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1. Introduction

Autoimmune hepatitis (AIH) is a liver-targeting autoimmune dis-
ease that is diagnosed most commonly in females, based on the pre-
sence of autoantibodies, increased levels of immunoglobulin G (IgG),
and interface hepatitis, as well as the absence of viral hepatitis, ac-
cording to criteria established by the International AIH Group (IAIHG)
[1]. Two types of AIH are distinguished according to antibodies present:
type1 (AIH-1), based on serum positivity for anti-smooth muscle and/or
anti-nuclear antibodies (ANA), and type 2 (AIH-2), based on serum
positivity for anti-liver-kidney microsomal type 1 (LKM-1) and/or anti-
liver cytosol type 1 (LC1) antibodies [2]. The anti-LKM-1 autoantigen
has been identified as cytochrome P4502D6 (CYP2D6), which is ex-
pressed mainly by hepatocytes. Previous studies have suggested that
anti-LKM-1 may contribute to autoimmune destruction of the liver [3].
Like many other autoimmune diseases, AIH generally responds to im-
munosuppressive treatment, which should be instituted as soon as the
diagnosis is made. If left untreated, AIH usually progresses to liver
failure and requires transplantation [4].The etiology of AIH remains
unclear, although both genetic and environmental factors are involved.
Immune reactions against liver host antigens accompanied by dysre-
gulation of immunoregulatory are believed to be the major mechanisms
of liver damage.
CD4+ CD25+ Foxp3+ regulatory T cells (Tregs) play a crucial role

in the maintenance of immune balance to prevent autoimmune disease.
Documented mechanisms of autoimmune suppression include cell-to-
cell contact with antigen-presenting cells, metabolic disruption of ef-
fector T cell function, and secretion of anti-inflammatory cytokines [5].
The suppressive function of Tregs has been shown to be mediated by
transforming growth factor-β (TGF-β) or fibrinogen-like protein 2

(Fgl2) in many models of inflammation [6,7]. By contrast, IL-17-pro-
ducing Th cells (Th17) are a new member of the T-helper effector cell
family that can induce inflammation and autoimmune tissue injury by
producing proinflammatory cytokines, including interleukin-17 (IL-
17A), IL-17F, IL-22, and IL-21 [8]. Among these cytokines, IL-17A and
IL-22 are regarded the main effector cytokines [8] and have been im-
plicated in the pathogenesis of several autoimmune diseases [9], in-
cluding type 1 diabetes (T1D) and systemic lupus erythematosus (SLE)
[10,11].
Recently, some studies have indicated that both peripheral Tregs

and Th17 cells might play important roles in the pathogenesis of AIH
[12–14]. However, the lack of an appropriate animal model has re-
stricted insights into immunogical features of specialized Tregs or Th17
cells that reside in the liver. Thus, the association between hepatic
Tregs or Th17 cells and AIH progression is still under discussion. In the
present study, we investigated the dynamic balance of Treg/Th17 in the
liver using an AIH murine model induced by human CYP2D6 [15], as
well as the peripheral Treg/Th17 balance in 16 AIH patients. Our re-
sults highlight the importance of a decreased Treg/Th17 ratio in the
immunopathogenesis of AIH and suggest Tregs as a potential target for
AIH immunotherapy.

2. Material and method

2.1. Animals

Four-week-old female C57BL/6 (B6) mice used in this study were
purchased from Huafukang Bioscience Company (Beijing, China) and
maintained in specific pathogen-free conditions of an animal facility at
the Institute of Infectious Disease of Tongji Hospital. Animal handling
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protocols and experimental procedures conformed to the guidelines
outlined in the Guide for the Care and Use of Laboratory Animals.

2.2. Patients

Sixteen female patients from the Department of Infectious Diseases,
Tongji Hospital, who were diagnosed with probable or definite AIH
between 2015 and 2016 according to the simplified IAIHG scoring
system, were included in this study. Written informed consents were
obtained from all participates. Available clinical and laboratory in-
formation were retrospectively analyzed, with samples from eight
anonymous healthy female volunteers analyzed as the control group.
Liver biopsies from two AIH patients were collected for histological
evaluation, and normal liver tissue surrounding a hepatic cavernous
hemangioma, obtained from a patient who underwent liver transplan-
tation, served as a normal control.

2.3. Establishment of the AIH-2 murine model

Adenovirus vector-expressing human cytochrome P450 2D6 (AD-
2D6) or green fluorescence protein (AD-GFP) at a concentration of
2× 1010 pfu/mL were packaged and concentrated by Biowit
Technologies (Shenzhen, China). B6 mice were immunized with a total
volume of 100 μL AD-2D6 or AD-GFP virus solution intravenously and
intraperitoneally to establish an AIH-2 murine model (N=5/group/
point-in-time) and control model (N=5/group/point-in-time), re-
spectively.

2.4. Preparation of mouse liver homogenates

Mouse liver samples were homogenized in phosphate-buffered
saline (PBS) at 4 °C with a glass homogenizer. The crude homogenates
were centrifuged at 500× g for 10min, and the supernatants were then
analyzed for various cytokines by enzyme-linked immunosorbent assay
(ELISA).

2.5. ELISA

The levels of serum total IgG (BETHYL, USA, cat. E99-131) and
inflammatory cytokines (IL-17A and IL-22) in liver homogenates were
analyzed by commercially available ELISA kit (NeoBioscience, China,
cat. EMC008, EMC119) according to the manufacturer's instructions.
Serum samples diluted 1:20 were prepared for a quantification of anti-
CYP2D6 antibodies. Briefly, serum samples were introduced into coated
microwell plates (LKM-1 Ab ELISA Kit, Abnova, Taiwan, cat. KA1280).
The presence of anti-CYP2D6 antibodies was revealed by incubation
with anti-mouse IgG/ALP-conjugated antibodies at a dilution of 1:2000
(ELISA helper kit, Dakewe Biotech, China, cat. DKW-F1). Colour was
developed by incubation with phosphatase substrate p-nitrophenyl
phosphate. Optical densities (ODs) were read at 405 nm using an ELISA
reader (iMark Microplate Reader, BIO-RAD, USA).

2.6. Hematoxylin-eosin (H&E) staining

Liver specimens were fixed in 10% buffered formalin and embedded
in paraffin. Sections (4-μm) were prepared, stained with H&E, and ex-
amined under a light microscope.

2.7. Immunohistochemical (IHC) analysis

Human CYP2D6 (hCYP2D6) expression and histological localization
was investigated in formalin-fixed, paraffin-embedded liver tissue
samples from AD-2D6 mice at one-week post infection. Liver tissues
were incubated with a polyclonal antibody against hCYP2D6 (Sigma,
Germany, cat. HPA045223) at a dilution of 1:250 in PBS at 4 °C for 12 h
following incubation with commercially biotin-labeled goat anti-rabbit

IgG antibodies (ZSGB-BIO, Beijing, China, cat. SP-9000).

2.8. Indirect immunofluorescence analysis

For the qualitative detection of anti-CYP2D6 antibodies during the
establishment of animal model, formalin-fixed, paraffin-embedded rat
liver and kidney sections were incubated with mouse sera diluted at
1:5, followed by incubation with Alexa Fluor 488-conjugated anti-
mouse IgG secondary antibody (Abcam, UK, cat. Ab150077) diluted
1:500 and examined by immunofluorescence microscopy.

2.9. Isolation of liver mononuclear cells (LMNCs)

Prior to harvesting tissue, mouse livers were perfused with sterile
PBS through the portal vein and weighed. Liver cell suspensions were
prepared by grinding the liver tissues with a glass pestle. After filtering
cells through a 200-gauge stainless steel mesh, cells were re-suspended
in 40% Percoll (GE Healthcare, Piscataway, NJ, cat.17–0891-01) and
centrifuged at 1500×g for 30min. LMNCs were harvested from the
sediments.

2.10. Multi-colour flow cytometric assay

In addition to Fgl2 monoclonal antibody (Abnova, Taiwan, cat.
H00010875-M01) and phycoerythrin (PE)-conjugated anti-mouse IgG
antibody (BioLegend, CA, cat. 405,307), PE-conjugated anti-mouse IL-
17 (cat. 559,502), PE-conjugated anti-mouse Foxp3 (cat. 560,414), PE-
conjugated anti-mouse TGF-β (cat. 563,143), and their isotype controls
were purchased from BD Biosciences (USA). Fluorescein isothiocyanate
(FITC)-conjugated anti-human CD4 (cat. 11-0049-41), allophycocyanin
(APC)-conjugated anti-human CD25 (cat. 17-0259-42), PE-conjugated
anti-human CD127 (cat. 12-1278-42), APC-conjugated anti-human CD4
(cat. 17-0049-42), PE-conjugated anti- human IL17 (cat. 12-7179-42),
and their isotype controls were purchased from eBioscience (USA).
Cells were stained with fluorochrome- conjugated antibodies against
surface receptors according to the standard procedure of BD
Pharmingen. Fixation and permeabilization was performed using Foxp3
Fix/Perm Buffer Set (BioLegend, USA, cat.421403) and cells were then
stained with the respective intracellular antibodies for 45min at room
temperature. For detection of Th17 intracellular cytokines, whole blood
samples or LMNCs suspended in RPMI 1640 medium supplemented
with 10% fetal bovine serum were stimulated with a cell stimulation
cocktail (eBioscience, USA, cat.00-4975) containing phorbol-12-myr-
istate-13-acetate (PMA, 50 ng/mL), ionomycin (1 μg/mL), and mon-
ensin (2 μg/mL) at 37 °C with 5% CO2 for 5 h, followed by treatment
with RBC lysis buffer (BD, USA, cat. 555,899) and/or incubation with
fluorescently labeled anti-CD4 and anti- IL-17 antibodies. All samples
were detected using a BD FACS Canto II Flow Cytometry System (BD,
USA) and analyzed with BD FACS Diva Software.

2.11. Isolation and adoptive transfer of CD4+ CD25+ Treg cells

CD4+CD25+ Tregs were sorted by magnetic beads separation kit
(Miltenyi Biotech, Germany, cat. 130-091-041) from splenocytes of
healthy mice according to the manufacturer's instructions.
CD4+CD25+ T cell suspensions with a purity> 90% (3× 106 cells in
1mL normal saline) were adoptively transferred to mouse livers via
high-pressure tail vein injection at week 2 and week 3 post infection
with AD-2D6 virus solution. AD-2D6 mice in the control group were
injected with the same volume of saline at week 2 and week 3 (N=5/
group). Serum samples and liver tissues were collected from all the
mice at week 4 post infection.

2.12. Statistical analysis

Data analysis was performed using SPSS 17.0 software and
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GraphPad Prism 5 version 5.01 software. The results were analyzed
using an unpaired two-tailed Student's t-test or one-way analysis of
variance as appropriate. All data were expressed as the mean ±
standard error of the mean (SEM). A p value< 0.05 was considered
statistically significant.

3. Results

3.1. Infection with AD-2D6 resulted in persistent autoimmune hepatitis

To assess this AIH murine model, both AD-2D6 mice and AD-GFP

Fig. 1. Infection with AD-2D6 resulted in persistent autoimmune hepatitis. (A) Representative HE staining of the liver tissues of AD-2D6 and AD-GFP mice: a
moderate interface hepatitis (blue arrows) was seen in AD-2D6 mice at week 2, 4, and 6 post infection (magnification, × 200). (B) The expression of CYP2D6 in the
liver of AD-2D6 and AD-GFP mice at 1 weeks after immunization by IHC: only AD-2D6 mice showed the expression of CYP2D6 (blue arrows, magnification, × 200).
(C) The expression of autoantibody against CYP2D6 (LKM-1) in the serum of AD-2D6 mice and AD-GFP mice at 4 weeks after immunization by indirect immuno-
fluorescence analysis: only AD-2D6 mice showed the expression of LKM-1 (green fluorescence, magnification, × 400). (D) Comparison of titers of total IgG in the sera
of AD-2D6 mice and AD-GFP mice at 0 (before immunization), 2, 4 and 6weeks after immunization by ELISA. N=5/group/point-in-time; *p < 0.05 compared
between the two groups at the same time point. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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mice were sacrificed at week 2, 4, and 6 post infection, and their liver
injuries were evaluated. At week 2, AD-2D6 mice showed significantly
moderate interface hepatitis, which was characterized by obvious in-
flammatory changes in hepatocytes around the portal area and central

vein and progressive necrosis compared with mice infected with AD-
GFP, with an expansion in these changes at weeks 4 and 6 (Fig. 1A). A
definite expression of CYP2D6 was observed by IHC in the hepatocytes
of AD-2D6 mice at week 1 post immunization, suggesting that the livers

(caption on next page)
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were successfully infected with AD-2D6 (Fig. 1B). As mentioned in
Meterial and Method 2.8, sections of rat livers and kidneys were used as
substrates to detect serum LKM-1, an autoantibody specific to CYP2D6.
Similar to patients with AIH-2, AD-2D6 mice generated LKM-1 auto-
antibody, which could be particularly evident by observed strong
fluorescence staining in both rat livers and kidneys after incubation
with sera from AD-2D6 mice, whereas serum samples from AD-GFP
mice showed no reactivity at the dilutions tested (Fig. 1C). AD-2D6
mice showed a rapid increase in total IgG serum titers, which reached a
peak at week 2 post infection. The levels of total IgG at weeks 2 and 4
were significantly higher in AD-2D6 mice than those observed in AD-
GFP mice (*p=0.0123 and *p=0.0252, respectively) (Fig. 1D). The
above-mentioned data indicate that AD-2D6 mice faithfully mirror
human AIH and might be an appropriate AIH model for further in-
vestigation.

3.2. Ratio of Treg/Th17 cells was significantly decreased in the livers of AD-
2D6 mice

To reveal the role of the hepatic Treg/Th17 balance in the devel-
opment of AIH, we analyzed the proportions, absolute numbers, and
related functional cytokine production in the liver. AD-2D6 mice
showed a sustained decrease of Treg proportions (week 4 vs. week 2
and week 6 vs. week 2, ##p < 0.01, ##p < 0.01, respectively), an
increased proportion of Th17 cells (week 4 vs. week 0, #p < 0.05), and
a striking progressive decrease in the ratio of Treg/Th17 cells (week 4
vs. week 0 and week 6 vs. week 0, ###p < 0.001, ###p < 0.001, re-
spectively). The proportion of Tregs among CD4+ T cells (week 4 and
week 6, **p < 0.01, *p < 0.05, respectively) and the ratio of Treg/
Th17 cells (week 2, week 4, and week 6, *p < 0.05, ***p < 0.001,
*p < 0.05, respectively) were significantly lower in AD-2D6 mice than
those in AD-GFP mice, although their Th17 proportions were compar-
able during disease progression (Fig. 2A, D). In contrast to our ex-
pectation, AD-2D6 mice showed a transient increase in the number of
Tregs (week 2 vs. week 0, ##p < 0.01, respectively), but these cells
rapidly decreased to a baseline level at week 6 (week 4 vs. week 2, week
6 vs. week 2, #p < 0.05, #p < 0.05). An obvious increase in Th17 cell
count (week 2 vs. week 0, ###p < 0.001), followed by a notable de-
cline by week 6 (week 6 vs. week 2, ##p < 0.01) was evident in AD-
2D6 mice. Compared with AD-GFP mice, AD-2D6 mice had significantly
lower Treg counts at week 4 (*p < 0.05) and higher Th17 cell counts at
week 2 (*p < 0.05) (Fig. 2A). The transient increase in Tregs during
the early stage of the disease in the AD-2D6 mice might reflect a
compensatory mechanism to slow disease progression (Fig. 2A). He-
patic TGF-β-secreting or Fgl2-secreting Tregs were detected by flow
cytometry, and effective cytokines of Th17 cells (IL-17 and IL-22) in
hepatic homogenates were evaluated by ELISA. Although there were no
obvious changes in the proportions or mean fluorescence intensity
(MFI) of hepatic TGF–β and Fgl2 in CD4+ CD25+ Tregs (Fig. 2B), AD-
2D6 mice had marked increases in concentrations of hepatic IL-17
(week 4 vs. week 0, #p < 0.05) and IL-22 (week 2 vs. week 0, and
week 4 vs. week 0, #p < 0.05 and #p < 0.05, respectively). Moreover,
compared with AD-GFP mice, AD-2D6 mice showed much higher he-
patic IL-17 (week 4, **p < 0.01) and IL-22 (week 2 and week 4,
**p < 0.01 and **p < 0.01, respectively) levels (Fig. 2C). These data
indicate that the balance of Treg/Th17 cells is disturbed in the AIH

murine model.

3.3. Adoptive transfer of CD4+CD25+T cells ameliorated liver injury in
AD-2D6 mice

To confirm the critical contribution of the Treg/Th17 imbalance to
the development of AIH in AD-2D6 mice, immunotherapy was ad-
ministered to AD-2D6 mice by adoptive transfer of purified
CD4+CD25+ T cells from healthy mice at weeks 2 and 3 post infection.
The treated mice were sacrificed at week 4 (Fig. 3A–B). Compared with
AD-2D6 mice treated with normal saline (N.S.), normal CD4+CD25+ T
cells adoptively transferred into AD-2D6 mice effectively suppressed
the infiltration of inflammatory cells into their livers, and resulted in
ameliorated parenchyma hemorrhage and hepatocyte necrosis
(Fig. 3C). Furthermore, we found that after this adoptive transfer
therapy, the titers of serum total IgG (*p < 0.05) and LKM-1 antibodies
(*p < 0.05) were much lower in CD4+CD25+ T cell-treated AD-2D6
mice than those in normal saline-treated AD-2D6 mice (Fig. 3D). As
expected, a clear tendency toward an increase in Treg proportions and
decrease in Th17 cell proportions, with significant higher Treg counts
(*p < 0.05), lower Th17 cell counts (*p < 0.05), and obviously higher
Treg/Th17 ratios (*p < 0.05) were observed in the livers of
CD4+CD25+ T cell recipients, compared with those of mice adminis-
tered normal saline (Fig. 3E). Correspondingly, the CD4+CD25+ T cell-
treated AD-2D6 mice showed a marked reduction in the expression of
hepatic IL-17 (*p < 0.05), and, although not significant, a trend of
reduced hepatic IL-22 levels (Fig. 3F). These results indicate that im-
munotherapy with adoptively transferred CD4+CD25+ T cells could be
in favor of correcting Treg/Th17 imbalance and preventing poor
prognosis of AIH.

3.4. Proportions of Tregs in the periphery of AIH patients were various in
different Child-Pugh classification

Sixteen AIH patients were included in the study to investigate
whether an imbalance of peripheral Treg/Th17 cells contributed to the
progression of human AIH. Demographic and biochemical character-
istics of patients are shown in Table 1. All of the patients were serum
positive for ANA antibody. Nine patients (56.25%) were graded Child-
Pugh class A, and seven patients (43.75%) were allocated to class B or C
[16]. The levels of alanine aminotransferase (ALT), aspartate amino-
transferase (AST), alkaline phosphatase (ALP), and gamma-glutamyl
transpeptidase (γ-GGT) were comparable between the two groups. Al-
though no significant differences were found in the proportions of Th17
cells or the ratios of Treg/Th17 between AIH patients and healthy
controls, peripheral Treg proportions were significantly different
among AIH patients with different severities of liver damage, as de-
termined by Child-Pugh classification. Compared with patients with
Child-Pugh class A, patients with Child-Pugh class B or C showed sig-
nificantly lower Treg proportions (p=0.041) and a a trend of de-
creased Treg/Th17 ratios (Fig. 4A–B). Compared with normal liver
tissue, liver biopsies from two AIH patients showed typical interface
hepatitis and plasma cell infiltration (Fig. 4C). These results were
consistent with those found in the AIH murine model and confirmed the
role of Treg/Th17 balance in AIH.

Fig. 2. Ratio of Treg/Th17 cells was significantly decreased in the liver of AD-2D6 mice. (A) The hepatic proportion of CD4+ FOXP3+ Tregs, CD4+ IL17A+ Th17
cells within CD4+ T cells, the ratio of Treg/Th17 cells and the absolute numbers of hepatic CD4+ FOXP3+ Tregs, CD4+ IL17A+ Th17 cells in AD-2D6 mice and AD-
GFP mice at 0 (before immunization), 2, 4 and 6weeks after immunization. *p < 0.05, **p < 0.01, ***p < 0.001 compared between the two groups at the same
time point. #p < 0.05, ##p < 0.01, ###p < 0.001 compared between different time points in the AD-2D6 group. (B) Comparison of the hepatic proportion of TGF-
β+ CD4+ CD25+ Tregs and Fgl2+ CD4+ CD25+ Tregs within CD4+ T cells, the mean fluorescent intensity (MFI) of TGF–β and Fgl2 in CD4+ CD25+ Tregs between
AD-2D6 mice and AD-GFP mice. (C) The expression of hepatic IL 17 and IL 22 detected by ELISA of AD-2D6 mice and AD-GFP mice at 0 (before immunization), 2, 4
and 6weeks after immunization. **p < 0.01 compared between the two groups at the same time point. #p < 0.05, compared between different time points in the
AD-2D6 group. (D) Representative flow cytometry staining of hepatic proportion of CD4+ FOXP3+ Tregs, CD4+ IL17A+ Th17 cells, TGF-β+ CD4+ CD25+ Tregs,
Fgl2+ CD4+ CD25+ Tregs within CD4+ T cells. N=5/group/point-in-time.
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4. Discussion

Although AIH was originally described over 70 years ago [17], the
immunopathogenesis of the disease remains unclear because there is no
efficient and representative animal model. Researchers have made great
efforts to develop an ideal animal model that mimics the development
of AIH in humans. Compared with some early animal models of AIH,

the novelty of the CYP2D6 model used in our study is that the adeno-
virus solution delivered into the livers of mice contains the human
CYP2D6 gene, a defined major autoantigen in AIH-2 that can induce the
production of high titers of specific anti-CYP2D6 antibodies (anti-LKM-
1), which are thought to be the most important contributor to liver
injury in AIH. Another advantage of the CYP2D6 model is that liver
fibrosis progression can be observed with chronic hepatic

Fig. 3. Adoptive transfer of CD4+ CD25+ T cells ameliorated liver injury in AD-2D6 mice. (A) The schematic process of immunotherapy. (B) Flow cytometry staining
showed the purity of CD4+ CD25+ Tregs isolated from splenocytes of healthy mice. (C) Representative HE staining of the liver tissue showed an obvious difference in
interface hepatitis (green arrows) between AD-2D6 mice treated with CD4+ CD25+ Tregs and AD-2D6 mice treated with normal saline (N.S.) (magnification, ×
200). (D) Comparison of the serum titers of total IgG and LKM-1 between the AD-2D6 mice treated with CD4+ CD25+ Tregs and AD-2D6 mice treated with N.S.
*p < 0.05 compared between the two groups. (E) Comparison of the hepatic proportion of CD4+ FOXP3+ Tregs and CD4+ IL17A+ Th17 cells within CD4+ T cells,
the ratio of Treg/Th17 and the absolute numbers of hepatic CD4+ FOXP3+Tregs, CD4+ IL17A+ Th17 cells between the AD-2D6 mice treated with CD4+ CD25+

Tregs and AD-2D6 mice treated with N.S.. NS, nonsignificant differences between the two groups. *p < 0.05 compared between the two groups. (F) Comparison of
the hepatic IL-17 and IL-22 expression between the AD-2D6 mice treated with CD4+ CD25+ Tregs and AD-2D6 mice treated with N.S.. NS, nonsignificant differences
between the two groups. *p < 0.05 compared between the two groups. N= 5/group. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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inflammation, although an increase in serum aminotransferase levels is
absent [18]. In this study, we successfully established an AD-2D6 mouse
model that displays representative features of AIH in humans, including
interface hepatitis, elevated IgG serum titers, and the production of
anti-LKM-1 autoantibodies. Most importantly, evidence from the an-
imal model and AIH patients suggests that an imbalance of Treg/Th17
cells, characterized by decreased Treg proportion and Treg/Th17 ratio,
as well as increased expression of IL-17 and IL-22, might contribute to
inflammatory hepatic injury and could be corrected by adoptive
transfer with healthy CD4+CD25+ T cells.
Recently, CD4+ T lymphocytes that recognize autoantigenic epi-

topes presented by hepatocytes were identified as the drivers of auto-
immune processes since they could trigger multiple specific immune
responses [19,20]. Tregs and Th17 cells, two distinct CD4+ T cell
subsets derived from Th1 and Th2 cells, have opposite effects on au-
toimmune disease progression [9,21,22]. Progressive liver injury in AIH
can be attributed to the breakdown of self-tolerance, and immune
suppression mediated by professional Tregs is considered a key to
control excessive inflammatory responses. However, the contribution of
Tregs to this organ-specific autoimmune disease remains controversial
[23]. There is a wealth of data that indicates Tregs are both numerically
and functionally deficient in AIH patients versus healthy controls
[24–26], supporting the idea that an immunoregulatory defect accounts
for the unrestrained immune attack on the liver. In contrast, Tregs have
been reported to be fully functional and not reduced in frequency in
AIH [27]. In this study, we observed a numerically but not functionally
deficient in hepatic Tregs.
Th17 cells are another T cell subset that exerts pro-inflammatory

actions in AIH [28–30]. Evidence of this T cell subset as a critical player
in AIH emerged from research showed that the level of IL-17 was much
higher in an experimental autoimmune hepatitis (EAH) mice model
than that in healthy controls [31]. Recent data have shown that in
experimental models of AIH, mice deficient in either IL-17 [32] or the
IL-17 receptor [33] are partially protected from hepatic injury, in-
dicating that, as the major cellular source of IL-17, numerically or
functionally changes of Th17 cells might greatly influence the disease
progression. Increased IL-17 and IL-22 secretions were observed in the
liver of AD-2D6 mice, futher supporting that AIH is a Th17-related
autoimmune disease.
Tregs and Th17 cells appear to share common differentiation

pathways.There is considerable developmental plasticity between the
two cell subsets, even though they perform opposite functions, as Tregs
can be reprogrammed to Th17 cells both in vitro and in vivo [34–36].
Recent studies have shown that Tregs can inhibit the proliferation of
Th17 cells by secreting IL-35, and that Foxp3 could markedly diminish
the transcription of retinoic acid-related orphan receptor-γt (ROR-γt)
and retinoic acid-related orphan receptor-α (ROR-α), thereby limiting
the differentiation of Th17 cells. In addition, all approaches to the in-
hibition of IL-17 might increase the expression of Foxp3 by Tregs, as

well as their suppressive function [37]. Multiple studies have demon-
strated relationships between the Treg/Th17 balance and autoimmune
disease. In primary immune thrombocytopenia (ITP) patients, the per-
ipheral ratio of Treg/Th17 cells was reduced and negatively correlated
with disease activity [38,39]. The ratio of Th17-to-Treg cell frequency
in peripheral circulation was increased in patients with pediatric
psoriasis and positively correlated with disease severity [40]. Thus, the
ratio of Treg/Th17 is regarded as a key factor in immune homeostasis
and might be critical to autoimmune disease.
Emerging evidence suggests that the liver is an immunological

organ with unique innate immune and immune tolerance properties.
Given that the immunologic parameters in peripheral blood and bone
marrow differ greatly from those in the liver [41], exploring regional
immune features in the liver might be beneficial to understanding the
immunopathogenesis of liver diseases. However, research on the re-
lationship between hepatic regional immune features and the progres-
sion of AIH is limited at present. In this study, by establishing an AD-
2D6-induced AIH mouse model, we followed the hepatic Treg/Th17
balance longitudinally, surveying relative numbers, absolute numbers,
ratios, and representative functional molecules for both Tregs and Th17
cells. Akin to results from studies on other autoimmune diseases
[38,42], we found that the hepatic Treg/Th17 balance skewed toward a
Th17 response during AIH progression. Considering the dynamics of
hepatic inflammatory changes, we speculated that the hepatic im-
balance of Treg/Th17 cells might play a role in the pathogenesis of AIH.
For AIH patients included in our study, the higher the Child-Pugh
classification, the lower the Treg proportion and Treg/Th17 ratio,
which partially confirmed the results obtained from mice. That we
failed to detect a significant difference of Treg/Th17 ratios between
AIH patients and volunteers might suggest a compensatory increase in
Tregs allowed in the early stage of disease progression and a con-
sequence of the failure to correct the decreased Treg/Th17 ratio due to
poor hepatic reserve function in patients with higher Child-Pugh score.
The above-mentioned explanation is also supported by the findings
described in Result 3.2, in which AD-2D6 mice showed a transient in-
crease in the number of Tregs at week 2, but rapidly decreased there-
after. Besides, the limited number of cases might result in a high degree
of dispersion or variability in data and account for only change trend
found between groups.
Treg-based therapies with freshly isolated or expanded Tregs could

be an alternative solution to fight against autoimmune disease, much
like standard immunosuppressive drugs they may replace [43]. Ther-
apeutic effect of Tregs have been demonstrated in preclinical studies in
various autoimmune disease models, including SLE [44], T1D [45],
inflammatory bowel diseases [46], and autoimmune encephalomyelitis
[47]. And> 280 clinical trials aimed at exploring the potential of Treg
therapy, have been registered in clinicaltrials.gov [48]. Accordingly,
infusion of Tregs also appears to be an effective means of restoring
immunological tolerance to liver autoantigens and inhibiting cell-

Table 1
The clinical characteristics of AIH patients and health controls.

Number AIH patients Health Controls p-Values

Child-A (N=9) Child-B or C (N=7) HCs(N=8) A versus H BC versus H A versus BC

Age(years) 51.78 ± 2.948 47.57 ± 4.654 45.63 ± 0.375 NS NS NS
Gender (female%) 100% 100% 100% – – –
ALT(U/L) 190.8 ± 109.0 97.43 ± 23.34 13.00 ± 1.102 NS ⁎⁎ NS
AST(U/L) 174.0.3 ± 95.06 120.4 ± 34.69 18.88 ± 1.217 NS ⁎⁎ NS
ALP(U/L) 261.7 ± 68.17 382.9 ± 90.94 47.38 ± 3.789 ⁎⁎ ⁎⁎ NS
γ-GGT(U/L) 435.8 ± 110.3 500.9 ± 202.7 14.38 ± 2.375 ⁎⁎ ⁎ NS
ANA(%) 100% 100% 0% – – –
LKM-1(%) 0% 0% 0% – – –

Abbreviation: NS, nonsignificant.
⁎ p < 0.05.
⁎⁎ p < 0.01 vs control group.
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mediated liver damage [49]. In the clinical trials to date, the optimal
Tregs dose for therapy could be as high as 100–500×106 cells/kg [50].
In the current study, we treated the mice models with 3×106 cells
considering their weight range from 20 to 25 g. Cell therapy with Tregs
has some clear cellular and molecular pathways so far. Firstly, trans-
ferred Tregs recruited into the peripheral lymph nodes and expressed
increased levels of adhesion molecules that may promote functional
interactions with target cells [48]. Secondly, activated Tregs can ac-
cumulated and proliferate in the inflamed tissue post transfer to achieve
long-lasting disease protection [51]. Lastly, adoptively transferred
Tregs utilized multiple mechanisms to suppress immune responses.
Adoptively transferred Tregs do not only suppressed adaptive T cell
responses via a variety of cell contact dependent and independent
mechanisms [52–55], but also inhibited the accumulation and

activation of neutrophils, monocytes/macrophages, dendritic cells via
their production of IL-10 and TGF-β [56]. Adoptive transfer of Tregs
were also demonstrated to be capable of suppressing the cytotoxic ac-
tivities, proliferation, cytokine production of NK and NKT cells by TGF-
β or in a cell-to-cell contact manner [57,58]. Evidence supporting a
potential role for Tregs in blunting humoral immune responses through
suppressing B cell Ig production and class switch recombination [59].
All the rapidly accumulated evidence on Tregs involvement in immune
regulation will help us understand the possible underlying mechanisms
as to how an adoptive transfer of Tregs contributed to corrected balance
of Treg/Th17, decreased LKM-1 autoantibody titer and slowed pro-
gression of AIH-related hepatic inflammatory changes in AD-2D6 mice.
There were some limitations to and caveats for our study. That re-

mission of disease was not notable may be attributed to the

Fig. 4. Peripheral proportion of Tregs were various in AIH patients with different Child-Pugh classification. (A) Comparison of the peripheral proportion of CD4+

CD25+ CD127low/− Tregs, CD4+ IL17A+ Th17 cells within CD4+ T cells and the ratio of Treg/Th17 cells among health controls (N=8), AIH patients with Child-
Pugh class A (N=9), and AIH patients with Child-Pugh class B or C (N=7). *p < 0.05 compared between the two groups. (B) Representative flow cytometry
staining of human peripheral CD4+ CD25+ CD127 low/− Tregs, CD4+ IL17A+ Th17 cells within CD4+ T cells. (C) HE staining of a normal liver tissue surrounding a
hepatic cavernous hemangioma, and liver tissues from two AIH patients: a moderate interface hepatitis (blue arrows) was seen in both AIH patients (magnification,
× 200). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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unsatisfactory purity Treg population obtained with the conventional
isolation strategies, which is also one of principal hurdles remained for
clinical use of Treg therapy. In addition, more patients should be in-
volved in further study to validate the role of Treg/Th17 balance in
AIH.
In conclusion, our findings suggest that numerically reduced Tregs

and functionally enhanced Th17 cells contribute to the poor prognosis
of AIH. Correcting the Treg/Th17 imbalance represents a potential
therapeutic approach to AIH. Additional efforts should be made to
elucidate the precise mechanisms underlying the Treg/Th17 imbalance
that exists in AIH and to optimize Treg-based immunotherapies.
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