Bzl SPANDIDOS
7] ,§, PUBLICATIONS

MOLECULAR MEDICINE REPORTS 20: 4883-4892, 2019

The JAK inhibitor tofacitinib ameliorates
immune-mediated liver injury in mice
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Abstract. The prevalence of immune-mediated liver diseases
such as autoimmune liver disease or viral hepatitis has
increased in recent years, and the side effects of pre-existing
treatments are a worldwide problem. Regulatory T cells
(Tregs) and T helper 17 (Th17) cells play important roles in
the development of immune-mediated hepatitis and may
serve as potential therapeutic targets. Tofacitinib, a new Janus
kinase (JAK) inhibitor, is under investigation for the treatment
of rheumatoid arthritis; it is also helpful in treating ulcerative
colitis and psoriasis. The roles of tofacitinib were investigated
in conferring protection against immune-mediated liver
injury in mice. T cell-mediated hepatitis was induced by
concanavalin A (ConA). The mice in the treatment groups
were administered with tofacitinib intragastrically before
the ConA injection. Histopathological examination was
performed by hematoxylin and eosin (H&E) staining, and
the serum transaminase and inflammatory cytokine levels
were determined using an automatic biochemistry analysis
apparatus or cytometric bead array (CBA) kits. Flow
cytometric analysis was used to detect Tregs and Th17 cells.
Tofacitinib significantly decreased the hepatic injury induced
by ConA and prominently decreased the liver transaminase
level. The secretion of several anti-inflammatory cytokines
such as interleukin (IL)-10 was upregulated in mice from the
treatment group, compared to that in mice treated with ConA
alone, while the expression of interferon-y (IFN-y) and tumor
necrosis factor-a (TNF-a) decreased. Tofacitinib treatment
increased the number of Tregs and reduced the number of
Th17 cells. Furthermore, tofacitinib could relieve liver fibrosis
under conditions of autoimmune hepatitis (AIH). The present
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results indicated that tofacitinib improved immune-mediated
hepatitis and restored the impaired Treg/Th17 cell ratio, which
suggests that it may serve as a novel treatment approach for
immune-mediated liver diseases.

Introduction

Immune-mediated liver injury is one of the most troublesome
diseases clinically. Autoreactive T cells destroy hepatocytes or
cholangiocytes in autoimmune liver diseases and virus-specific
T cells destroy infected hepatocytes in viral hepatitis (1). The
pathogenesis of immune-mediated liver injury has not yet
been fully clarified (2), and immunosuppressive treatments or
antiviral drugs are the main therapeutic methods used clini-
cally for treating these diseases (3). However, the questionable
effectiveness and strong side-effects of these treatments and
the high possibility of disease relapse limit the utility of these
therapeutic approaches. Hence, finding new treatments to
ameliorate immune-mediated liver damage in these patients
remains an urgent issue.

An imbalance between CD4*CD25*Foxp3* regulatory
T cells (Tregs) and T helper 17 (Th17) cells has recently
been suggested to be important in the pathogenesis of
immune-mediated liver diseases (4). Tregs are essential in
maintaining peripheral immunological tolerance, as they
control autoreactive T cells and inhibit inflammation by
releasing anti-inflammatory cytokines (5). Th17 cells are a
subtype of helper CD4* T cells that produce interleukin (IL)-17,
which induces immune cell infiltration and liver damage,
driving hepatic inflammation and contributing to autoimmune
liver disease (6,7). Moreover, an increase in the Th17/Treg
ratio also accelerates liver fibrosis (8). A recent study has
indicated that blocking Th17 cells allows CD25" Treg cells to
differentiate into functionally stable immune inhibitory cells;
this may be a novel therapy for patients with autoimmune
hepatitis (AIH) (7). The developmental pathways for Th17
cells and Tregs are reciprocally interconnected (9), suggesting
that the factors that affect the balance between these two cell
types may influence the outcome of the immune responses.

Concanavalin A (ConA) can induce a typical
T cell-mediated hepatitis in mice, which is characterized
by significantly increased plasma levels of transaminase
and severe liver cell inflammation or even necrosis within
8-24 h (10,11). ConA has the ability to stimulate the activation
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of T lymphocytes, mostly CD4*T cells, and animal models
of ConA-induced liver injury are ideal tools to investigate
T-cell-dependent immune-mediated liver injury (12). The
infiltration of T cells, macrophages, and neutrophils into
the mouse liver and the elevated levels of pro-inflammatory
cytokines produced from these cells indicate that this mouse
model closely mimics the pathogenic mechanisms and
pathological changes associated with AIH (13,14). Moreover,
interferon-y (IFN-vy) and tumor necrosis factor-o. (TNF-o) are
the two most important cytokines mediating ConA-induced
immune-mediated hepatitis; they are also the most crucial
cytokines associated with autoimmune liver diseases in the
human body (15,16). However, the ConA-induced mouse
model is an acute immune-mediated mouse model. The liver
inflammation and lymphocyte infiltration disappear in 48 h.
For decades, researchers have been investigated the chronic
immune-mediated mouse model (17,18). Cytochrome P450
2D6 (CYP2D6) is the major human autoantigen in type 2 AIH
and recognized by type 1 liver kidney microsomal antibodies
(LKM-1s) (19). Overexpression of the human CYP2D6 gene
in mice can result in a chronic form of severe, autoimmune
liver damage, and autoantibody generation (20,21). Chronic
hepatitis and liver fibrosis can also be observed in a CYP2D6
mouse model, suggesting that it could be an appropriate tool to
investigate chronic immune-mediated hepatitis.

Members of the Janus kinase (JAK) family, including
JAK1,JAK?2,JAK3, and tyrosine kinase 2 (Tyk2), are involved
in the growth, survival, development, and differentiation of
a variety of cells, but are critically important for immune
cells (22). JAKs phosphorylate signal transducers and acti-
vators of transcription (STATSs) to regulate the expression
of different downstream genes (23). JAKs are essential for
cytokine-induced intracellular signaling of lymphocytes, and
their dysfunction contributes to the impairment of immune
cell function (24). Cytokines that bind to receptors containing
the common y chains, such as IL-2,IL-4,1L-7,1L-9,IL-15, and
IL-21, are crucial for the function of T cells; JAK]1 is activated
via these cytokine-binding chains, while the common vy chains
activate JAK3 (25). Nowadays, the clinical use of JAK inhibi-
tors has been confirmed to improve many inflammation-driven
diseases.

Tofacitinib is a potent, selective JAK inhibitor that pref-
erentially inhibits JAK1 and JAK3 (26). It is a new JAK
inhibitor that is under investigation for the treatment of rheu-
matoid arthritis (27); according to recent studies, it has also
been reported to be helpful against psoriatic arthritis (28),
ulcerative colitis (29), and alopecia areata (30). Tofacitinib
inhibits STAT-1 activation, resulting in the downregulation
of IL-6 and IFN-vy in naive CD4* T cells (31). Evidence has
revealed that tofacitinib may improve autoimmune diseases
by suppressing the differentiation of pathogenic Thl and
Th17 cells, as well as innate immune cell signaling (31).
However, the exact immune processes affected by tofacitinib
and the influence of tofacitinib on gene expression in situ are
unknown (27). Furthermore, there are no studies reporting
the effects of tofacitinib on the balance of Tregs and Th17
cells or immune-mediated hepatitis. The present study aimed
to investigate the effects of tofacitinib on immune-mediated
liver injury in mice and the mechanisms underlying these
effects.
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Materials and methods

Reagents. Tofacitinib was purchased from Dalian Meilun
Biotechnology Co.,Ltd. ConA and dimethyl sulfoxide (DMSO)
were purchased from Sigma-Aldrich; Merck KGaA. The anti-
bodies used for western blotting and immunohistochemistry in
this study were purchased from Santa Cruz Biotechnology, Inc.,
R&D Systems, and Cell Signaling Technology, Inc., including
antibodies against STAT1, phosphorylated STAT1 (p-STAT1),
TNF-a, and IFN-y. The antibodies used for flow cytometry,
such as those recognizing CD4, CD25, Foxp3, and IL-17A
were purchased from BioLegend, Inc. and BD Pharmingen;
BD Biosciences. Fetal bovine serum (FBS) was purchased
from Gibco; Thermo Fisher Scientific, Inc.

Plasmid and in vivo gene transfection. Plasmid pCYP2D6,
the expression vector carrying the cDNA encoding human
CYP2D6, was constructed by the insertion of cDNA into
plasmid pcDNA3.1 (Invitrogen; Thermo Fisher Scientific,
Inc.) in our laboratory. For in vivo gene transfection,
pCYP2D6 was injected to mice via the tail vein using the
hydrodynamics-based gene delivery technique (32).

Animals and experimental protocol. Specific pathogen-free
(SPF) male C57BL/6 mice (6-8 weeks old; 18-20 g) were
purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. The mice were housed in an SPF envi-
ronment at 24+2°C with an alternating 12-h light/dark cycle
at the Experimental Animal Center of the Tongji Medical
College. A total of 120 mice were used in the whole experiment
and 6 mice were assigned to each experimental group except
when otherwise indicated in the figure legends. Ninety-six
of those mice were used to study the effect of tofacitinib in
the ConA-induced immune-mediated liver injury and the
remaining mice were used to confirm the effect of tofacitinib
on liver fibrosis in an AIH mouse model. For all mouse experi-
ments, the method of euthanasia was cervical dislocation. The
protocol was approved by the Ethics Committee of Animal
Experiments of Tongji Medical College and monitored by
the Department of Experimental Animals of Tongji Medical
College.

The treatment was as follows for the ConA mouse
model: The mice were injected with a single dose (15 mg/kg
of body weight) of ConA via the tail vein to induce acute
immune-mediated liver injury, as described in a previous
study (12). Three days before the injection of ConA, the mice
in the treatment groups were administered with tofacitinib
(5, 10 and 15 mg/kg/day) by gavage based on the recom-
mended dose described in a previous study (33). The mice
were sacrificed at 12, 24 and 48 h post-ConA injection. The
blood was collected from the angular vein and the livers were
collected for hematoxylin and eosin (H&E) staining, immuno-
histochemistry (IHC), western blot analysis, and quantitative
polymerase chain reaction (QPCR). For the AIH mouse model:
To detect the effects of tofacitinib on the mouse model of
chronic immune-mediated hepatitis, adenovirus (10° pfu;
Viraltherapy Technology) was injected once initially and
then pCYP2D6 plasmid was transfected several times (50 ug
per injection) into mice to induce the AIH mouse model, as
described in our previous studies (34,35). Thirty-six days after
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the adenovirus injection, the AIH mice were administered
with tofacitinib (10 mg/kg/day, 2 days apart) by gavage and
were then sacrificed two weeks later to observe the level of
liver fibrosis by Sirius red staining.

Histopathology and immunohistochemistry. The entire left
lobe of the mouse livers was excised and fixed in 4% parafor-
maldehyde for at least 24 h, embedded in paraffin, and cut to
yield 5-pm-thick sections. Following hydration in a decreasing
ethanol gradient, all sections were deparaffinized and stained
with Harris hematoxylin solution for 5 min at 37°C. For
IHC, paraffin-embedded liver tissue samples were cut into
5-um-thick consecutive sections, dewaxed in xylene, and
rehydrated in graded ethanol solutions. Then, the nonspecific
binding sites in the tissues were blocked, and the steam cooking
method was used for antigen retrieval. The sections were incu-
bated with the following primary antibodies: Anti-p-STAT1
(1:50; product no. 7649; Cell Signaling Technology, Inc.);
anti-IL-6 (1:100; cat. no. GB11117) and anti-IL-10 (1:100;
cat. no. GB11108; both from Servicebio Technology Co., Ltd.)
overnight at 4°C. Then, they were incubated with horseradish
peroxidase-conjugated polyclonal goat anti-rabbit secondary
antibodies (1:200; GB23303; Servicebio Technology Co., Ltd.)
for 1 h at room temperature. Finally, the sections were coun-
terstained with hematoxylin.

Protein extraction and western blot analysis. Cell extracts and
liver tissue samples were digested in RIPA buffer containing
a phosphatase inhibitor cocktail and PMSF (Wuhan Boster
Biological Technology, Ltd.). These samples were centrifuged
at 12,000 x g for 30 min and the supernatant was retained.
The protein concentration was determined using the bicincho-
ninic acid method. Then, 30 ug of each protein sample was
separated on 10% SDS polyacrylamide gels; the protein bands
were then transferred onto PVDF membranes. The membranes
were blocked with 5% non-fat milk (non-fat dry milk powder
dissolved in Tris-buffered saline with Tween-20) for 1 h
at room temperature and then incubated overnight at 4°C
on shaking tables with the following primary antibodies:
Anti-STAT1 (1:1,000; product no. 14994) and anti-p-STAT1
(1:1,000; product no. 7649; both from Cell Signaling
Technology, Inc.); anti-IFN-y (1:2,000; cat. no. AF-485;
R&D Systems); anti-TNF-a (1:500; cat. no. sc-12744;
Santa Cruz Biotechnology, Inc.); and anti-f3-actin (1:2,000;
Promoter Biotechnology Ltd.). Next, the membranes were
washed and incubated with horseradish peroxidase-conjugated
secondary antibodies (1:1,000; Promoter Biotechnology Ltd.)
for 1 h at room temperature. -actin was used as a loading
control. The expression of the antibody-linked proteins was
visualized by enhanced chemiluminescence using an ECL
assay kit (Wuhan Boster Biological Technology, Ltd.) and
analyzed using ImageJ V1.48 (National Institutes of Health).

RNA extraction and real-time gPCR. Total RNA was isolated
from the liver tissue samples and cells using TRIzol reagent
(Takara Bio, Inc.) and transcribed into cDNA using a reverse
transcription kit (cat. no. RR036A; Takara Bio, Inc.), according
to the manufacturer's protocols. qPCR was performed
according to the following steps: 40 cycles at 95°C for 30 sec
and 60°C for 30 sec; the PCR analyses were performed using

MOLECULAR MEDICINE REPORTS 20: 4883-4892, 2019

4885

Table I. Primer sequences for PCR.

Genes Primer sequences
IFN-y F: 5-TGCTGATGGCCTGATTGTCTT-3'

R: 5-GCCACGGCACAGTCATTGA-3'
TNF-a F: 5-CTGAACTTCGGGGTGATCGG-3'

R: 5'-GGCTTGTCACTCGAATTTTGAGA-3'
[-actin F: 5-GCTCTTTTCCAGCCTTCCTT-3'

R: 5-TGATCCACATCTGCTGGAAG-3'

IFN-v, interferon y; TNF-a, tumor necrosis factor-a; F, forward;
R, reverse.

Maxima SYBR-Green qPCR Master Mixes (Takara Bio,
Inc.) on an ABI StepOne Real-Time PCR system (Applied
Biosystems; Thermo Fisher Scientific, Inc.). Fold signifi-
cance was determined by the 224% method, as described in a
previous study (36). The primers used for real-time qPCR are
listed in Table 1.

Assay for serum transaminase activity or inflammatory cyto-
kines. Venous blood was collected from the angular vein of
the mice and then centrifuged at 500 x g for 10 min to obtain
serum as the supernatant. The activities of liver enzymes,
including aspartate transaminase (AST) and alanine trans-
aminase (ALT), in the collected mouse sera, were determined
using an automatic biochemistry analysis apparatus at the
Clinical Laboratory of Tongji Hospital. The cytokines (IL-2,
IL-4, IL-6, IFN-y, TNF-a, IL-17A, and IL-10) in the serum
were detected by flow cytometry using a mouse cytometric
bead array (CBA) kit (560485; BD Biosciences).

Cell isolation

Isolation of liver mononuclear cells (MNCs). To isolate the
non-parenchymal cells (NPCs) from the liver, first, in situ
perfusion with DMEM/F12 (Thermo Fisher Scientific, Inc.)
containing type I'V collagenase (Sigma-Aldrich; Merck KGaA)
was performed. Mice in each experimental group were
anesthetized using a mixture of ketamine (100 mg/kg) and
xylazine (10 mg/kg) by intraperitoneal injection. The liver was
then perfused, ground, digested, and filtered. The filtrate was
centrifuged at 20 x g for 5 min and washed in DMEM/F12.
The resuspended cells were processed with 30% Percoll
(Sigma-Aldrich; Merck KGaA) and gently overlaid onto 70%
Percoll. After density gradient centrifugation at 1,000 x g
for 30 min, liver MNCs were harvested from the interface of
the Percoll gradient (37). The MNCs collected were used for
further fluorescence-activated cell sorting (FACS) analysis.

Isolation of splenocytes. Mice spleens were ground and
filtered with 70 um cell strainer in PBS. After elimination of
erythrocytes by Red Blood Cell Lysis Buffer (BD Biosciences),
splenocytes were washed and resuspended in PBS for further
FACS analysis.

Flow cytometry. A single-cell suspension of MNCs (at least
10° cells/tube) was resuspended in phosphate-buffered
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Figure 1. Immune-mediated hepatitis is induced by ConA injection. (A) C57 BL/6 mice were injected with ConA (15 mg/kg) via the tail vein and sacrificed
at 0, 6, 12, 24, and 48 h post-injection. The liver tissues were harvested and analyzed by H&E staining (n=6 in each group; x100 and x200 magnification).
(B and C) The plasma ALT and AST levels of the mice were detected using an automatic biochemistry analysis apparatus (n=6). (D) The mRNA expression

of TNF-a and IFN-y in the mouse livers was analyzed by real-time PCR (n=6). “P<0.01,

ke

P<0.001 vs. the 0-h group. ConA, concanavalin A; ALT, alanine

transaminase; AST, aspartate transaminase; TNF-a, tumor necrosis factor-a; IFN-y, interferon-y.

saline (PBS) containing 1% BSA. To reduce nonspecific
fluorescent staining, the cells were incubated with anti-mouse
CD16/CD32 (cat. no. 101319; BioLegend, Inc.), which
blocked the Fcy III/II receptor. Then, the surfaces of the
cells were stained with fluorochrome-conjugated antibodies
for 30 min on ice. The following antibodies were used:
FITC-conjugated anti-CD4 (cat. no. 557307), APC-conjugated
anti-CD25 (cat. no. 557192), BV421-conjugated anti-Foxp3
(cat. no. 562996), and PE-conjugated anti-IL-17A
(cat. no. 559502; all from BD Biosciences). The cell samples
were assessed on a FACS Calibur flow cytometer (BD
Immunocytometry Systems) and the data were analyzed using
the FlowJo software V10 (Tree Star, Inc.).

Statistical analysis. All data are expressed as the
mean =+ standard error and all experiments were performed
independently in triplicate. One-way analysis of variance
(one-way ANOVA) with Tukey's multiple comparisons test
or Dunnett's multiple comparisons test if the P-value was
significant, were used. Statistical analysis was performed with
GraphPad Prism 5.0 (GraphPad Software). P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

The JAKI/STATI pathway is activated in mice with
ConA-induced hepatitis. To establish a mouse model
of immune-mediated liver injury, mice were injected
with ConA (15 mg/kg) via the tail vein and sacrificed
at 0, 6, 12, 24, and 48 h to observe the degree of inflam-
mation in the livers. The liver tissues were harvested, and
the levels of inflammation were analyzed by H&E staining
(Fig. 1A). As revealed in the representative images, a handful

of inflammatory cells began to infiltrate around the portal area
6 h post-injection, and more inflammatory cells had accumu-
lated at 12 h post-injection. In addition, abundant necrotic areas
were observed at 24 h after the ConA injection. The plasma
ALT and AST levels increased 6 h after the intravenous ConA
administration and peaked at 12 h (Fig. 1B and C). Real-time
PCR was also used to detect the mRNA levels of the important
inflammatory cytokines TNF-a and IFN-y. Their expression
patterns revealed clear tendencies, peaking at 12 h after the
ConA injection (Fig. 1D).

To further explore whether the JAK1/STAT1 pathway
is involved in ConA-induced acute immune-mediated liver
injury, western blotting and immunohistochemical staining
were used to detect the expression of STAT1 and p-STAT1 in
the mouse livers at different time-points (Fig. 2A and B). The
expression of p-STAT1 increased at the 12-h time-point, and
further significantly increased at 24 h. However, the p-STAT1
levels revealed a decreasing trend at the 48-h time point, indi-
cating that the JAK1/STAT1 pathway plays an important role
in the progression and development of ConA-induced acute
liver injury in mice. These results revealed that ConA could in
fact induce acute hepatitis in mice and that the JAK1/STAT1
pathway was activated in this immune-mediated hepatitis
mouse model, indicating that this pathway may play a key role
in ConA-induced mouse hepatitis.

Tofacitinib effectively ameliorates inflammation in the
ConA-induced hepatitis mouse model. To detect the effects of
tofacitinib on ConA-induced hepatitis in vivo, the mice were
randomly divided into different experimental groups. The mice
in the treatment groups received different doses of tofacitinib
(5, 10, and 15 mg/kg/day) three days before the ConA injection
to ascertain whether tofacitinib exerts protective effects and
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Figure 2. The JAK1/STAT]1 pathway is activated in mice with ConA-induced hepatitis. (A) Western blot analyses of STAT1 and p-STAT1 expression in the
liver tissue samples from the ConA-induced acute hepatitis mouse model at different time-points (n=6). (B) The expression of p-STAT1 in the mouse livers
was detected by immunohistochemical staining (n=6; x100 and x200 magnification). STAT1, signal transducers and activators of transcription 1; p-STATI,

phosphorylated STAT1.
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Figure 3. Tofacitinib effectively ameliorates inflammation in mice with ConA-induced acute hepatitis. (A) Male C57BL/6 mice that were administered with
tofacitinib in advance by gavage were sacrificed 24 h after the ConA injection. Representative H&E staining of the liver tissues was performed to determine
the therapeutic effects of tofacitinib (n=6; x100 and x200 magnification). (B) The serum levels of ALT and AST were detected using an automatic biochemistry
analysis apparatus (n=6). “/P<0.01 vs. the control group. “P<0.05 vs. the ConA-treated group. (C) Representative gross observation of the livers of the mice
from the different groups that were administered with tofacitinib was performed (n=6). ConA, concanavalin A; ALT, alanine transaminase; AST, aspartate

transaminase.

whether its effects are dose-dependent. The mice in each group
were sacrificed 24 h post-ConA injection. The mice injected
with ConA developed hypothermia, becoming unresponsive
and inactive. They curled up in the cage and were unusually
quiet. However, the body temperature of the mice in the treat-
ment group was much higher and these mice were in better
condition. H&E staining revealed that tofacitinib alleviated the
histological liver damage (Fig. 3A) and significantly decreased
the upregulated serum transaminase expression (Fig. 3B) in
the ConA-injected mice. The gross appearance of the liver
also provided strong evidence of the inflammation-relieving
effect of tofacitinib from another perspective (Fig. 3C).
Moreover, liver damage was alleviated to a greater extent in
the mice administered with 10 or 15 mg/kg/day of tofacitinib

than in those administered with 5 mg/kg/day of tofacitinib
(data not shown). However, there was no significant difference
between the experimental groups comprised of mice adminis-
tered with 10 mg/kg/day of tofacitinib and those administered
with 15 mg/kg/day of tofacitinib; thus, only the results of the
group comprised of the mice that were administered with
10 mg/kg/day of tofacitinib were presented.

Tofacitinib suppresses the expression of pro-inflammatory
cytokines in mice with ConA-induced hepatitis. A mouse
CBA kit was used to detect important cytokines (IL-2, IL-4,
IL-6, IFN-y, TNF-a, IL-17A and IL-10) in the serum of
mice from each experimental group; the data are presented
in Fig. 4A. As observed in the results, the expression of some
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Figure 4. Tofacitinib suppresses the hepatic expression of pro-inflammatory
cytokines in mice with ConA-induced hepatitis. (A) Several cytokines in the
serum of mice from each group were detected using a CBA kit (n=3).P<0.05,
#P<0.01 vs. the control group. ‘P<0.05, “P<0.01 vs. the ConA-treated group.
(B) Western blotting was used to analyze the expression of IFN-y and TNF-a
in the liver tissue samples from the mouse model with ConA-induced acute
hepatitis (n=6). (C) Immunohistochemical staining was performed to detect
the expression of IL-6 and IL-10 in the mouse livers (n=6; x200 magnifica-
tion). ConA, concanavalin A; ALT, alanine transaminase; AST, aspartate
transaminase; TNF-a, tumor necrosis factor-a; IFN-v, interferon-vy; IL-6,
interleukin 6; IL-10, interleukin 10.

pro-inflammatory cytokines, such as IL-2, IL-6, IFN-y,
TNF-a, and IL-17A, was upregulated after the ConA injection
and revealed a downward trend in mice from the tofacitinib
treatment group, while the expression of the anti-inflammatory
cytokines, such as IL-4 and IL-10, increased after the tofaci-
tinib treatment. The protein expression levels of TNF-a and
IFN-v significantly increased in the whole liver extracts from
mice in the ConA-treated groups, while the pretreatment with
tofacitinib downregulated these expression levels (Fig. 4B).
Considering that IL-6 and IL-10 are the representative cyto-
kines contributing to the distinct differentiation of T cells,
immunohistochemical staining was further used to confirm
the results presented in Fig. 4A (Fig. 4C). These results collec-
tively confirmed that tofacitinib regulated the secretion level
of anti- and pro-inflammatory cytokines under conditions of
immune-mediated hepatitis.

Tofacitinib restores the impaired Treg/Thl7 cell ratio under
conditions of ConA-induced hepatitis. The imbalance of Tregs
and Th17 cells plays a key role in the pathogenesis of many
immune-mediated diseases; this imbalance may be regulated
by different types of cytokines. ConA can induce severe
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inflammation in the mouse liver and cause the upregulation of
pro-inflammatory cytokine expression in the serum. In addi-
tion, many autoimmune diseases are characterized by systemic
disorders. Therefore, the ratio of Treg/Th17 cells was detected
not only in the mouse liver, but also in the spleen, which is
representative of the situation in the peripheral regions. ConA
induced an increase in the number of Th17 cells in both the
liver and spleen (Fig. 5A and C); the number of Tregs also
increased. This increase occurred because Tregs, which are
immunoregulatory cells, respond to the acute inflammation
caused by ConA. Notably, the number of Tregs in mice from
the treatment group exhibited an even greater increase, while
the number of Thl17 cells in the same group exhibited a down-
ward trend. Although the number of both Tregs and Th17 cells
exhibited an increasing tendency, the ratio of Treg/Thl17 cells
decreased following ConA injection (Fig. 5B and D). However,
in the tofacitinib treatment group, the impaired Treg/Th17 cell
ratio was significantly recovered.

Tofacitinib relieves liver fibrosis under conditions of AIH.
Although the mouse model of ConA-induced immune-medi-
ated liver injury resembles conditions of AIH in humans (38),
chronic inflammation and liver fibrosis are not observed in this
model. Evidence has revealed that the balance of Tregs and Th17
cells is involved in the liver fibrosis associated with chronic
immune-mediated hepatitis (39,40). Therefore, an AIH mouse
model was used to further explore the effects of tofacitinib
under conditions of liver fibrosis during immune-mediated
hepatitis. Evident liver fibrosis appeared in the livers of mice
with AIH and was in fact alleviated following tofacitinib treat-
ment; representative Sirius red staining images are presented
in Fig. 6. These data confirmed, from another point of view,
that tofacitinib could suppress immune-mediated liver injury.

Discussion

Recently,anincreaseinthenumberofcasesof immune-mediated
liver injury, such as those involving autoimmune liver diseases,
has been reported; this has attracted a great amount of attention
from researchers (2). However, there is no effective therapy for
these diseases apart from immunosuppressants (41). Moreover,
the side effects of long-term standard immunosuppression and
the lack of response to standard immunosuppressive therapy
are the major clinical challenges associated with this treat-
ment strategy (42). In recent years, some researchers have
also considered whether certain interventions used to treat
other autoimmune diseases such as rheumatic disorders,
including treatment with CTLA-4 Ig, recombinant IL-10, and
anti-TNF-a antibodies, and the adoptive transfer of Tregs, can
be used for treating immune-mediated hepatitis (43). However,
these alternative strategies have still not been applied widely
in clinical settings.

Tofacitinib is an inhibitor of the members of the JAK
family, which are intracellular proteins crucial to the down-
stream regulation of many inflammatory mediators (44).
Tofacitinib is used to treat rheumatoid arthritis and is
effective in methotrexate-naive and DMARD-experienced
patients, including those who are unresponsive to TNF inhibi-
tors (26,45,46). Recently, some studies revealed that tofacitinib
also has a protective effect against other diseases caused by
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Figure 6. Tofacitinib relieves the liver fibrosis in mice with autoimmune hepatitis. Mice received an i.v. injection of adenovirus (Ad)/pCYP2D6 to induce AIH.
Obvious liver fibrosis appeared on day 35 post the first i.v. injection. Mice with AIH were administered with tofacitinib intragastrically from day 35 onwards,
and were sacrificed on day 49 (n=6). Liver fibrosis was detected by Sirius red staining and the representative pictures are presented. AIH, autoimmune hepatitis.

immune disorders, such as inflammatory bowel disease (47)
and alopecia universalis (48,49). It was observed that cyto-
kines and the JAK/STAT pathways they participate in also
play important roles in patients with AIH (50) and mice with
ConA-induced hepatitis (51); this has led to the investigation
of whether tofacitinib can also play a protective role against
immune-mediated hepatitis. However, no studies related to
this aspect have been reported. In the present study, to the best
of our knowledge, for the first time, the protective effects of
tofacitinib against immune-mediated liver injury were detected
in a mouse model of ConA-induced immune-mediated hepa-
titis, which is a well-established animal model for the study of
T cell-mediated hepatitis (14).

In the present study, a mouse model of ConA-induced
immune-mediated hepatitis was first established and the
JAK1/STAT1 pathway in the mouse livers was detected. It was
revealed that the plasma transaminase levels and the expression
levels of TNF-a and IFN-y peaked at 12 h after ConA injection,
but the activation of the JAK1/STAT1 pathway appeared to occur
later, perhaps because the release of the inflammatory cytokines
that activate the JAK/STAT pathway proteins or the expression
of JAK/STAT pathway proteins was delayed. It was revealed that
the selective JAK inhibitor tofacitinib could in fact ameliorate
mouse liver inflammation effectively. The CBA results revealed
significant changes in the levels of several cytokines in the mouse
serum. TNF-a and IFN-y are regarded as the most important
mediators of ConA-induced hepatitis (52,53), and their expres-
sion levels revealed a decreasing tendency in the mice from the
tofacitinib treatment groups. The level of IL-6, which is essen-
tial for the differentiation of Th17 cells, was elevated after the
ConA injection, but decreased following tofacitinib treatment;
similar results were observed in case of IL-17A. Collectively,
these results indicated that Th17 cells are involved in the protec-
tive effect of tofacitinib. However, the expression of IL-10, an
anti-inflammatory cytokine related to tissue remodeling, Treg
differentiation, and immune homeostasis, also increased after the
ConA injection, perhaps due to a reaction elicited by the severe
inflammation. Furthermore, IL-10 expression exhibited a further
increase in mice from the tofacitinib treatment group, indicating
that tofacitinib enhanced immune suppression in the mice.

Tregs and Thl7 cells are the most important subtypes of
CD4* effector T cells associated with AIH and ConA-induced
hepatitis. The balance between these cell types is the key
to immune tolerance, and an impaired Treg/Th17 cell ratio
participates in the pathogenesis of many autoimmune diseases.
Considering that IL-10 is the key cytokine for Treg differentia-
tion and IL-6 induces the differentiation of naive CD4* T cells
into Th17 cells, and that according to our results, the IL-10
and IL-6 levels were altered following tofacitinib treatment,
MNCs were isolated from the livers of the experimental mice
and the Treg/Th17 cell ratios were analyzed. Herein, it was first
demonstrated that the number of both Tregs and Th17 cells
increased during immune-mediated liver injury. However, the
ratio of Tregs/Th17 cells decreased after the ConA injection and
was notably restored in the tofacitinib treatment group, thereby
strongly confirming our previous hypothesis. Tregs maintain
immunological tolerance and prevent autoimmunity by inhib-
iting the activation and proliferation of effector T cells. In the
mouse model of ConA-induced immune-mediated liver injury,
Tregs played an important immunosuppressive role against
severe liver inflammation and finally contributed to immune
tolerance. The inflammation in the mouse liver was severe at
24 h, and according to the present results, the number of both
Th17 cells and Tregs increased. However, the ratio of Tregs/Th17
cells among CD4* T cells decreased at 24 h, suggesting that the
number of Th17 cells increased more rapidly than that of Tregs
at this time-point. However, the present results indicated that
tofacitinib improved this situation and significantly restored the
ratio of Treg/Th17 cells, resulting in the development of immune
tolerance in the mouse livers in a much shorter time.

Although the mouse model of ConA-induced hepatitis is
a well-recognized and typical tool to study T-cell-dependent
liver injury, hepatitis in this model is acute and disappears after
several days. Therefore, it was further confirmed that tofaci-
tinib could suppress liver fibrosis in an AIH mouse model,
which provides additional evidence for the protective effect of
tofacitinib against immune-mediated liver injury. In summary,
the aforementioned results indicated that tofacitinib can atten-
uate immune-mediated liver injury in mice, and this treatment
effect was associated with the regulation of the Treg/Th17
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cell ratio and the inhibition of the expression of inflammatory
cytokines. The present study indicated that tofacitinib is very
likely to serve as a new treatment for immune-mediated liver
diseases, providing a prospective therapeutic strategy for liver
disease-related clinical challenges.
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