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Autoimmune hepatitis (AIH) results from an autoimmune-mediated chronic inflammatory response
against liver cells. Defective self-tolerance and dysfunctional dendritic cells (DCs) play a regulatory
role in AIH. Itaconate has recently attracted attention in the field of immunometabolism because of
its crucial role as an anti-inflammatory metabolite that negatively regulates the inflammatory
response. However, the underlying mechanism of itaconate mediation of DCs in AIH remains un-
clear. In this study, we found that itaconate acts as an anti-inflammatory factor in the liver.
Endogenous itaconate levels were significantly increased in mice with S100-induced AIH model and
correlated with upregulation of the immune-responsive gene 1 expression. However, the anti-
inflammatory response from endogenously itaconate may not represent the effects exogenously-
produced itaconate. We investigated the anti-inflammatory response from exogenous itaconate in
$100-induced AIH, and our results showed that itaconate treatment attenuated liver histopatho-
logical damage, hepatocyte apoptosis, aminotransferase elevation, and IL-6 production in the S100-
induced ATH model. In addition, Itaconate decreased glycolysis to suppress the maturation of DCs in
the liver and spleen of AIH models, thereby directly regulating differentiation of Th17 and Tregs in
vivo. The percentage of Th17 cells among the CD4" population were decreased and Tregs were
increased (P < 0.05). Furthermore, Itaconate-induced bone marrow-derived monocytes suppressed
CD4"cells proliferation. In vitro and in vivo, we found that itaconate suppressed autophagy via
activating the PI3K/AKT/mTOR signalling pathway in bone marrow-derived DCs and liver tissues.
We further investigated the function of Itaconate on DC-specific mTOR-deficient mice. mTOR-
deficient DCs augmented inflammatory reactions in mTORP®~/~ AIH mice and induced auto-
phagy. MHY1485 (an agonist of mTOR) and itaconate significantly alleviated the inflammatory
reaction and autophagy signalling. In conclusion, itaconate ameliorate liver inflammation in S100-
induced AIH mice by regulating the PI3K/AKT/mTOR pathway to decrease DCs autophagy and
maturation. These results provide insight useful for treating AIH.
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1. Introduction

Autoimmune hepatitis (AIH) is an immune-mediated chronic inflammatory response against liver cells characterized by interface
hepatitis, elevated aminotransferase levels, increased autoantibody levels, and an imbalance in regulatory T (Treg)/Th17 cells [1,2].
During dysregulation of immune homeostasis, the main underlying pathogenetic mechanism of AIH is abnormal T cell-mediated re-
sponses to autologous hepatocytes [3]. Dendritic cells (DCs) are pivotal master initiators of the antigen-specific immune response.
Immunogenic DCs promote the expansion and differentiation of effector T cells to protect against pathogens and autoantigens, whereas
tolerogenic DCs (tol-DC) instruct Tregs to dampen autoimmunity and prevent chronic inflammation. Breakdown of DC-mediated
tolerance is closely linked with the pathological progress of AIH. Intracellular metabolic changes in the immune system promote
effector mechanisms in the immune response e [4]. The activation and effector function of DCs are dependent on reprogramming of
intracellular metabolic pathways [5]. Improving the understanding of that itaconate regulates DC effector functions and immune
response in S100 induced-liver inflammation may provide insight into the causes of and therapeutic strategies for AIH.

Inflammatory activation of DCs impairs mitochondrial respiration and disrupts the tricarboxylic acid cycle, leading to the accu-
mulation of endogenous metabolites that may adopt immunomodulatory roles. Itaconate, produced from citrate, is one of the most
abundant metabolites in activated Macrophages, and has broad immunosuppressive properties. Multiple physiological metabolites in
macrophages have exhibited immunoregulation properties and exerted protective effects in various disease models [6]. Itaconate and
its derivates have been successfully applied as an immunoregulatory effector in the treatment of inflammatory diseases, including
ulcerative colitis, liver ischemia reperfusion, systemic lupus erythematosus, and systemic sclerosis [7-11]. Itaconate exerts
anti-inflammatory effects via many pathways [12,13], including by attenuating the inflammatory response in stimulated macrophages
by impairing glycolysis [14,15]. Itaconate is encoded by immune-responsive gene 1 (Irg-1), the expression and peak levels of which
vary under different conditions in inflammation and autoimmune diseases [16]. The cellular response to itaconate may differ by cell
type. Recent research found that the Irg-1/Itaconate pathway is a vital determinant of DC’s immune-priming function and contributes
to resolute house dust mite-induced asthma [17]. Therefore, the role of itaconate on DCs in the pathogenesis of AIH should be
evaluated. The mechanisms and pathways involved in these effects were also examined. The ability of itaconate to mediate immu-
nosuppression may be useful for treating AIH. Our findings confirmed that the activation of the Irg-1/Itaconate-pathway is involved in
liver inflammation in AIH. We hypothesized that itaconate alleviates liver inflammation by regulating DC immune function.

1.1. In this study, we investigated the inmunomodulatory

Effects of exogenous Itaconate on DC activation and liver inflammation in a homologous liver autoantigens (S100)-induced mouse
AIH model. The results showed that exogenous itaconate could alleviate liver histopathological damage, hepatocyte apoptosis,
lymphocyte infiltration, and IL-6 production. Itaconate suppressed maturation of DC and induced DC immune tolerance by inhibiting
CD4™ T cells proliferation and Tregs generation in vivo and in vitro. Furthermore, itaconate modulated DCS function by blocking DCs
autophagy. Our findings further deeply reveal the mechanisms and pathways regulated by Itaconate and provide a new useful
approach for AIH treatment.

2. Materials and methods
2.1. Animals

Six-to eight-week-old male C57BL/6 mice were obtained from Lanzhou Veterinary Research Institute. The conditional knockout
mouse bearing floxed mTOR with a CD11c-Cre deletion strain (mTORDC’/ ~) was obtained from the Institut Pasteur of Shanghai
Chinese Academy of Sciences. All mice were housed in a specific-pathogen-free (SPF) facility Laboratory Animal Center with
controlled temperature (24 + 2 °C) and humidity. The mice received standard laboratory chow and water. All animal experiments
conformed to the animal care protocols by the Ethics Committee of the Lanzhou University NO1 Hospital, China (the approved
protocol number for animal experimentation: LDYYLL-2022-334).

2.2. AIH model

The allogeneic C57BL/6 male mice were anesthetized by intraperitoneal injection with 0.004 mL/g 10% chloralhydrate. The liver
homogenate was freeze-thawed at —80 °C and 37 °C three times and the supernatant was centrifuged at ultra-high speed (100 000xg)
for 1 h. The S100 liver antigen subcomponents were separated from the final supernatant by a 90 cm Cl-6B Sepharose column.
Hereinafter, the S100 protein subcomponent combined with Freund’s adjuvant (Sigma-Aldrich St. Louis, MO, USA) is referred to as
$100-In this experiment, the concentration of S100 used was 2.0 g/L. Next, the C57BL/6 mice and mTORP®~/~ mice were intraper-
itoneally injected with 2.0 g/L of S100 on day 7 and 21. Mice were randomly divided into groups: the normal control (NC) group (n =
6); the model group (AIH) treated with S100 (n = 6); and the treatment group (AIH + ITA) treated with Itaconate obtained from Sigma-
Aldrich (St. Louis, MO, USA) (n = 6), the treatment group (mTORP®~ 4 MHY) treated with MHY1485 (Abmole, Houston, USA). After
mice were euthanized at day 42, the liver and spleen were taken, photographed and weighed to observed the changes of spleen in size
and weight.
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2.3. Determination of itaconate by LC-MS

For targeted metabolite analysis, extracts were analysed using a triple quadrupole TSQ Quantum mass spectrometer coupled to an
UltiMate 3000 RS chromatograph (Thermo, Massachusetts, USA) in Wuhan Servicebio Technology Co., Ltd. Freeze-dried mouse liver
samples were added to methanol to extract metabolites. Detection method: select reaction monitoring (SRM). Under the same con-
ditions, the chromatogram of the sample was compared to the standard chromatogram of itaconic acid, and the chromatographic peaks
of each component in the sample were determined according to retention time. All chromatogram data of itaconic acid was processed
and integrated using the software, Xcilabur 3.0 (Thermo, Massachusetts, USA), and quantitation was achieved by linear regression
with weighted coefficients.

Table 1
The severity of AIH mice model.
NC(n = 6) AIH(n = 6)

Ascites no more
Liver texture Soft, smooth Tough, fibrosis
Spleen size normal splenmegaly
Mortality 0/6 3/6
Weight(g) 26.8 +1.9 22,5 4 2,3%*
HE scores 0.5+ 0.29 2.75 + 0.25**
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Fig. 1. IRG-1/Itaconate pathway was altered in S100-induced ATH mice. (A)The survival curves of mice in indicated groups (data were
collected every 6 days; n = 8 for each group). (B) Typical total ion flow chromatogram of endogenous itaconate in the liver tissue samples measured
by liquid chromatography-mass spectrometry analysis. (C) Quantitative analysis of the value of itaconate in different groups. (D)The protein
expression of IRG-1 was determined by western blotting.(E)The quantitative analysis of the expression of IRG-1, the relative protein levels were
normalized to p-actin. * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.
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Fig. 2. Exogenous itaconate alleviated liver injury in mice with S-100-induced AIH. (A) Schematic showing the experimental design and
treatment of S100 induced-mouse ATH model. Model group mice were intraperitoneally injected with S100 (0.5ml/mice) on day1l and 7; On day 21,
the treatment group (AIH + ITA) was intraperitoneally administered 50 mg/kg itaconate. While the NC and model groups (AIH)received an
equivalent volume of phosphate-buffered saline, (B) Representative images of liver and spleen tissues (scale bar = 1 cm) in indicated groups. (C)The
index of spleen (the ratio of weight of spleen and weight of body) were compared. (D) Representative images of haematoxylin and eosin (scale bar =
50 pm), and assessed for the severity of hepatitis by two pathologists in a blinded manner. The black arrows highlight lymphocytic infiltration. The
red arrows highlight hepatocyte necrosis (magnification: x 200). (E) Quantitative analysis of the liver damage. (F) TUNEL staining indicated
apoptotic hepatocytes (scale bar = 50 pm); positive cells with brown nucleus were counted in three fields. (H-J) ALT, AST and ALB in the serum. (K)
Serum IL-6 levels. N = 4, Data are presented as mean + SD of three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001. NC, normal
control; ATH, Autoimmune hepatitis; ITA, Itaconate; IL-6, interleukin-6; ALT, alanine aminotransferase; AST, aspartate transaminase; ALB, albumin.
(‘For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

2.4. Energy metabolomics

The intracellular energy metabolites were analysed by Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis in
Shanghai Applied Protein Technology Co. Ltd. The sample (1 x 107 DC cells were isolated from spleens of each group) were taken out
at —80 °C. Then 400 pL of cold methanol/acetonitrile (1:1, v/v) was added to remove the protein and extract the metabolites. LC
analysis was performed using a 1290 Infinity LC system (Agilent, California, USA). Mass spectra acquisition was performed using a
5500 QTRAP mass spectrometer (AB SCIEX, USA) on negative ionization mode and MRM mode. The energy metabolite standard was
used to correct the retention time and identify metabolites. Peak areas and retention times were analysed using Multiquant software.

2.5. Liver function and cytokine assay

Retro-orbital blood samples were collected from mice and centrifuged at 1000xg for 15 min to separate plasma. The levels of
alanine aminotransferase (ALT), aspartate transaminase (AST), and albumin (ALB) were determined using an automatic dry
biochemical analyser (AU5800, Beckman Coulter, USA) from the Clinical Laboratory Department of the First Hospital of Lanzhou
University. The levels of IL-6 in murine plasma were analysed using ELISA kits (DAKEWE, Shen Zhen, China), according to the
manufacturer’s instructions.

2.6. Liver histological assessment

Liver tissues from the mice were fixed in 10% formalin. After paraffin embedding, sections were dewaxed and rehydrated. The
slices were stained with haematoxylin-eosin (H&E) and immunohistochemical stain incubated with 1st and 2nd antibodies. The brown
cell areas were observed under microscopy (Nikon, E100, Tokyo, Japan) and calculated with an image system (Nikon DS-U3, Tokyo,
Japan). The liver damage score was evaluated by two independent and experienced pathologists, adopting the revised Kondell protocol
[181.

2.7. TUNEL assay

The TUNEL assay was carried out with the TUNEL kit (G1507, Servicebio, China) as instructed by the manufacturer. Liver sections
(5 pm thickness) embedded in paraffin were dewaxed and dehydrated, and then incubated with TUNEL reaction mixture at 37 °C for 1
h. Finally, the tissues were labelled with DAB chromogenic agent and observed via light microscopy.

2.8. Flow cytometry analysis

To obtain single cell suspension, the spleen tissues collected from mice were grinded and filtered. The red blood cells were lysed
with Red Blood Cell Lysing buffer (Sigma-Aldrich, USA). The freshly prepared lymphocytes (1 x 10%) were suspended in 100 pL PBS
and stained with the following different combinations of fluorescent-coupled antibodies obtained from Biolegend (San Diego, CA,
USA):PE-anti-mouse CD11c, Percp 5.5-anti-mouse MHC-II, APC-anti-mouse CD86. To detect Th17 and Treg cells, T cells were stim-
ulated with the PMA/Ionomycin and BFA/Monensin (CS1001, Multi Science, China) mixtures for 5 h; cells were collected and stained
with Percp 5.5-anti-mouse CD4 and PE-anti-mouse CD25, respectively. T cells were incubated with fixation and permeabilisation
diluent (Invitrogen, Carlsbad, California, USA). Then T cells were further stained with APC-anti-mouse IFN-y, PE-anti-mouse IL-17,
FITC-anti-mouse Foxp3. The above antibodies were obtained from Biolegend (San Diego, CA, USA). Data were acquired via flow
cytometry on a Fluorescence-activated cell sorter (FACS; BD Accuri C6) and analysed using BD Accuri C6 software.

2.9. Cell purification and culture

Bone marrow-derived monocytes (BMDC) were isolated from mouse femur and tibial bone marrow and cultured in vitro with
culture medium containing 10% FBS, recombinant mouse 40 ng/mL GM-CSF and 40 ng/mL IL-4 (ProteinTech, Chicago, USA). Later,
BMDCs were stained with PE-CD11c microbeads (130-108-338, Miltenyi Biotec, Bergish Gladbach, Germany), and positively sorted
via magnetic cell sorting (Auto-MACS-Pro, Miltenyi, Germany). At the same time, naive CD4" T cells were positively sorted from
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Fig. 3. Exogenous itaconate regulated the proportion and maturation of DCs in vivo. (A, B) IHC staining and Quantitative analysis of CD86,
MHC-II and CD11c in the hepatic tissues of indicated groups (Original magnification:x200). (C, D) Representative plots and quantification of flow
cytometry for surface costimulatory molecules of DCs in the spleen tissues of indicated groups. The data represent the mean + S. D from four
experiments. (E) DCs isolated from the spleen were analysis by energy metabolomic. Heat maps showing different abundant metabolite features in
spleen DCs of indicated groups, with enriched metabolites were highlighted in red.(F) Bar graph shows top 25 metabolic pathways distinctly
perturbed by itaconate treatment, Bar length relates to the pathways of different expressed metabolite sets. (G,H)Representative western blotting
images and the relative expression of glycolysis associating proteins, HK2, PKM2, and LDHA in indicated groups; *P < 0.05, **P < 0.01 and ***P <
0.001 vs control. NC, normal control; ATH, Autoimmune hepatitis; ITA, Itaconate; N, normal control; M, model group treated with S100; T, treat
group with itaconate; HK2, Hexokinase 2; PKM2,Pyruvate; LDHA, Lactate dehydrogenase. dehydrogenase 2; LDHA, Lactate dehydrogenase; KD,
liilodalton. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

lymphocytes of the spleen from allogeneic mice using MACS CD4 MicroBeads (130-117-043, Miltenyi Biotec, Bergish Gladbach,
Germany), and cultured with mouse lymphocyte culture medium in the presence of soluble anti-mice CD3/CD28 monoclonal antibody
and IL-2 (5 pg/mL) in vitro. The purified BMDC was further used in co-culture and adoptive transfection experiments.

2.10. Mixed lymphocyte reaction

Activated DCs treated with different agents were plated into a 24-well plate, co-cultured with allogeneic naive CD4+T cells, which
were previously labelled with 0.5 pM carboxyfluorescein succinimidyl ester (CFSE) (Sigma-Aldrich St. Louis, MO, USA), in the
presence of 5 pg/mL soluble anti-mice CD3/CD28 monoclonal antibody at a ratio of 1:5 (DC/T cell) for 3 days. To investigate the role of
BMDC on the proliferation of CD4+T cells, the collected T cells were stained with anti-mouse CD4 after co-cultivation. The fluores-
cence intensities of CFSE dye on CD4+-T cells were detected on a BD C6 flow cytometer by the FL1 (FITC) channel.

2.11. Monodansylcadaverine (MDC) staining

Autophagic vacuoles were detected by MDC (Solarbio, Beijing, China) staining. BMDCs were seeded in 24-well plates with a density
of 1 x 10° cells/well, and then treated with saline or S100 (20 pg/mL) alone or in combination with itaconate or chloroquine (Selleck,
Houston, USA) for 12 h. Next, cells were incubated with an appropriate amount of preheated working solution containing MDC probe
(50 pM) for 30 min in the dark at 37 °C. Autophagic vacuoles formed in the cells were detected under fluorescence microscopy.

2.12. Western blot

Total protein was extracted from the liver tissues of mice or BMDC using a mixture of RIPA lysis buffer, phenylmethanesulfonyl
fluoride (PMSF, Beyotime Biotechnology, Haimen, China) and phosphatase inhibitors. Equivalent amounts of total proteins were
separated via 6 or 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene
fluoride (PVDF) membranes (Millipore Corp, Billerica, MA, USA). After blockade with 5% BSA for 1 h, membranes were incubated with
primary antibodies overnight at 4 °C, and the blots were incubated with secondary antibody at 37 °C for 2 h. As an internal control,
p-actin was detected using an anti-p-actin antibody, and the immunoreactive bands were analysed using Fluorochem FC3 (Pro-
teinSimple, USA) chemiluminescence system. Detailed information about antibodies can be found in the KEY RESOURCES TABLE of
Supplementary Table 1.

2.13. Statistical analysis

GraphPad Prism 8 (La Jolla, CA, USA) was used for all statistical analyses and generation of plots. All data are presented as the mean
+ SE. Intergroup comparisons of the quantitative data was analysed by one-way analysis of variance (one-way ANOVA). Multiple
comparisons of the means of two samples were performed using independent-samples t-tests, and the correlations between two
variables were assessed using Pearson correlation analysis. Survival was analysed using Kaplan-Meier log-rank test. P < 0.05 was
considered statistical significance. No data exclusions were made in experimental sections. The main statistical parameters (F, t, exact
p values and N/group) are in a Supplementary Table 2.

3. Results
3.1. IRG-1/itaconate pathway was altered during AIH

To explore the immunomodulatory effects of the IRG-1/Itaconate-pathway in AIH, we employed the homologous hepatic auto-
antigen S100-induced AIH model that successfully mimicked liver injury in human AIH (Supplementary Figs. 1A-D), which is useful
for evaluating the pathogenesis of autoimmune hepatitis [19]. We found that S100 increased the mortality and severity of AIH
(Table 1) and decreased the total survival time (Fig. 1A) of the model mice. We assumed that endogenous itaconate production and
IRG-1 expression by liver might be due immune response in S100-induced AIH. Itaconate production assessed using targeted liquid
chromatography-mass spectrometry (LC-MS) were significantly increased in AIH (Fig. 1B and C), and was correlated with upregu-
lation of IRG-1(P < 0.01) (Fig. 1D and E), which mediates the decarboxylation of cis-aconitate to itaconate. These findings demonstrate
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Fig. 4. DC modulated Th17 and Treg differentiation during S100 induced-AIH. (A) DC and Treg cells infiltration in the liver tissues of different
groups were analysed via immunofluorescence (IF). Canonical CD11"MHC-II"DCs infiltrate in the liver of mice were stained for CD11C- Cy5 (pink),
Treg cells were stained for CD25-Cy3 (red) and Foxp3-FITC(green). Treg Cells expressing both appear in yellow. (B) Quantitative analysis of the
value of DCs and Treg cells; (C,E) Typical CD4"CD25+Foxp3 Tregs cells and CD4-+IL17+IFN-y Th17 cells in spleen were determined via flow
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cytometry analysis and quantitative analysis in different groups (D,F). Results are depicted as mean + SD and were repeated thrice independently.
*P < 0.05, **P < 0.01 and ***P < 0.001. NC, normal control; AIH, Autoimmune hepatitis; ITA, itaconate; Tregs, Regulatory T cells. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

that the activation of the IRG-1/Itaconate-pathway is involved in liver inflammation in AIH.

The homologous hepatic autoantigen S100-induced ATH model. In the AIH group, after injected the s100 solution, the texture of
liver became fibrosis and tough, while the size of spleen became larger. The mice exhibited more ascites, declined weight trend, higher
mortality, compared to the NC group. The liver exhibited substantially increased histological severity of hepatitis, compared with NC
group (P < 0.01).

3.2. Exogenous itaconate alleviated liver injury in AIH mice

To support the view that itaconate has a potential anti-inflammation biological function, we evaluated whether exogenous itac-
onate in vivo might ameliorate liver inflammation in S100-induced AIH mice (Fig. 2A). The spleen size and spleen index were
significantly lower in mice receiving itaconate compared with S100-treated mice (Fig. 2B and C), and histological analysis showed that
itaconate reduced the extent of liver tissue necrosis and lymphocyte infiltration (P < 0.001) (Fig. 2D and E). We also found that there
was a negative correlation of itaconate with liver H&E score (Supplementary Fig. 2A). TUNEL assay analysis of hepatocyte apoptosis
indicated that areas positive for apoptotic cells in the itaconate-treated group decreased significantly (P < 0.01) (Fig. 2F and G).
Histopathological examination and the levels of ALT were used to assess the liver damage. We found that itaconate decreased ALT and
increased ALB levels compared with the S100-treated group (Fig. 2H and K), although aspartate aminotransferase (AST) levels were
not significantly changed (Fig. 2I). Serum II-6, an important inflammatory factor secreted by hepatic cells, was significantly suppressed
following itaconate treatment compared to that in the AIH group (Fig. 2K). These results support that exogenous itaconate treatment
attenuated liver inflammation and hepatocyte injury.

3.3. Exogenous itaconate diminished the proportion and maturation of DCs in vivo

DCs play an important role in activating adaptive immunity and promoting immune tolerance. Breakdown of the tolerance of DCs is
closely linked with the pathogenesis of AIH [20]. First, we investigated the characteristics of DCs in the liver tissues using immu-
nohistochemistry. We confirmed the tolerance function of intrahepatic DCs treated with itaconate; DCs with lower expression of
MHC-II and CD86 infiltrated the portal areas in the liver with itaconate treatment but not in that with S100 treatment (Fig. 3A and B),
indicating that itaconate inhibited DC antigen presentation to T cells. To determine whether the maturation state of spleen-derived DC
differs from DCs in the liver tissue, we performed flow cytometry to analyse maturation marker expression on spleen DCs. Similarly,
the expression of costimulatory molecule CD86 and MHC-II in CD11C*DCs in the itaconate-treated group was decreased (P < 0.01)
(Fig. 3C and D), indicating that itaconate induced tol-DC production in vivo. To further verify this hypothesis, we generated bone
marrow-derived DCs (BMDCs) and cultured the cells with S100 or itaconate (20 mg/mL) from days 6 to 8. The results were the same
(Supplementary Figs. 5A-C). Occurrence of immune tolerance and the immune response in DCs depend on reprogramming of intra-
cellular metabolic pathways [21]. Itaconate induced tol-DCs partly by altering immune cell metabolism. The energy metabolite set
enrichment analysis showed that the metabolic pathways switched from glycolysis to oxidative phosphorylation when DCs were
stimulated via itaconate (Fig. 3E and F). Oxaloacetate, the intermediate metabolite of tricarboxylic acid cycle, was significantly
upregulated by itaconate stimulation compared to that in S100 pulsed DCs (Supplementary Fig. 3A). We next investigated the
expression levels of glycolysis-associated proteins in the liver tissues and found that the expression levels of the glycolytic enzymes
HK2, LDHA, and PKM2 were downregulated in the itaconate-treated group (P < 0.01) (Fig. 3G and H). Collectively, these data suggest
that itaconate promotes DC immune tolerance by inhibiting DC glycolysis in S100-induced AIH mice.

3.4. DCs modulated the differentiation of Th17 and Treg during S100 induced-AIH

As tol-DCs induces Tregs to dampen autoimmunity, we investigated Tregs and Th17 cells in the liver and spleen to determine
whether DCs modulate T cell differentiation following itaconate stimulation. DC and Treg cell infiltration in the livers were analysed
using immunofluorescence. With an increasing proportion of CD1 1cMEhDC cells, the frequency of Tregs (CD25"Foxp3™") was signifi-
cantly increased (Fig. 4A and B). Similarly, flow cytometry analysis revealed that S100 treatment increased the percentage of Th17
cells (Supplementary Fig. 4A) among the CD4 " population and decreased Treg cells (Supplementary Fig. 4B) in the spleen (Fig. 4C and
D), whereas itaconate treatment reversed these changes (Fig. 4E and F). Thus, increased Tregs may promote CD4'T cell immune
tolerance. These results confirm that itaconate treatment induced DC tolerance, which can lead to no or low reactivity of T cells and
promote the differentiation of native T cells towards Treg cells.

3.5. Itaconate-induced BMDCs suppressed CD4 ™" proliferation in vitro and protected against hepatic injury

Tregs are important for maintaining immune tolerance in the body. Tol-DCs induce Tregs generation through cell-cell contact-
dependent signalling, secretion of targeted proteins and cytokines, as well as other mechanisms [22]. To investigate whether DCs
regulate T cell proliferation directly in vitro and in vivo, we cultured the BMDCs with S100 or Itaconate (20 mg/mL) from days 6 to 8
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Fig. 5. Treatment of BMDCs with Itaconate inhibited CD4™ T cell proliferation in vitro and protected against hepatic injury. (A)Induction
and culture schema of BMDCs and cell transplantation. BMDCs from WT mice were cultured with GM-CSF and IL-4, then stimulated with S100 in the
presence or absence of itaconate for 48 h and were injected into AIH mice via tail-quietly.(B) Representative images of liver and spleen tissues (scale
bar = 1 cm) in indicated groups.(C) The index of spleen. (D, E) Representative H&E staining micrographs (scale bar = 50 pm) and quantitative
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analysis of the liver inflammation. Black arrows highlight lymphocytic infiltration. (F-H) ALT, AST and ALB in the serum. Data were expressed as
the mean =+ SD (n = 4). (I) Serum concentrations of IL-6 (G) Representative photographic images of CD4+T cell proliferation labelled with CFSE and
observed under a fluorescence microscope. (J, K) Quantification of percent proliferation in indicated groups, using flow cytometry analysis (n = 4
biological replicates). *P < 0.05, **P < 0.01 and ***P < 0.001. BMDC, Bone Marrow-derived dendritic cell; GM-CSF, Granulocyte macrophage
Eolony stimulating factor; IL-4, interleukin 4; Tol-DC, tolerogenic dendritic cells.

(Supplementary Fig. 5A), and transferred the BMDCs into AIH C57BL/6 recipient mice (Fig. 5A). We found that the spleen index was
reduced, hepatocyte necroses and inflammatory cell infiltration were reduced, and the levels of ALT and IL-6 were significantly
decreased in recipient AIH mice receiving the itaconate-induced BMDC compared with S100-induced BMDC (Fig. 5B-I). Further, the
results of coculture experiments showed that $100-induced BMDCs exhibited promoting CD4" T cells proliferation. In contrast,
treatment of BMDCs with itaconate inhibited CD4™ T cells proliferation (P < 0.05) (Fig. 5G-L) and potentiated the conversion of
effector cells into Tregs (data not shown). These in vitro results show that itaconate directly affected DCs activity and influenced the
proliferation of CD4+T cells by altering cell-to-cell communication, resulting in anti-AIH effects in vivo.

3.6. Itaconate inhibited BMDC autophagy through the PI3K/AKT/mTOR pathway in S100-induced AIH mice

To confirm whether the alleviation of AIH by itaconate is associated with autophagy in DCs, we evaluated autophagy-related
protein expression in BMDCs using western blotting. The protein levels of LC3-II/LC3-I and Beclin-1 were upregulated following
treatment with S100, whereas itaconate reversed these effects (Fig. 6A and B). To confirm that these results were related to autophagy
flux, we used the autophagy inhibitor chloroquine, which prevents fusion between autophagosomes and lysosomes. LC3-II levels were
downregulated in the presence of chloroquine. Thus, itaconate decreased autophagy by impairing autophagy flux rather than by
blocking the autophagy pathway. Next, we performed in vitro labelling of late-stage autophagic vacuoles in BMDCs to monitor the
effect of itaconate on autophagy. Fewer MDC-labelled vacuoles accumulated in the cytoplasm of BMDCs in the itaconate-treated group
(Fig. 6D). Autophagy-related protein expression in the liver tissues treated with itaconate was consistent with the results observed in
vitro (Fig. 6E and F). The overall effect of mTOR on autophagy was mainly determined by the autophagy axis itself; the mediation of
autophagy in BMDCs is regulated by mTOR signalling (Fig. 6C). In vivo, the phosphorylates levels of p-AKT/AKT and p-mTOR/mTOR
were significantly decreased in the S100-treated group and increased in the itaconate-treated groups (P < 0.05) (Fig. 6G and F). mTOR
exists as two supramolecular complexes (mMTORC1 and mTORC?2). p-S6 is indicative of mTORC1 activity. mTORC1 directly phos-
phorylates the effect of protein p70s6 kinase 1 and 4E-BP-1 to initiate translation of distinct mRNAs [23]. We found that itaconate
treatment in vivo significantly increased the levels of phosphorylated p70S6, S6, and 4E-BP-1 (Fig. 6I and J). These results indicate that
autophagy dysfunction is ameliorated by Itaconate via recovery of the PI3K/AKT/mTOR signalling pathway.

3.7. Itaconate alleviated liver inflammation and inhibition autophagy in mTORP®~/~ AIH mice through mTOR signalling

To investigate how immune responses regulated by the mTOR signalling pathway affect DC function, we bred mice with mTOR-
specific knockout of DCs (CD11C-cre-mTOR-floxed, mTORPC/7). The results showed specific genetic ablation of mTOR in DC cells
(Supplementary Fig. 6A). The results showed that spleen size, spleen index, and portal areas lymphocyte infiltration and hepatocyte
necrosis were exacerbated in mTORP®~/~ AIH mice (P < 0.05) (Fig. 7A-D). mTOR-deleted DCs exhibited augmented proinflammatory
cytokine production in mTORP®~/~ AIH mice (Fig. 7E). We next performed a rescue experiment using mTORP®~/~ AIH mice treated
with MHY1485 (an agonist of mTOR) after S100 treatment. mTORP®/~AIH mice administered MHY1485 showed reduced liver
inflammation, and histopathological analysis indicated that the hepatocytes were preserved (Fig. 7C-E), which was as the same as
itaconate. In addition, the expression levels of the autophagy-related proteins LC3-II and Beclin-1 showed an opposite trend: MHY1485
and itaconate blocked autophagy flux induced by S100 (Fig. 7F-H). In summary, itaconate alleviates liver injury in S100-induced
mTORP®~/~AIH mice and reduce DC autophagy by regulating the mTOR signalling pathway.

4. Discussion

However, AIH is considered chronic hepatic damage, the mechanisms underlying the amelioration of AIH by itaconate remain
unclear. S100 induced hepatitis has similar histopathology features and is suitable to establish ATH models. Our findings demonstrate
that the activation of the IRG-1/Itaconate-pathway is involved in liver inflammation in AIH. Thus, itaconate may exert stimulus-
dependent effects on inflammation. In addition, IRG ' ~deficient mice showed an exacerbated inflammatory response [13,24], indi-
cating that itaconate plays vital roles in this model. However, the endogenous production of itaconate was not sufficient to protect the
liver damage. We found that exogenous itaconate as an immunomodulator, replenishing the endogenously-produced itaconate thereby
preventing liver damage in S100-induced AIH mice. Our data highlight the protective effect of exogenous Itaconate in the AIH liver and
suggest a therapeutic intervention.

Inflammatory cells play a key role in ATH-associated hepatic injury and the underlying mechanism was further investigated. DCs are
the main cells maintaining the body’s immune tolerance. Disrupting the balance of the immune response and tolerance regulated by
DCs is closely related to the incidence of AIH [25]. Previous studies showed that the frequency of peripheral mature DCs was
significantly increased in patients with AIH and experimental AIH mice and positively correlated with liver inflammation [26].
Similarly, our results demonstrated that the proportions of DCs and Tregs were increased after S100 administration, indicating
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Fig. 6. Itaconate treatment exerts regulatory effects on BMDC autophagy via the PI3K/AKT/mTOR pathway in S100-induced AIH. (A)
BMDC were cultured with normal medium, S100, S100-+Itaconate, S100+Chloroquine respectively in vitro. (B)Protein expression of LC3, p62 and
beclin—1 of BMDCs was measured via Western blot. (C) Protein expression of p-mTOR, mTOR of BMDCs was measured via Western blot. (D)
Following each treatment, acidic vacuoles in BMDC cells were stained with MDC and observed under a fluorescence microscope. (E, F) Western blot
and quantitative analyses of levels of LC3, p62 and beclin—1 in the liver tissues of AIH were measured via Western blot. (G, H) Western blot and
quantitative analyses of levels of PI3K, p-Akt and Akt in the liver tissues of AIH mice were measured via Western blot. (I) Western blot for p-mTOR,
mTOR, p-P70S6, p-S6, p-4E-BP-1 and 4E-BP-1 in liver tissues of indicated groups. f—actin was used as the internal control. (J)Quantitative analyses
of protein levels showed that the p-mTOR/mTOR ratio as well as p-P70S6 and p-S6 of AIH + ITA group were upregulated compared with those of
the AIH group. Values represent the mean + S. D of three experiments for each group. *P < 0.05, **P < 0.01 and ***P < 0.001 vs control. *P < 0.05,
##p < 0.01 and *##P < 0.001 vs S100 or AIH. PI3K, phosphatidylinositide3-kinase; AKT, protein kinase B; m-TOR, mechanistic target of rapamycin;
KD, kilodalton.

proinflammatory DCs are related to the pathology of AIH. Tol-DCs are in an immature state and thus express low levels of cos-
timulatory molecules (CD80/CD86) and MHC-II; they can phagocytose antigens but cannot effectively present antigens to T cells, and
therefore cannot effectively activate T cells. Itaconate decreased the phenotypic maturity of DCs in the liver and spleen stroma. The
occurrence of immune tolerance and the immune response in DCs depend on reprogramming of intracellular metabolic pathways. The
activation, antigen presentation, migration, inflammatory factor secretion, and other biological processes of DCs are accompanied by
profound changes in cellular metabolism. Tol-DCs are characterized by increased aerobic phosphorylation, decreased glycolysis, and
lower IL-12 production [27]. Two recent studies revealed that negative feedback occurs between itaconate and glycolysis, which may
be related to the anti-inflammatory effects of itaconate [14,15]. Analysis of energy metabolomics and glycolysis-related proteins
showed that itaconate reduces glycolysis in DCs. These results support that itaconate exerts an immunosuppressive effect by decreasing
glycolysis and inducing DC tolerance.

Tol-DCs can effectively induce Tregs production but not the Th1/Th17 response; this interaction may be a key link in the path-
ogenesis of autoimmune diseases [28]. Tol-DCs can induce immune tolerance by inducing T cell inactivation, apoptosis, and Tregs
generation [29]. Inhibiting glycolysis in DCs downregulates the production of Th17 cells and facilitates Foxp3*Treg-mediated immune
tolerance [30]. Tregs regulates the maturation and function of DCs by secreting IL-10 and TGF-§ and downregulating the levels of
MHC-II and costimulatory molecules [31]. Our results reveal DCs may modulate Th17 and Tregs differentiation via itaconate in
$100-induced AIH. In addition, BMDCs induced by itaconate inhibited CD4"T cell proliferation in vivo and in vitro. Similar to direct
application of itaconate in AIH mice, adoptive transferred itaconate-induced BMDCs alleviated liver inflammation and decreased
serum IL-6 levels in AIH mice. IL-6 secreted by DCs reportedly plays a key role in controlling the balance of Th17 and Treg cells [32].
Taken together, we demonstrated that itaconate protects against T cell-mediated AIH, and its mechanism may involve regulation of the
tolerance of DC-mediated differentiation of Tregs/Th17 cells.

Autophagy and apoptosis, known as programmed cell death processes, participate in the pathogenesis of AIH. Autophagy is a
lysosomal degradation pathway that is critical to cytoplasmic homeostasis [33]. Numerous studies showed that autophagy is impli-
cated in the progression of AIH. A recent clinical study demonstrated that abnormal autophagy is associated with extensive inflam-
mation and an overactivated immune response [34]. Blockade of autophagy flux promoted the transformation of immunogenic DCs to
tolerant DCs and decreased the proliferation of CD4™T cells [35]. Autophagy is implicated in the activation of adaptive immunity,
promoting direct clearance of pathogens, antigen processing, and presentation to T cells [36]. In this study, S100 promoted autophagy
on BMDCs; however, itaconate reversed these effects. In the cell experiments, chloroquine was used to verify the patency of autophagy
flux. Our results indicate that Itaconate depressed autophagy by blocking the fusion of autophagosomes and lysosomes.

The precise regulation of autophagic flux by itaconate were further explored. The PI3K/AKT/mTOR signalling pathway is involved
in the occurrence and development of AIH and appears to contribute to inflammation in dysfunctional autophagy [37]. PI3K/AKT is
the upstream of the mTOR signalling pathway, and the AKT signalling pathway can downregulate autophagy [38]. A previous study
revealed that pre-treatment with propylene glycol alginate sodium sulfate reduced hepatocellular apoptosis and autophagy by
regulating the PI3K/AKT/mTOR pathway [39]. Methylprednisolone treatment ameliorated hepatocyte apoptosis and autophagy in
CoA-induced AIH through the activated AKT/mTOR signalling pathway [40]. In line with these results, we found that itaconate
upregulated the levels of p-AKT/AKT and p-mTOR/mTOR to inhibit autophagy in vivo. As a consequence, activated mTOR inhibited
autophagy and reduced the number of autolysosomes, preventing autophagic cell death [41]. mTOR pathway-sensing environmental
cues modulate DC differentiation and immune functions, but the regulation mechanism of itaconate on DCs by the mTOR pathway is
not well-understood. Activation of mTOR reduces endogenous antigen presentation on MHC-II molecules by blocking DC autophagy,
which limits T cell activation [31]. Inhibition of mTOR with rapamycin augments the production of proinflammatory cytokines; in
contrast, activation of mTOR by deletion of TSC2 alleviates proinflammatory cytokine release [42]. We validated in vivo that itaconate
is a pivotal negative determinant of DC function that regulates autophagy via the mTOR signalling pathway in ATH. mTOR-deleted DCs
augmented chronic liver injury and exacerbated IL-6 production by promoting autophagy. MHY1485 alleviated liver inflammation
and proinflammation cytokine production by blocking autophagy. Itaconate may affect DCs via the following mechanism: mTOR
signalling in DCs functions as a brake to restrain excessive autoimmunity by blocking autophagy, maintaining proper immune ho-
meostasis by inhibiting DC maturation and promoting Treg cells proliferation (data not shown). However, the impact of Itaconate on
the mTOR signalling may be indirect, other mechanisms may be involved and further research is required to clarify the molecular
mechanism.
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the mean + S. D at each time point. Data are shown as the mean + SEM of three independent experiment. *P < 0.05, **P < 0.01 and ***P < 0.001
vs WT. #P < 0.05,#P < 0.01 and *##P < 0.001 vs mTOR P/~ mice. WT, wild type; mTORP®~/~, the conditional knockout mouse bearing floxed
mTOR with a CD11c-Cre deletion strain. MHY1485 (an agonist of mTOR); KD, kilodalton.
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5. Conclusions

In summary, our study identified the roles of itaconate in the immune function of DCs and the mechanisms of itaconate in AIH,
suggesting that itaconate induced DC immune tolerance by decreasing glycolysis and regulating the balance of Th17 and Tregs to
prevent AIH. Itaconate treatment ameliorated mitochondria-mediated autophagy dysfunction via the PI3K/AKT/mTOR pathway in
AIH (Fig. 8). which may provided a strategy for AIH treatment. Although, S100 induced liver injury could effectively mimics liver
injury in human AIH, the mechanisms involved in immune-induced liver injury are complex, and further research is required to
elucidate the exact mechanism. The study was performed using mice and cellular experiments, therefor studied on the anti-
inflammatory effects of itaconate on human AIH are needed in the future for verification.
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