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ABSTRACT
Intestinal dysbiosis and T cell-mediated immune attack are implicated in the pathogenesis of 
autoimmune hepatitis (AIH). However, the mechanisms by which microbiota-derived meta
bolites modulate immune homeostasis in AIH remain elusive. Here, we demonstrated that 
microbiota-derived indole-3-carboxaldehyde (ICA) was significantly reduced in patients with 
AIH. Treatment with ICA restricted the activation of effector T cells by activating AhR in 
T lymphocytes. Nuclear translocation of AhR induced the transcription of PI3K interacting 
protein 1 (Pik3ip1), which inhibited the PI3K/Akt/mTOR signaling pathway. In vivo supple
mentation of ICA suppressed effector T cells and mitigated the tissue damage and hepatic 
inflammation in two mouse models of T cell-mediated hepatitis. Importantly, T cell-specific 
deletion of AhR abrogated the protective effects of ICA in AIH-like mouse model. Finally, 
administration of Lactobacillus reuteri resulted in elevated level of ICA and protected mice 
from liver damage. Our data suggest that ICA supplementation ameliorates immune- 
mediated hepatitis through agonizing AhR in T cells, presenting a promising therapeutic 
strategy for AIH.
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Introduction

Autoimmune hepatitis (AIH) is an organ-specific autoimmune disorder characterized by T cell-rich 
infiltrates leading to necrosis of hepatocytes and hepatic fibrosis.1,2 Patients of AIH generally respond to 
the systemic immunosuppression comprising corticosteroids and/or azathioprine.2 However, there is an 
unmet need for alternative therapies due to the inadequate response or intolerance to the standard therapy.

Although the etiology is incompletely understood, tissue damage in AIH is triggered by the presentation of 
liver autoantigens to Th0 lymphocytes, leading to subsequent cascades of pro-inflammatory immune 
responses.2,3 The clonality of the T cell receptor found in patients with AIH supports pathogenic antigen- 
specific T cell responses.4,5 Upon activated, CD4+ and CD8+ T cells proliferate and differentiate into effector 
cells. It has been implicated that massive release of pro-inflammatory cytokines are involved in the pathogen
esis of AIH, including IL-12, IFN-γ, tumor necrosis factor-α (TNF-α) and IL-6.3,6 The presence of IL-12 
promotes expansion of IFN-γ and IL-2-producing Th1 cells, which then aberrantly activate cytotoxic 
T lymphocytes.3 In addition, numeric and functional defects of hepatic regulatory T cells (Tregs) in AIH 
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probably contribute to the disease relapse and persistence.7,8 Therefore, current immunotherapies for AIH 
mainly focus on inhibiting the intrahepatic inflammatory milieu and/or restoring the Treg pool.

Emerging studies have highlighted the associations between gut dysbiosis and inflammatory liver 
diseases including AIH.9–13 In previous study, we observed an altered microbial tryptophan metabolism 
in patients with AIH.10 Indole derivatives, produced by commensal metabolization of tryptophan, play 
a pivotal role in shaping host immune defense and tolerance mainly through activating aryl hydrocarbon 
receptor (AhR).14,15 A recent study found that in a T cell-specific Tet2 knock-out mouse model, indole 
derivatives produced by liver-translocated Lactobacilli bacteria were required to induce AIH-like pathology 
through agonizing AhR.16 However, Vuerich et al. reported that AhR signaling in Treg and Th17 cells was 
aberrantly inhibited in patients with AIH, leading to impaired Treg immunosuppressive function.17 

Blockade of AhR repressor (AHRR), however, restored T cell response to AhR and attenuated liver damage 
in mouse models of AIH.18 Therefore, the role that AhR plays in AIH pathogenesis is elusive. In addition, it 
remains unknown whether microbiota-derived indoles, as a key family of AhR agonist, are associated with 
the disease and how they may impact immune responses in human individuals of AIH.

Phosphoinostitide-3-kinase interacting protein 1 (Pik3ip1), a transmembrane protein, has recently been 
identified as a negative regulator of PI3K signaling.19,20 Intriguingly, Pik3ip1 is preferentially expressed in 
T lymphocytes. Mice deficient in Pik3ip1 exhibit enhanced anti-tumor immunity and more rapid clearance 
of bacterial infections,8,20,21 while downregulated expression of Pik3ip1 in autoimmune disorders leads to 
over-activation of T lymphocytes and aggravated disease.22 Therefore, we hypothesize that Pik3ip1 may also 
serve as an immune checkpoint for modulating autoimmune responses in AIH.

Herein, we report that microbial metabolite indole-3-carboxaldehyde (ICA) is decreased in patients with 
AIH. Treatment with ICA induces activation of AhR in T lymphocytes, leading to increased Pik3ip1 
expression, thereby mitigating liver inflammation and tissue damage. Our data suggest that supplementa
tion of ICA may represent a promising strategy for immunotherapy of AIH.

Methods

Human samples

Stool samples were freshly collected from patients with AIH (n = 42) and healthy controls (n = 34) and 
immediately frozen at −80°C. Patients with AIH were diagnosed according to criteria established by the 
International Autoimmune Hepatitis Group in 2008 and have not been treated with steroids or 
immunosuppressant.23 The clinical demographical data are included in Supplementary Table S1.

UHPLC-MS/MS profiling of tryptophan-derived metabolites

Quantification of the indole derivatives was performed by PROFLEADER (Shanghai, China) using 
a UHPLC-MS/MS system. Details regarding the UHPLC-MS/MS profiling of tryptophan metabolites are 
provided in the Supplementary Methods.

In vitro activation and differentiation of human T cells

Peripheral blood mononuclear cells were prepared by Ficoll (GE Healthcare, USA). For in vitro activation, 
T cells from patients with AIH and buffy coat were magnetic sorted using Human Pan T cell Isolation Kit 
(Miltenyi Biotec, German) and subsequently incubated with α-CD3/CD28 beads (Miltenyi Biotec, 
Germany). To induce differentiation of T helper cells, naïve CD4+ T cells were purified using Human 
CD4+ Naïve T cell Isolation Kit II (Miltenyi Biotec, German) and activated with α-CD3/CD28 beads. To 
induce Tregs, α-CD3/CD28 beads, 5 ng/mL of TGFβ and 20 U/L IL-2 were applied. For polarization of Th1 
cells, naïve CD4+ T cells were cultured with α-CD3/CD28 beads, 2 ng/mL IL-12 and 5 μg/mL anti-IL-4 
mAb. For Th17 induction, cells were cultured with α-CD3/CD28 beads, 10 ng/mL IL-1β, 10 ng/mL IL-6, 20  
ng/mL IL-23, 5 ng/mL TGF-β, 5 μg/mL anti-IL-4 mAb, and 5 μg/mL anti-IFN-γ mAb. After 3-day culture, 
T cells were re-stimulated with phorbol 12-myristate 13-acetate (PMA), ionomycin and brefeldin Leukocyte 
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(Activation Cocktail with BD GolgiPlugTM, BD Bioscience) for another 5 hours before intracellular staining 
of cytokines.

Transcriptional sequencing

Human primary T cells were sorted from buffy coat, activated with α-CD3/CD28 beads and simultaneously 
treated with ICA 0.25mM or vehicle for 16 hours before transcriptional sequencing. Details are provided in 
Supplementary Methods.

Transfection of primary human T cell

Negative control and shRNA knockdown virus carried with green fluorescent protein (GFP) tags were 
purchased from HANBIO (Shanghai, China). Briefly, primary human T cells were sorted and plated with α- 
CD3/CD28 beads for 16 hours. Then, the lentivirus was added into the pre-activated T cells and the plate 
was spun at 1000×g for 90 min. Then, the T cells and lentivirus were co-cultured overnight at 37°C before 
refreshing the medium. After that, the infected T cells were activated with the presence of ICA or vehicle for 
additional 72 hours. For flow cytometry, GFP-positive T cells were gated for further examination.

ChIP assay

ChIP experiments were performed with Chromatin Immunoprecipitation (ChIP) Assay Kit (#17–
295, Merck Millipore) according to the manufacturer instructions. Briefly, primary human T cells 
were purified and activated with the presence of ICA (0.25 mM). After 4 hours of culture, cells were 
fixed with 1% formaldehyde. Chromatin was sheared by sonication using Bioruptor Pico (Belgium) 
and the supernatant fraction was diluted. Each sample was incubated with 5 μg of anti-AhR 
antibody (D5S6H, Cell Signaling) or IgG isotype control (DA1E, Cell Signaling) overnight at 4°C 
with rotation, and then with Protein A Agarose/Salmon Sperm DNA for another 1 hour. 
Quantitative PCR was adopted to amplify the DNA fragments after reversing crosslinking, 
and finally the productions of qPCR were confirmed by gel electrophoresis. The primer sequences 
for ChIP-qPCR were as follows: Pik3ip1 primer 1, forward-5’-TGCAGGTGATTGA 
ACGACCA-3,’ reverse-5’-TGATCGGCTGCTAAGCACAA-3’; Pik3ip1 primer 2, forward-5’- 
CAGTGCTCCTTGTCCATCCCTTG-3,’ reverse-5’-GCCATCCCTTGACCTGCTTTACC-3.’ The 
results of qPCR were normalized to input signals.

Mice

Wild type (WT) C57BL/6J were purchased from the Shanghai SLAC laboratory Animal Co. Ltd. AhRloxp 

(B6.129(FVB)-Ahrtm3.1Bra/J) mice were kindly provided by professor Yufeng Zhou (Children’s Hospital and 
Institutes of Biomedical Sciences, Fudan University). CD4-Cre mice (Tg(Cd4-cre)1Cwi/BfluJ) were pur
chased from Shanghai Model Organisms (Shanghai, China). AhRloxp mice and CD4-Cre mice were 
maintained on a C57BL/6 background and were crossed for CD4-specific deletion of AhR (AhRfl/flCd4- 
Cre). All the mice were housed under specific pathogen-free (SPF) environment at the animal facility of 
Renji Hospital, School of Medicine, Shanghai Jiao Tong University.

ConA-induced hepatitis and treatment of ICA

To induce immune-mediated hepatitis, female mice aged 8–10 weeks were intravenously injected with PBS 
or 10 mg/kg Con A (Sigma-Aldrich, USA). For supplementation of indole derivatives, ICA (Sigma-Aldrich, 
USA) was delivered at a dose of 50 mg/kg/day in a final mixture of DMSO (20%), PEG400 (40%) and citric 
acid (2%).24 ICA treatment was started 48 hours prior to ConA and administrated daily by intraperitoneal 
injection. Mice were sacrificed 16 hours following Con A challenge to examine tissue injury, serum alanine 
aminotransferase (ALT) and aspartate aminotransferase (AST).
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AAV IL-12 model and treatment of ICA

Adeno-associated virus (AAV) vectors and AAV8 particles were produced by Obio Technology (Shanghai, 
China), as previously described methods.25 The AAV 8 vector was constructed with a transgene encoding 
signal-chain IL-12 and transcriptionally regulated by the chimeric albumin promoter to guarantee liver- 
specific expression of IL-12. To induce autoimmune hepatitis, C57BL/6 mouse was administered AAV IL- 
12 i.v. at a dose of 5 × 10^10 viral genomes/kg and sacrificed at 4 weeks. AAV8 vector constructed with 
a transgene encoding luciferase was used as control. For supplementation of indole derivatives, ICA (Sigma- 
Aldrich, USA) was orally delivered at a dose of 100 mg/kg/day every other day.

Administration of lactobacillus reuteri

Lactobacillus reuteri (100–23) was purchased from CICC (Beijing, China) and was cultured in de Man, 
Rogosa and Sharpe (MRS) broth at 37°C under anaerobic conditions. For microbial intervention experi
ments, mice were fed with tryptophan-high diet (1.19%) and gavaged with 2 × 10^9 colony-forming units 
(CFUs) of live L.reuteri in 100 μL PBS every other day. The control group underwent standard chow (0.28% 
tryptophan) and was gavaged with PBS.

Statistics

All statistical analyses were performed using Graphpad Prism software (version 9.0) and R statistical 
software (version 4.2.2). Data were presented as the mean ± standard error (SEM). Statistical differences 
were determined by two-tailed Student’s t-test for comparisons in independent experiments. Mann– 
Whitney test was used for comparisons of microbial metabolites between patients with AIH and healthy 
controls. Spearman correlation analysis was performed to examine the relevance between ICA and clinical 
variables. Significance was defined as *p < 0.05, **p < 0.01 and ***p < 0.001.

Study approval

For human samples, the study was conducted in accordance with the Declaration of Helsinki and the 
procedures were reviewed and approved by the Ethics Committee of Renji Hospital, School of Medicine, 
Shanghai Jiao Tong University (#2013–030). All animal experiments were performed in accordance and 
with the approval of Institutional Animal Care and Use Committee of Shanghai Jiao Tong University.

Results

Level of indole-3-carboxaldehyde is reduced in patients of AIH

To investigate the outputs of microbial tryptophan metabolism, we quantified indole derivatives in individuals 
with AIH (n = 42) and matched healthy controls (n = 34) using UHPLC-MS/MS. The patients with AIH have 
not been treated with steroids. Intriguingly, we identified that fecal concentrations of indole-3-carboxaldehyde 
(ICA) were markedly lower in patients with AIH than healthy controls (3.608 ± 0.5803 vs 2.020 ± 0.2534, P <  
0.01, Figure 1(A)). There was no difference in concentrations of indole-3-acetic acid (IAA), indole-3-propionic 
acid (IPA), or indole-3-lactic acid (Figure 1(A)), as well as other tryptophan metabolites (Supplementary 
Figure S1A). Next, we examined the clinical significance of ICA. Levels of ICA were negatively correlated to the 
biochemical index of patients with AIH, including ALT (r = −0.3713, p = 0.0155, Figure 1(B)), AST (r =  
−0.3141, p = 0.0482, Figure 1(C)) and AKP (r = −0.4473, p = 0.0030, Figure 1(D)). However, there was no 
significant association between ICA and the levels of IgG (Supplementary Figure S1C).

Supplementation of ICA in vitro restricts activation of effector T cells

While the etiology of AIH remains elusive, human studies suggest a central role for the effector T subsets that 
perpetrate the hepatocyte damage.2 To investigate the effects of ICA on T cell function, peripheral T cells were 
purified from patients with AIH and then cultured with α-CD3/CD28 mAbs and ICA, and subsequently 
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analyzed by flow cytometry. Supplementation with ICA significantly downregulated the expression of early 
activation markers, CD69 and CD25, in both CD4+ and CD8+ T cell subsets (Figure 2(A)). Since activation of 
T cells is marked by effector functions as well as clonal expansion, we then assessed the T cell proliferation 
using cell-tracing dye CFSE. As a result, ICA significantly inhibited T cell proliferation following stimulation 
with α-CD3/CD28 mAbs (Figure 2(B)). In accordance, productions of effector cytokines, including IFN-γ and 
IL-2, were suppressed by ICA treatment (Figure 2(C)).

Next, we explored the effects of ICA on the differentiation of Th cells. Naïve CD4+ T cells were isolated 
from patients with AIH and cultured under Th1 and Treg skewing conditions, with or without ICA. We 
noted that treatment with ICA hampered Th1 polarization, demonstrated by marked reduction in the 
number of IFN-γ-producing CD4+ T cells (Figure 2(D)). Expression level of Tbet was also downregulated 
by ICA during Th1 polarization (Figure 2(E)). In addition, in vitro treatment of ICA promoted the 
expansion of CD25highFoxp3+ Tregs (Figure 2(F)). A similar regulatory effect of ICA on Treg and Th1 
was confirmed in healthy controls by using buffy coat (Supplementary Figure S2A-D). In line with the 
previous studies that AhR ligands promoted Th17 differentiation,26 we observed a slightly enhanced 
production of IL-17A by ICA (Supplementary Figure S2E, F). Taken together, in vitro culture of T cells 
suggests that intervention of ICA may limit the T cell-mediated immune attack involved in disease 
pathogenesis.

ICA upregulates Pik3ip1 expression and modulates T cell homeostasis by inhibiting PI3K/Akt/mTOR 
signaling

To delineate the ICA-elicited transcriptional changes, we performed RNA sequencing on primary human T cells 
activated in the presence of ICA. Compared to the vehicle group, ICA-treated T cells showed upregulation of 272 
genes and downregulation of 291 genes (Log2(Fold change) >1, FDR < 0.01, Figure 3(A)). Enrichment analysis 

Figure 1. Level of indole-3-carboxaldehyde is reduced in patients of AIH. (A) fecal concentrations of ICA, IAA, IPA, ILA in the 
same cohorts of AIH (n = 42) and healthy controls (n = 34) as measured by UHPLC-MS/MS. Correlation analysis between 
fecal ICA and levels of biochemical indexes including (B) ALT, (C) AST and (D) AKP in patients with AIH (n = 42). Data are 
shown as mean ± SEM. **p < .01 by Mann–Whitney test. Spearman correlation analysis in Figure B-D. indole-3-carbox
aldehyde; AIH, autoimmune hepatitis; IAA, indole-3-acetic acid; IPA, indole-3-propionic acid; ILA, indole-3-lactic acid; 
UHPLC-MS/MS: ultra-high performance liquid chromatography-tandem mass spectrometry; ALT, alanine transferase; AST, 
aspartate transferase; ALP, alkaline phosphatase.
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revealed that ICA treatment suppressed PI3K-Akt signaling and Akt1-targeted genes (Figure 3(B,C)), which is 
essential for T cell quiescence exit and metabolic reprogramming.27–29

Of note, Pik3ip1, a critical gene in PI3K-Akt pathway, was substantially increased by ICA (Figure 3(A)). 
Pi3kip1 is highly expressed in immune cells, particularly T lymphocytes, and has been identified as 
a negative regulator of PI3K8,20,21. Thus, we hypothesized that ICA treatment increases Pik3ip1 expression, 
leading to the suppression of PI3K/Akt/mTOR signaling in antigen-stimulated T cells. To validate this, 
peripheral T cells were isolated and incubated with ICA. As a consequence, a reproducible upregulated 
expression of Pik3ip1 in ICA-treated group was observed with or without the stimulation of mimetic signals 
of TCR and CD28, demonstrated by qPCR and western blot assay (Figure 3(D,E)). In line with the previous 
study, Pik3ip1 expression declined upon the in vitro stimulation of the TCR signal,19 which was reported to 
be probably induced by matrix metalloproteases. We next examined the activity of PI3K/Akt/mTOR in 
primary T cells. Immunoblot analysis confirmed that ICA inhibited phosphorylation of Akt and ribosomal 

Figure 2. Treatment of ICA restricts activation of effector T cells. (A) Representative flow cytometry plots and statistical 
analyses of expression levels of CD25 and CD69 on peripheral T cells from patients with AIH (n = 6) after being incubated 
with α-CD3/CD28 mAbs and ICA (250 μM) or vehicle for 36 hours. (B) Representative flow cytometry plots and statistical 
analyses of CFSE assessing the proliferation of peripheral T cells sorted from patients with AIH (n = 6) incubated with α-CD3 
/CD28 mAbs and ICA (250 μM) or vehicle for 72 hours. (C) ELISA measurement of IFN-γ and IL-2 secreted by T cells from 
patients with AIH (n = 6) incubated with α-CD3/CD28 mAbs and ICA (250 μM) or vehicle for 36 hours. Representative flow 
cytometry plots and statistical analyses of (D) frequency of IFN-γ-producing CD4+ T cells (n = 6) and (E) expression of tbet (n  
= 5) treated with or without ICA (250 μM) under the polarizing condition of Th1. (F) representative flow cytometry plots and 
statistical analyses of frequency of Treg (CD4+CD25highFOXP3+) induced with or without ICA (250 μM) under the polarizing 
condition of Treg (n = 6). Data are shown as mean ± SEM. **p < .01, **p < .001 by student’s paired t test. ICA, indole- 
3-carboxaldehyde; IFN-γ, interferon-γ.
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protein S6K1 (p70 S6K) and simultaneously induced higher expression of Pik3ip1 in T lymphocytes 
(Figure 3(F)). As a sensitive readout of mTOR activity, phosphorylation of ribosomal protein S6 phosphor
ylation (pS6) was found to be downregulated in ICA group by flow cytometry (Figure 3(G)). Given that 
PI3K/Akt/mTOR is a seminal event driving T cell metabolic reprogramming upon activation, we assessed 
the process of glucose uptake by using 2-NBDG, a fluorescent D-glucose analog. Consistently, intracellular 
levels of 2-NBDG were significantly lower in ICA-treated T cells compared to the vehicle controls (Figure 3 
(H)). We further incubated CD4+ T cells with ICA and Akt agonist SC-79, to examine whether the 
regulatory effects of ICA were due to the downregulated PI3K/Akt signaling. As a result, agonism of Akt 
in ICA-treated group partially restored the release of Th1-cytokines (Supplementary Figure S3A), suggest
ing that the effects of ICA on the differentiation of Th1 were dependent on suppression of PI3K/Akt 
pathway. Taken together, we posited that ICA treatment restricted T cell activation by increasing the 
expression of Pik3ip1, which in turn suppresses the PI3K/Akt/mTOR signaling cascades.

A B

F

G H

ED

C

Figure 3. ICA upregulates Pik3ip1 expression and suppresses PI3K/Akt/mTOR signaling in T lymphocytes. (A) Volcano plots 
show global gene-expression profiles of primary human T cells treated with ICA (250 μM) or vehicle and stimulated for 
16 hours with α-CD3/CD28 mAbs. Transcripts with a Log2(Fold change) > 1 and FDR < 0.01 in ICA-treated T cells are shown 
in red (upregulated, 272 genes) or blue (downregulated, 291 genes). (B) Kyoto encyclopedia of genes and genomes (KEGG) 
pathways differed between the ICA group and the vehicle group (p < 0.05). (C) Gene set enrichment analysis (GSEA) of PI3K- 
Akt signaling pathway and Akt1 targeted genes. The normalized enrichment (NES) and the p value are labeled. (D)Fold 
change of Pik3ip1 mRNA assessed by quantitative PCR in primary human T cells (n = 5). (E) treatment of ICA (250 μM) 
increased the expression of Pik3ip1 in T lymphocytes, with or without the stimulation of α-CD3/CD28 mAbs for 12 hours. 
The two bands of different exposure time demonstrate a consistent change of Pik3ip1 at 37kDa (the unglycosylated form) 
and 45kDa (the glycosylated form). The relative quantification of blots intensity was done by comparing the ICA group to 
the vehicle. (F) After being treated with ICA or vehicle for 16 hr, primary T cells were stimulated with α-CD3/CD28 mAbs. The 
indicated proteins involved in PI3K signaling were examined by Immunoblot analysis at indicated timepoints. Flow 
cytometric analysis of (G) pS6 expression and (H) 2-NBDG levels in CD4+ T cells treated with ICA and vehicle and stimulated 
with α-CD3/CD28 mAbs for 12 and 36 hours, respectively. Data are shown as mean ± SEM. **p < .05, **p < .01, ***p < .001 
by two-tailed Student’s t test. Data are representative of three independent experiments (D-H). ICA, indole-3-carbaldehyde; 
Pik3ip1, PI3K interacting protein 1; Akt, protein kinase B; p70 S6K, ribosomal protein S6K1; S6, ribosomal protein S6; AhR, 
aryl hydrocarbon receptor.
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AhR engaged by ICA transcriptionally activates Pik3ip1 in T cells

Next, we explored how ICA upregulated Pik3ip1 expression in T cells. Indole derivatives are known to 
activate AhR, a ligand-activated transcription factor that plays a pleiotropic role in the maintenance of 
innate and adaptive immune homeostasis.30,31 Upon ligand binding, cytoplasmic AhR translocates into the 
nucleus, where it binds to genomic regulatory regions and transcriptionally modulates target gene 
expression.32 First, we observed that incubation with ICA resulted in the translocation of cytoplasmic 
AhR to the nucleus, as demonstrated by confocal microscopy (Figure 4(A)). The nucleocytoplasmic 
separation assay showed an elevated ratio of the nuclear AhR to the total contents of AhR upon ICA 
treatment (Figure 4(B)). Additionally, ICA treatment triggered the transcription of AhR and cytochrome 
P4501A1 (CYP1A1), an AhR-targeting gene (Figure 4(C,D)), indicating that ICA acts as an AhR ligand in 
T cells to regulate the targeted genes expression.

To assess the potential binding of AhR to the gene sequences of the Pik3ip1, chromatin immunopreci
pitation (ChIP) assays were performed in primary T cells sorted from buffy coat. We demonstrated that 
AhR directly bound to the promoter of Pik3ip1 gene (Figure 4(E)), suggesting that ICA activates AhR within 
T lymphocytes and subsequently upregulates Pik3ip1 expression. Furthermore, we investigated the effects of 
knockdown of AhR expression using short hairpin (sh)RNA. Importantly, ICA-mediated suppression of 
PI3K/Akt/mTOR signaling in primary T cells could be partially reversed in the AhR-knockdown groups, as 
demonstrated by flow cytometry (Figure 4(F,G)) and western blot (Supplementary Figure S3B). These data 
suggested that AhR is required for the immunoregulatory effects of ICA in T lymphocytes.

Supplementation of ICA alleviates T cell-mediated hepatitis in murine model

We first used the murine model of ConA-induced hepatitis to explore the role of ICA in the regulation of 
T cell responses (Figure 5(A)). Induction of hepatitis was evaluated in the vehicle and ICA treatment group 
by H&E staining of liver tissues (Figure 5(B)). As a result, ICA-treated mice demonstrated mild hepatic 
necrosis with significantly lower levels of AST and ALT in serum, compared to the vehicle group (Figure 5 
(C,D)). ELISA measurement showed serum level of IFN-γ was largely decreased by ICA in ConA model 
(Figure 5(E)). Consistent with the in vitro data, nuclear translocation of AhR induced by ICA was confirmed 
in vivo (Supplementary Figure S4B). In addition, activation of hepatic T lymphocytes was significantly 
inhibited by ICA supplementation (Figure 5(F)). However, the frequency of Treg (CD4+CD25+Foxp3+) did 
not differ between the ICA and control groups (Figure 5(G)), which might be attributed to the alleviated 
hepatic inflammation in ICA-treated mice. Additionally, to detect the intracellular IFN-γ, liver MNCs were 
freshly isolated and incubated with protein transport inhibiter (Brefeldin A) for 6 h at 37°C to block the 
release of cytokines. In ConA model, CD4+ T cells in ICA group displayed apparently lower MFI of IFN-γ+, 
compared with the vehicle group (Figure 5(H)). The percentages of IFN-γ+ cells were of relatively low levels, 
as the polyclonal activator (PMA) was not used to reactivate T cells (Supplementary Figure S4C). In parallel, 
less proportions of TNF-α+- and IL-17A+-producing effector CD4+ T cells were observed in ICA-treated 
mice (Supplementary figure S4D, E). However, there is no significant difference in hepatic CD8+ T cell, NK 
and NKT cells with regard to the release of IFN-γ (Supplementary figure S4F-H). In line with the in vitro 
data, ICA-treated mice exhibited significantly higher levels of Pik3ip1 on hepatic T cells than controls, as 
demonstrated by qPCR and flow cytometry (Figure 5(I,J)). Furthermore, the phosphorylation level of S6 in 
T lymphocytes was also downregulated by ICA treatment in vivo (Figure 5(K), Supplementary figure S4J, 
K), suggesting an inhibition of mTOR signaling. Serum level of IL-22, previously reported to be boosted by 
AhR agonism,31 was not different between the two groups (Supplementary figure S4I). We also performed 
cytometry flow analysis of hepatic mononuclear cells, production of IL-22 within liver was minimal and 
there was no elevation upon treatment of ICA (data not shown), suggesting that the protective role 
conferred by ICA here was not associated with AhR-IL-22 axis.

We next used an adeno-associated virus (AAV) IL-12 mouse model to validate the therapeutic role of 
ICA in AIH (Figure 5(L)). Infiltration of T lymphocytes was recognized to play pathogenic roles in this 
model triggered by liver-specific expression of IL-12.25 Interface hepatitis, elevation of ALT and autoanti
bodies, which mimic the characteristics of autoimmune hepatitis, have been confirmed in this model in 
previous work.25 Consequently, supplementation of ICA ameliorated hepatic inflammation and tissue 
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Figure 5. Supplementation of ICA mitigated T cell-mediated hepatitis. (A) Experimental design of ConA model and ICA 
supplementation schedule. (B) Representative H&E staining (×100) of livers in mice treated with vehicle or ICA intraper
itoneally and subjected to ConA challenge for 16 hours. (C) Serum levels of ALT and AST in vehicle- and ICA-treated groups 
(n = 4–6 per group). (D) Quantification of inflammatory and necrotic area. (E) IFN-γ detected by ELISA at indicated 
timepoints after ConA injection. (F) statistical analyses of expression levels of CD25 in hepatic CD4+ T cells and CD8+ 

T cells. (G) Statistical analyses of the hepatic frequency of Tregs (CD4+NK1.1−FOXP3+). (H) Representative flow cytometry 
plots and statistical analyses of IFN-γ+ MFI in hepatic CD4+ T cells in vehicle and ICA-treated groups. For detection of 
intracellular cytokines after ConA challenge, HMNCs were freshly isolated and treated with brefeldin a for 6 hours at 37°C to 
block cytokine release. (I) Quantitative PCR results of Pik3ip1 in hepatic T lymphocytes. (J) flow cytometry analyses of 
Pik3ip1 expression in hepatic T cells. (K) Representative flow cytometry plots and statistical analyses of the phosphorylation 
level of S6 in hepatic T cells. (L) experimental design of AAV IL-12 models and ICA supplementation schedule. (M) 
representative H&E staining (×100) of livers in mice administered with AAV IL-12 and treated with vehicle or ICA for 
4 weeks. (N) Serum levels of ALT and AST in vehicle- and ICA-treated AAV IL-12 mice (n = 6 per group). (O) quantification of 
inflammatory and necrotic area. (P) ELISA measurement of serum IFN-γ. (Q) ELISA measurement of serum IgG. Statistical 
analyses of (R) activated CD4+ T cells and CD8+ T cells and (S) hepatic Tregs (CD4+NK1.1− FOXP3+) in mice administered with 
AAV luc (control AAV) or AAV IL-12 and being treated with or without ICA. Data are shown as mean ± SEM. **p < .05, **p  
< .01 by two-tailed student’s t test. Data are representative of at least two independent experiments. ICA, indole- 
3-carbaldehyde; ConA, concanavalin A; ALT, alanine aminotransferase; AST, aspartate aminotransferase; IFN-γ, interferon- 
γ; Pik3ip1, PI3K interacting protein 1; AAV, adenovirus-associated virus.
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damage upon in AAV IL-12 model based on the results of histological and serological analyses (Figure 5 
(M-O)). Consistent with the results from ConA model, production of IFN-γ was significantly reduced by 
ICA administration (Figure 5(P)). In parallel, levels of IgG were elevated in AAV IL-12 model and decreased 
upon ICA treatment (Figure 5(Q)). Further dissection of hepatic T cell compartment revealed that ICA 
suppressed overactivation of CD4+ T cells, while the frequency of Treg was not impacted (Figure 5(R,S)). 
Collectively, administration of ICA rendered mice resistant to the T cell-mediated hepatitis.

Amelioration of hepatitis by ICA requires T cell expression of AhR

To test whether AhR in T cells was responsible for the anti-inflammatory effects of ICA, we generated 
mice with AhR T cell-conditional knockout (AhRfl/flCd4-Cre) mice by crossing AhRfl/fl mice with Cd4- 
Cre mice. In the vehicle groups, hepatic necrosis and inflammatory infiltration were comparable 
between AhRfl/fl and AhRfl/flCd4-Cre mice. However, in the ICA-supplemented groups, AhRfl/flCd4- 
Cre mice exhibited marked aggravated tissue damage, as well as higher levels of transaminases 
compared to AhRfl/fl control (Figure 6(A-C)). Consistently, ICA was not capable to mitigate the 
activation of hepatic CD4+ and CD8+ T cell in AhRfl/flCd4-Cre mice subjected to ConA (Figure 6 
(D)). Collectively, these data suggested that ICA regulated T cell immunity and protected mice from 
immune-mediated hepatitis in an AhR-dependent manner.
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Figure 6. Amelioration of hepatitis by ICA supplementation requires T cell expression of AhR. (A) representative H&E 
staining (×100) of livers in AhRfl/fl and AhRfl/fl Cd4-Cre mice treated with vehicle or ICA intraperitoneally and subjected to 
ConA challenge. (B) quantification of inflammatory and necrotic area in each group (n = 4–5 per group). (C) serum levels of 
ALT and AST, respectively. (D) statistical analyses of expression levels of CD25 in hepatic CD4+ T cells and CD8+ T cells in 
AhRfl/fl and AhRfl/fl Cd4-Cre mice treated with vehicle or ICA. Ctrl group refers to the AhRfl/fl mice, and AKO refers to AhRfl/fl 

Cd4-Cre mice. Data are shown as mean ± SEM. **p < .05, **p < .01, ***p < .001 by two-tailed Student’s t test. Data are 
representative of two independent experiments (A-D). ICA, indole-3-carbaldehyde; AhR, aryl hydrocarbon receptor; ALT, 
alanine aminotransferase; AST, aspartate aminotransferase.
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Lactobacillus reuteri enhanced levels of ICA and ameliorated immune hepatitis

Lactobacillus reuteri (L. reuteri) has been reported to metabolize tryptophan and produce indole 
derivatives.33,34 We therefore set out to assess whether supplementation of L. reuteri could increase the 
level of ICA and achieve therapeutic effects (Figure 7(A)). Given that L. reuteri catabolizes dietary 
tryptophan (Trp) into AhR ligands, C57BL/6 mice were provided with a Trp-high (1.19%) diet and orally 
administered with L. reuteri35. We confirmed that supplementation of L. reuteri in vivo induced enrichment 
of ICA (Figure 7(B)) and was sufficient to mitigate immune hepatitis induced by ConA, as evidenced by 
histological and serological changes (Figure 7(C-E)). Consistently, mice treated with L. reuteri contained 
lower amount of IFN-γ (Figure 7F) and displayed less activated T lymphocytes in liver (Figure 7(G)). 
Similarly, we applied Trp-enriched diet and L. reuteri in AAV IL-12-challenged mice (Figure 7(H)). 
Amelioration of hepatic inflammation by the probiotic intervention was validated in this chronic hepatitis 
model (Figure 7(I,J)). By means of flow cytometry, we observed dampened activation of CD4+ and CD8+ 

A

L.reuteri

ConA

-
+ +

+ L.reuteri -
+ +

+L.reuteri

ConA

- +

PBS L.reuteri

L.reuteri

ConA

-
+ +

+L.reuteri

ConA

-
+ +

+L.reuteri

ConA

-
+ +

+

C

FD

B

G

L.reuteri

ConA

-
+ +

+ L.reuteri

ConA

-
+ +

+

CD4+ T cells CD8+ T cellsE

Vehicle+ND diet+ConA L.reuteri+Trp-high diet+ConA

H I Vehicle+ND diet+AAV IL-12 L.reuteri+Trp-high diet+AAV IL-12

K

L.reuteri

AAV IL-12

-
- +

-

+

+ L.reuteri

AAV IL-12

-
- +

-

+

+

J

L.reuteri

AAV IL-12

-
+ +

+

H
&

E

H
&

E

Figure 7. Lactobacillus reuteri enhanced levels of ICA and ameliorated immune hepatitis. (A) experimental design of ConA- 
induced hepatitis in C57BL/6 mice and L.Reuteri administration schedule. (B) Serum concentrations of ICA in mice 
administered with L.Reuteri or PBS as measured by UHPLC-MS/MS. (C) Representative H&E staining (×100) of livers in 
mice orally gavage of L.Reuteri or PBS and subjected to ConA challenge. (D) Quantification of inflammatory and necrotic 
area in each group (n = 6 per group). (E) Serum levels of ALT and AST. (F) ELISA measurement of serum IFN-γ. (G) Statistical 
analyses of expression levels of CD25 in hepatic CD4+ T cells and CD8+ T cells. (H) Experimental design of AAV IL-12 models 
and L.Reuteri administration schedule. (I) representative H&E staining (×100) of livers. (J) Quantification of inflammatory 
and necrotic area in each group (n = 6 per group). (K) Statistical analyses of expression levels of CD69 in hepatic CD4+ T cells 
and CD8+ T cells. Data are shown as mean ± SEM. **p < .05, **p < .01, ***p < .0001 by two-tailed student’s t test. Data are 
representative of two independent experiments (D-K).
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T cells in L. reuteri-treated group (Figure 7(K)). Taken together, we showed that combination of dietary and 
probiotic therapy could increase the abundance of ICA and exert protective effects on immune hepatitis.

Discussion

In the current study, we report that patients with AIH exhibited reduced level of ICA, a commensal 
metabolite derived from tryptophan. We demonstrate that administration of ICA or tryptophan- 
metabolizing bacteria ameliorated immune hepatitis by suppressing effector T cell subsets. 
Mechanistically, treatment of ICA activated the transcriptional receptor AhR in T cells and thereby 
enhanced Pik3ip1 expression. These findings provided proof of principle that supplementation of ICA 
may serve as a potential immunotherapy to prevent or ameliorate the course of AIH.

Alterations in taxonomic composition have been recently described in autoimmune liver diseases.9,10,35 

Despite many associations, the molecular mechanisms by which microbe interacts with the host remain 
poorly defined. The byproducts of microbiota metabolites serve as important signals to regulate host 
physiology in extra-intestinal organs.14,36 Among the metabolites repertoire, indole derivatives, produced 
by a large number of commensal bacteria, demonstrate aryl hydrocarbon receptor (AhR) agonistic 
capacities.30,31,33 As a cytoplasmic receptor, AhR senses and integrates diverse environmental clues, and 
in turn functions as a transcription factor to confer immune tolerance locally at the epithelial barrier and 
systematically.30,31 Longhi et al. have recently reported that in patients with AIH, an impaired upregulation 
of CD39 in T cells might be attributed to the aberrant inhibition of AhR by high levels of AHRR and HIF- 
1α.17 Herein, we sought to interpret the imbalance between regulatory and effector T lymphocytes of AIH 
from the perspectives of gut dysbiosis. We assumed that the impairment of immune tolerance and the 
inflammation in AIH were partially related to the deficient bacteria-derived tryptophan metabolites and 
resultant alterations of AhR pathway.

Animal experiments have provided incremental evidence that supplementation of indole derivatives 
could modify the immune reactions and lead to disease improvement. For instance, exogenous adminis
tration of ICA has been shown to reduce graft-versus-host disease via suppressing Type I IFNs signaling.37 

Bacteria-derived indoles were found to be decreased in NAFLD and alcoholic hepatitis, and compensatory 
administration of AhR agonists reversed liver pathology through boosting IL-22 production.38,39 Gavage of 
L. reuteri leads the bacteria translocating to the tumor and releasing ICA, which locally potentiates anti- 
tumor immunity by CD8+ T cells.40 In addition to the animal data, immunoregulatory effects conferred by 
microbial metabolites have been observed in human subjects.41 Therefore, it is conceivable that correcting 
the ICA deficiency in patients with AIH may be of therapeutic value.

Indole derivatives are potential agonists of AhR. However, AhR exerted opposing effects in driving either 
inflammatory or tolerogenic T cell responses depending on the specific AhR ligands and other unknown 
environmental factors.26,42 In the current study, we demonstrated that ICA exerted predominantly immu
noregulatory effects on Th1 cells and cytotoxic T cells. It is known that TNF-α- and IFN-γ- producing Th1 
cells are aberrantly expanded in the liver of patients with AIH. Th1 cells pathogenically react with the mimic 
autoantigen LKM-1.43,44 Although Th17 and Treg are recognized as subsets with selectively higher expres
sion of AhR, it has also been reported that CD4+ T helper subsets can generate adequate responses in the 
presence of AhR agonists.45 In our experiments, although treatment of ICA promoted expansion of Treg 
in vitro, frequency of hepatic Treg did not differ in ConA or AAV IL-12 models. AhR-activating ligands 
were previously reported to alleviate murine arthritis by lowering the threshold for Breg induction in 
response to inflammation, while the frequency of Breg maintained unchanged.46 The in vivo environment is 
far more complex as other immune cells and cytokine profiles, such as TGF-β and IL-6, also impact the Treg 
differentiation. The inflammation elicited by ConA and AAV IL-12 intrinsically promoted the expansion of 
Treg. We speculate that the less pro-inflammatory milieu in ICA-treated group might limit the generation 
of inhibitory cells. Nonetheless, the mitigated liver damage by ICA herein was mainly attributed to the 
restriction of T cell overactivation. Another issue that should be noted is that myeloid cells and parenchymal 
cells are also AhR-expressing cells.30 We therefore confirmed the role of T lymphocytes by showing that 
T-cell conditional knockout of AhR abrogated the ICA-mediated remission of hepatitis.

Pik3ip1 is a transmembrane protein preferentially expressed on T lymphocytes, particularly naïve 
T cells.8,20 Downregulation of Pik3ip1 in T cells has been reported to be prevalent in various autoimmune 
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disorders including systemic lupus erythematosus, rheumatoid arthritis and multiple sclerosis.22 With an 
intracellular motif homologous to the PI3K regulatory subunit p85, Pik3ip1 interferes the PI3K/Akt/mTOR 
signaling in T cells.19–21 Accumulating evidence highlights PI3K/Akt/mTOR activation as a seminal event 
for quiescence exit of naïve T cells and a fundamental determinant in effector T cells differentiation.29,47 

Additionally, it was recently reported that downregulation of Pik3ip1 results in exaggerated activation of 
T cells and aggravated immune diseases through metabolic reprogramming.22 In this study, an accordant 
upregulation of Pik3ip1 by ICA was observed with or without TCR stimulation. we further demonstrated 
the direct regulation of Pik3ip1 transcription by AhR using ChIP assay and the reverted T cell phenotypes 
via agonism of Akt. Therefore, we assume that by upregulating Pik3ip1, AhR acts as a rheostat for T cell 
immunity, which enhances the threshold for effector T cell activation under hepatic inflammatory 
conditions.

In conclusion, our data demonstrate that gut-microbiota-derived ICA ameliorates liver inflammation 
through activating AhR in T lymphocytes and subsequently upregulating Pik3ip1. We further show that 
combination of dietary and probiotic therapeutics increases the level of ICA and prevents from immune- 
mediated hepatitis. Nonetheless, clearly sufficient bioavailability and safety of indole derivatives in patients 
require extensive testing in future.
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AIH autoimmune hepatitis;
AhR aryl hydrocarbon receptor;
ALP alkaline phosphatase;
ALT alanine aminotransferase;
AST aspartate aminotransferase;
Akt protein kinase B;
CYP7A1 cholesterol 7α-hydroxylase;
ChIP chromatin immunoprecipitation;
ConA concanavalin A;
DMSO dimethyl sulfoxide;
IgG immunoglobulin G;
IFN-γ interferon-γ;
IAA indole-3-acetic acid;
ICA indole-3-carbaldehyde;
IPA indole-3-propionic acid;
LMNCs liver mononuclear cells;
mTOR mammalian target of rapamycin;
MFI mean fluorescence intensity;
NK cell natural killer cell;
NKT cell natural killer T cell;
PXR pregnane X receptor;
PI3K phosphoinositide-3 kinase;
p70 S6K ribosomal protein S6K1;
Pik3ip1 PI3K interacting protein 1;
PBS phosphate buffered saline;
SCFAs short-chain fatty acids;
S6 ribosomal protein S6;
Treg regulatory T cell; Th cell, helper T cell;
TNF-α Tumor Necrosis Factor-α;
UHPLC-MS/MS ultra-high performance liquid chromatography-tandem mass spectrometry.
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