC livers is observed. 

Furthermore, the numbers of IL-21+ and IL-21R+ cells posi-
tively correlate with inflammation severity and stages of 
hepatic fibrosis [36]. IL-21 enhanced liver inflammation and 
liver fibrosis in mice with autoimmune cholangitis, revealing 
the role of IL-21 in the pathogenesis of PBC. In line with a 
previous study showing that IL-21 induces the expression of 
cytotoxic molecules and promotes CD8 T-cell cytotoxicity 
[37], our model mice treated with IL-21 had increased num-
bers of CD8+ T cells with cytotoxic molecules and memory 
phenotype. Moreover, we noted an increased IFN-γ pro-
duction in the liver and increased IFN-γ-producing CD8+ T 
cells. Previously, we demonstrated that IFN-γ is important 
in initiating autoimmune cholangitis, increasing lymphocyte 
infiltration, and enhancing inflammation [24]. Altogether, 
IL-21 exacerbates the severity of autoimmune cholangitis 
by increasing the number and effector cytotoxic function of 
CD8+ T cells and inducing IFN-γ expression to skew the liver 
microenvironment to promote Th1 conditions.

Trm cells, a recently described population, do not recircu-
late like Tcm and Tem cells but remain localized within spe-
cific tissues, including the liver [38, 39]. In addition to their 
rapid on-site immune protection against previously exposed 
pathogens in peripheral tissues [38, 39], evidence suggests 
that autoreactive and/or aberrantly activated Trm cells may 
be involved in the pathogenesis of autoimmune diseases, such 
as psoriasis, multiple sclerosis, type 1 diabetes, and rheuma-
toid arthritis [40–42]. Autoimmune cholangitis mice treated 
with IL-21 showed severe liver inflammation, fibrosis, and in-
creased liver CD8+ Trm cells, suggesting a role of CD8+ Trm 
in PBC. Reportedly, IL-21 promotes brain CD8 Trm differen-
tiation during persistent viral infection [43].

This study found increased AMA IgG in autoimmune chol-
angitis mice treated with IL-21. Using a p40−/−IL-2Rα−/− PBC 

Figure 4. Effects on the activity of CD8+ T cells in autoimmune cholangitis mice treated with AAV-Th17 cytokines. Mice were injected with AAV-IL-17A, 
AAV-IL-17F, AAV-IL-21, or AAV mock 2 weeks after the first 2-OA-OVA immunization and studied at week 5. (a) Representative flow plots show IFN-γ 
and granzyme B expression in liver CD8+ T cells of AAV Th17 cytokine-administered mice. Numbers in quadrants indicate the percent cells in each. (b) 
The percentages of IFN-γ expressing CD8+ T cells were quantified. (c) The percentages of granzyme B expressing CD8+ T cells were quantified. (d) 
Representative flow cytometry analysis and graphical summary of mean fluorescence intensity (MFI) of FasL expression on liver CD8+ T cells of AAV 
Th17 cytokine administered mice. FMO, fluorescence minus one, controls are the experimental cells stained with all the fluorophores minus one 
fluorophore. (e) The percentages of IFN-γ expressing CD4+ T cells were quantified. Each dot represents an individual mouse. n = 5 mice per group. All 
error bars denote ±SEM. *P < 0.05; ****P < 0.0001.
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mouse model, Wu et al. find that deficiency of IL-21 results 
in the significant downregulation of AMAs [44]. These results 
suggest that IL-21 is critical in AMA production. The role 
of IL-21 in T-cell-dependent B-cell responses has been well 
documented [45]. IL-21 regulates the interaction between 
follicular helper T cells and germinal center B cells for anti-
body production [46]. We found that IL-21-treated mice had 
higher numbers of B cells and anti-PDC-E2 antibodies. Anti-
PDC-E2 antibodies react with the antigenically reactive form 

of PDC-E2 in apoptotic blebs from apoptotic biliary epithe-
lial cells and activate innate immune responses. The apotope–
autoantibody complex stimulates macrophages and induces a 
localized burst of proinflammatory cytokines [47]. However, 
whether anti-PDC-E2 antibody plays a role in liver fibrosis 
remains unclear.

We observed apparent liver fibrosis in IL-21-treated mice. 
We also observed increased levels of α-SMA in the liver. 
α-SMA is expressed by HSC, which reflects their activation 

Figure 5. Increased resident memory CD8+ T cells in autoimmune cholangitis mice treated with AAV-IL-21. Mice were injected with AAV-IL-17A, 
AAV-IL-17F, AAV-IL-21, or AAV mock 2 weeks after the first 2-OA-OVA immunization and studied at week 5. (a) Representative flow plots show gating 
strategies for different subsets of lymphocytes. (b) The percentages and numbers of naïve, Tcm, Tem, and Trm CD4+ T cells. (c) The percentages and 
numbers of naïve, Tcm, Tem, and Trm CD8+ T cells. Each dot represents an individual mouse. n = 8–10 mice per group. All error bars denote ±SEM. 
*P < 0.05; ***P < 0.001; ****P < 0.0001. Tcm: central memory T; Tem: effector memory T; Trm: tissue-resident memory T. Abbreviations: Naïve T: 
CD62L+CD69−CD44−; Tcm: CD62L+CD69−CD44+; Tem: CD62L−CD69−CD44+; Trm: CD62L−CD69+CD44+.
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to myofibroblast-like cells. HSCs are located in the space of 
the Disse of the liver. Upon activation to be myofibroblast-
like cells, they produce large amounts of collagen, driving 
liver fibrogenesis [48]. In addition to immune cells, HSCs 
and LX-2 cell lines (immortalized human HSCs) also ex-
press the IL-21R. Adding IL-21 upregulates the expression 
of α-SMA in LX-2 cells [49, 50]. Reportedly, IL-21 pro-
motes lung fibrosis by introducing a novel population of 

IL-13-producing CD8+ T cells in a bleomycin-treated lung 
injury model [51]. In our liver-disease model, we found that 
administration of IL-21 induced a robust increase in CD8+ 
T cells but not the profibrotic cytokines IL-4 and IL-13. 
Although much work remains to be done, we propose that 
IL-21 could promote HSC activation directly or through 
the induction of CD8+ T cells, resulting in hepatic fibrosis in 
autoimmune cholangitis.

Figure 6. Decreased Th1 levels and increased CD11b+Ly6G+ levels in the liver of autoimmune cholangitis mice treated with AAV-IL-17. Mice were 
injected with AAV-IL-17 or AAV mock 2 weeks after the first 2-OA-OVA immunization and studied at week 5. (a) The relationship between the serum 
levels of IL-17 and the numbers of lymphocytes, CD4+ T cells, and CD8+ T cells in the IL-17-treated 2-OA-OVA immunized mice. (b) Representative dot 
plots and graphical summary of IFN-γ expressing CD4+ T cells and IL-17A expressing CD4+ T cells in the liver of mock and IL-17-treated PBC mice. (c) 
Liver leukocytes from AAV-mock and AAV-IL-17 injected PBC mice were subjected to cytospin centrifugation and staining. Polymorphonuclear cells 
(PMN) were indicated with an arrow. The percentages of PMN were scored. (d) Representative dot plots and graphical summary of Ly6G+ CD11b+ cells 
(gated on CD3−CD19−NK1.1− cells) in the liver of mock and IL-17-treated mice. Each dot represents an individual mouse. n = 4–10 mice per group. All 
error bars denote ±SEM. *P < 0.05; ***P < 0.001.
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IL-17A, the primary cytokine produced by Th17 cells, has 
been linked to the involvement of ‘Th17 cells’ in PBC based 
on studies detecting IL-17A-expressing cells within the Th17 
subset [5–9]. However, Th17 cells can secrete multiple effector 
cytokines, such as IL-17F, IL-21, and IL-22 [3, 4], compli-
cating the understanding their role in PBC. Our current study 
provides new insights. Contrary to previous assumptions, we 
found that the administration of IL-17A did not exacerbate in-
flammation but instead led to a mild reduction in autoimmune 
cholangitis. Intriguingly, our results indicate that IL-21, an-
other effector cytokine secreted by Th17 cells, played a pivotal 
role. Its administration resulted in a significant enhancement of 
liver inflammation and fibrosis in the context of autoimmune 
cholangitis. In summary, our findings suggest that while IL-17A 
is a characteristic cytokine produced by Th17 cells, it may not 
be the critical mediator driving PBC pathogenesis. Instead, our 
data highlight the significance of IL-21 as the effector of Th17 
cell-derived cytokine in this context. However, it is important 
to acknowledge that our experimental approach primarily ad-
dresses the influence of Th17 cell-derived cytokines on PBC 
pathogenesis without directly investigating the involvement of 
Th17 cells themselves in this scenario. Future studies should 
delve into an in-depth analysis of intrahepatic IL-17A, IL-17F, 
and IL-21-expressing cell populations.
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