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A B S T R A C T   

Objective: Autoimmune hepatitis (AIH) is a chronic immune-mediated inflammatory liver disease. 
Intestinal flora disturbance in AIH is closely related to TFH/TFR cell imbalances. As a new 
method of microbial therapy, the role of fecal microbiota transplantation (FMT) in AIH remains 
elusive. Here, we attempted to verify the functional role and molecular mechanism of FMT in 
AIH. 
Methods: An experimental autoimmune hepatitis (EAH) mouse model was established to mimic 
the characteristics of AIH. H&E staining was used to detect histological features in mouse liver 
tissues. Serological tests were employed to identify several liver function biomarkers. Flow 
cytometry was utilized to examine the status of TFH/TFR cell subsets. Western blotting was used 
to evaluate TLR pathway-associated protein abundance. RT‒qPCR was applied to evaluate Treg 
cell markers and inflammation marker levels in mouse liver tissues. 
Results: There was significant liver inflammation and dysregulated TFR/TFH cells with elevated 
levels of liver inflammation-associated biomarkers in EAH mice. Interestingly, transferring 
therapeutic FMT into EAH mice dramatically reduced liver injury and improved the imbalance 
between splenic TFR and TFH cells. FMT treatment also reduced elevated contents of serum 
alanine transaminase (ALT), aspartate aminotransferase (AST), and total bilirubin (TBIL) in EAH 
mice. Furthermore, therapeutic FMT reversed the increased levels of IL-21 while promoting IL-10 
and TGF-β cytokines. Mechanistically, FMT regulated TFH cell response in EAH mice in a TLR4/ 
11/MyD88 pathway-dependent manner. 
Conclusion: Our findings demonstrated that liver injury and dysregulation between TFR and TFH 
cells in EAH might be reversed by therapeutic FMT via the TLR4/11-MyD88 signaling pathway.  
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1. Introduction 

Autoimmune hepatitis (AIH) is a common chronic, immune-mediated inflammatory disease of the liver characterized by the 
presence of circulating autoantibodies, elevated serum levels of IgG and transaminase, and damaged hepatocytes [1,2]. The incidence 
of AIH occurs in all age groups with a female dominance, and its incidence is predicted to be 4/100,00–24.5/100,00 per year [3,4]. If 
AIH is left unaddressed, it can progress to some detrimental conditions, such as cirrhosis and liver failure. Several hypotheses, 
including genetic susceptibility together with environmental factors leading to the breakdown of hepatic immune homeostasis, have 
been proposed [5,6]; however, its exact etiology and pathogenic mechanisms remain elusive. 

Increasing evidence suggests that T follicular helper (TFH) cells play a vital role in immune homeostasis and modulate the clinical 
course of the disease, treatment outcome, and overall survival. It is commonly accepted that TFH cells are essential for germinal center 
(GC) B cells to produce autoantibodies. TFH cells provide a helping signal to B cells to proliferate, survive, and promote the Ig class 
switch. Dysregulated TFH cells, however, can lead to aberrant GC B responses that result in the production of autoantibodies and 
promote autoimmune disorders. Previously, it was reported that excessive activation of TFH cells and elevated levels of IL-21 resulted 
in hypergammaglobulinemia, which augmented the immunopathological events of AIH [5]. Interestingly, TFH cells can be inhibited 
by follicular T regulatory (TFR) cells, which can inhibit the production of autoantibodies. TFR cells originate from peripheral T 
regulatory (Treg) cells that constitutively express Foxp3 and CXCR5 and Toll-like receptors (TLRs), such as TLR2 and TLR4 receptors 
[6]. TFR cells have a phenotype similar to both Treg and TFH cells [7]. Previous research has found that the imbalance between 
TFH/TFR cells could induce dysregulated immune homeostasis and that the overproduction of autoantibodies could contribute to the 
development of AIH [8], suggesting that the TFH/TFR cell balance is the maintenance and aggravating factor of AIH pathogenesis. 
Therefore, maintaining the balance between TFH/TFR cells is essential for preventing AIH. 

The gut microbiota has drawn much attention in the search for potential novel and efficient treatment alternatives, largely as a 
result of human observational studies and animal research. The human gut microbiota is a distinctive system that subtly influences host 
metabolism and immunity [9]. The term “gut-liver axis” is frequently used to describe the intimate relationship between the gut and 
liver via the portal vein. Alterations in gut microbiota characterized by perturbations in microbial composition and function have been 
observed in AIH [10]. A previous report confirmed that there is an alteration in the composition and function of the gut microbiota, 
which is engaged in AIH pathogenesis [11]. Accordingly, intestinal microbiomes were shown to be involved in the pathogenesis of AIH 
in mouse model-based experiments [12,13]. 

Research has been performed on the therapeutic modulation of the gut-liver axis and dysbiosis of the gut microbiota. Numerous 
promising preliminary studies on the efficacy and clinical applicability of novel therapeutic strategies for microbiota regulation, 
including multibiotic and fecal microbiota transplantation (FMT), have been proposed [14,15]. FMT has recently received renewed 
attention and is regarded as a promising course of therapy to regulate gut microbiota directly [16]. FMT dates back to 1700 years ago in 
the Elbow Backup Emergency Recipe written by Ge Hong during the Eastern Jin Dynasty in China, the related records of using feces to 
treat food poisoning and digestive diseases [17]. FMT refers to the transfer of beneficial bacteria from a healthy donor to the digestive 
tract of patients via different routes of administration to rebalance a healthy microbial environment in the gut [18–20]. Various 
therapeutic applications of FMT have been reported in the literature. FMT is effective in treating persistent and refractory Clostridium 
difficile infections (CDIs) [21]. Similarly, FMT has also been demonstrated to be useful in treating obesity, type 2 diabetes, inflam-
matory bowel diseases (IBDs), intractable functional constipation, and other conditions [22–24]. Moreover, supplementation with 
sodium butyrate, a metabolite of the intestinal flora, has been shown to relieve liver injury and block the migration of intestinal 
pathobionts into AIH mouse livers [25]. In parallel with these important data, several studies have examined the association between 
gut microbiota and TFH cells. There is evidence that the gut microbiota regulates the autoimmune disease arthritis through TFH cells 
but not Th17 cells [26]. More recently, Ma et al. demonstrated that FMT is capable of controlling AIH by regulating the TFH/TFR cell 
imbalance by restoring intestinal microbiota dysbiosis [27]. However, it was not shown through which molecular mechanism the 
TFH/TFR cell imbalance was regulated. Therefore, this study attempted to validate whether FMT could regulate the TFH/TFR cell 
imbalance in AIH mice and explored the involved signaling pathway, which may provide novel insight for seeking therapeutic plans to 
treat AIH. 

2. Materials and methods 

2.1. Animals, reagents, and antibodies 

Specific pathogen-free (SPF)-class female C57BL/6 mice (6–8 weeks, 18–20 g) from Shanghai Experimental Animal Center of the 
Chinese Academy of Sciences (Shanghai, China); biochemistry automatic analyzer from Roche Diagnostics (Branchburg, USA); Ficoll- 
Paque Plus from Amersham Biosciences (Little Chalfont, UK); flow cytometry machine LSR II Instrument from BD Biosciences (Cal-
ifornia, USA); primary antibodies including anti-TRL1/2/5/6/11, anti-MyD88 and anti-GAPDH and horseradish peroxidase-labeled 
secondary antibody from Abcam (Shanghai, China); anti-TRL4 antibody from Santa Cruz Biotechnology (USA); RNApure Kits, 
Super M-MLV and Power Taq PCR Master Mix from Bioteke (Beijing, China); SYBR Green from Solarbio LIFE SCIENCES; RIPA lysis 
buffer and Enhanced BCA Protein Assay Kit from Beyotime (Shanghai, China). 
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2.2. Induction of experimental autoimmune hepatitis (EAH) 

All animal experiments were performed in accordance with the guidelines of the Care and Use of Laboratory Animals and approved 
by the Laboratory Animal Ethics Committee of the First People’s Hospital of Changzhou, The Third Affiliated Hospital of Soochow 
University. Mice were randomly divided into the control and EAH groups with 20 mice in each group. An experimental autoimmune 
hepatitis (EAH) mouse model was established according to an earlier autoimmune hepatitis (EAH) mouse model, as described pre-
viously [28]. Liver antigen (S-100) was freshly prepared from female C57BL/6 mice after liver perfusion with PBS. After homogenizing 
the livers on ice, nuclei and remaining intact cells were subjected to centrifugation at 100,000×g for 60 min. Then, the supernatant was 
collected and applied for immunization. SPF class C57BL/6 female mice were induced into the EAH model by intravenously injecting 
freshly prepared S-100 antigen at a dose of 0.5–2 mg/ml in 0.5 ml PBS that was emulsified in an equal volume of complete Freund’s 
adjuvant (CFA) on day 0. These mice were also injected with a booster dose at day 7. Mice in the control group received equal amounts 
of normal saline and CFA. 

2.3. Fecal microbiota transplantation 

The experimental mice in the control and EAH groups were subdivided into the control + PBS, control + FMT, EAH + PBS and EAH 
+ FMT groups according to a random number table, with 10 mice in each group. For FMT, fresh murine fecal specimens (50 g) were 
harvested from 10 age- and sex-matched SPF-class C57BL/6 mice, pooled and dissolved in 250 ml sterile PBS. The supernatant was 
used for murine donor suspension under anaerobic conditions. Anesthetized mice in the EAH + FMT and Control + FMT groups 
received treatment with 0.3 ml of murine donor suspension via the anus, while those in the Control + PBS and EAH + PBS groups 
received PBS at the same amount (0.3 ml) via the anus. Mice were subjected to euthanasia and histological analysis on day 28 when the 
peak of disease activity was observed. 

2.4. Histological analysis 

Liver tissues from sacrificed animals were harvested for histological analysis. The samples were fixed with 4 % formaldehyde 
overnight, dehydrated, paraffin-embedded and sectioned into 4-μm sections using a microtome (Leica HistoCore BIOCUT, China). The 
sections were dewaxed with xylene and treated with gradient ethanol. Then, the sections were stained with hematoxylin (Beyotime) 
for 5 min and eosin (Beyotime) for 2 min to reveal and estimate the degree of inflammatory cell infiltration. The pathological changes 
in liver tissues were observed through a light microscope (200 × ) (Olympus, Japan). 

2.5. Serological test 

Peripheral blood specimens were collected from sacrificed animals through eyeball extraction. Serum alanine transaminase (ALT), 
aspartate aminotransferase (AST), total bilirubin (TBIL) and albumin levels were assessed using a biochemistry automatic analyzer 
(Hitachi 7600 automatic analyzer, Tokyo, Japan). 

2.6. Enzyme-linked immunosorbent assay (ELISA) 

The cytokine levels in the serum of mice were measured by ELISA using commercially available interleukin-21 (IL-21), (IL-10), and 
transforming growth factor beta (TGF-β) (Boster, Wuhan, China) following the manufacturer’s guidelines. A multifunctional enzyme 
analyzer was applied to detect the optical density (OD) at 450 nm. 

2.7. Flow cytometry 

Spleen mononuclear cells (SMNCs) were isolated using density-gradient centrifugation via Ficoll-Paque Plus. To detect TFH/TFR 
cell subsets, 1 × 106 SMNCs were stained with BV510-anti-CD4 (cat. no. 563106, BD Biosciences), PerCP-Cy5.5-anti-CXCR5 (cat. no. 
560528, BD Biosciences), and FITC-anti-GITR (cat. no. 126308, BioLegend) for 30 min, and the cells were kept at 4 ◦C in the dark. After 
washing the cells with PBS, the frequencies of CD4+CXCR5+GITR+TFR and CD4+CXCR5+GITR− TFH cells in EAH mice were measured 
by flow cytometry analysis. The cells were gated on living lymphocytes and then gated on CD4+CXCR5+ T cells using FlowJo software 
(v5.7.2). 

2.8. Protein isolation and western blotting 

Total protein was isolated from the mouse liver tissues by RIPA lysis buffer (Thermo Fisher, USA). Protein quantification was 
carried out using a BCA kit following the manufacturer’s guidelines (Beyotime). Total protein (20 μg) from each sample was separated 
by 10 % SDS‒PAGE and transferred to PVDF membranes (Millipore, Billerica, MA, USA). After blocking the membranes with 5 % 
skimmed milk powder at room temperature for 2 h, membranes were incubated with the indicated primary antibodies overnight at 
4 ◦C. Then, secondary antibodies (1:2000, cat. no. ab6721, Abcam; 1:2000, cat. no. ab6728, Abcam, UK) were added, incubated for 
another 2 h at room temperature, and washed with TBS. Finally, the membranes were revealed by enhanced chemiluminescence 
reagent (Beyotime). The relative densities of the protein bands were analyzed by ImageJ (v1.8.0; National Institutes of Health). The 
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primary antibodies used were as follows: TLR1 (1:1000, cat. no. ab189337, Abcam), TLR2 (1:1000, cat. no. ab209216, Abcam), TLR4 
(1:1000, cat. no. sc-293072, Santa Cruz Biotechnology, USA), TLR5 (1:1000, cat. no. ab13876, Abcam), TLR6 (1:1000, cat. no. 
ab228424, Abcam), TLR11 (1:1000, cat. no. ab21274, Abcam), MyD88 (1:1000, cat. no. ab219413, Abcam), and GAPDH (1:2500, cat. 
no. ab9485, Abcam) served as the loading control. 

2.9. RNA extraction and RT‒qPCR 

Total RNA was extracted from mouse liver tissues using an RNApure Kit following the manufacturer’s instructions (Qiagen). cDNA 
was reverse-transcribed via Super M-MLV (R&D Systems) and a SYBR PrimeScript RT‒qPCR Kit (Qiagen). Quantitative real-time 
reactions were carried out under the following cycling conditions: 50 ◦C for 30 min, 95 ◦C for 15 min, and 40 cycles of 95 ◦C for 
20 s, followed by 56 ◦C for 30 s and 72 ◦C for 30 s before a final primer sequence extension incubation at 72 ◦C for 5 min. GAPDH was 
used as an internal control reference. The relative gene expression was obtained with the 2–ΔΔCt method. The primer sequences are 
presented in Table 1. 

2.10. Fecal microbiota analysis 

The ZR Fecal DNA Kit (Zymo Research, CA, USA) was used to extract DNA from mouse fecal samples (100 mg wet weight for each 
sample) according to the manufacturer’s protocol, followed by quantification with the Nanodrop ND-1000 Spectrophotometer at 260 
nm. Then, RT‒qPCR was conducted to assess the abundance of selected bacteria, such as E. coli and Lactobacillus, using specific 
primers. The primer sequences used are shown in Table 1. 

2.11. Statistical analysis 

SPSS 20.0 software was used for statistical analysis. The data are expressed as the mean ± standard deviation (±SD). Student’s t- 
test was used to analyze significant differences between two groups, and one-way analysis of variance followed by Tukey’s post hoc test 
was used to compare significant differences among multiple experimental groups. A P value of <0.05 was considered significant. 

3. Results 

3.1. TLR/MyD88 pathway is activated in EAH mice 

Our first objective was to induce a successful EAH mouse model to investigate the involved signaling pathway. We first attempted to 
establish an EAH mouse model to mimic the characteristics of AIH. H&E staining demonstrated that the structure of hepatic lobules 
was complete, hepatic cords were neatly arranged, and hepatocyte morphology in the portal vein and vicinity of the central vein was 
clear and complete without necrotic cells in the control group (Fig. 1A). In contrast, the EAH group had severely disordered hepatic 
lobules and hepatocyte cords, damaged hepatocyte morphology in the hepatic portal area and vicinity of the central vein and scattered 
and infiltrated inflammatory cells (Fig. 1A). Serological test results demonstrated that ALT, AST and TBIL concentrations were 
significantly higher while albumin content showed no difference in EAH mice relative to those in the control group (Fig. 1B–E). These 
results indicate the successful induction of the EAH mouse model. Subsequently, we collected splenocytes from these mice and 
detected TFR and TFH cell subsets through FACS. As shown in Fig. 1F, there was an increased frequency of CD4+CXCR5+GITR+ TFH 
cells and a reduced frequency of CD4+CXCR5+GITR− TFR cells in the EAH group compared with the control group. 

Table 1 
Primer sequences used in this study.  

Name Sequences 

Foxp3 forward: 5′-TCCTTCCCAGAGTTCTTCC-3′ 
reverse: 5′-GATAAGGGTGGCATAGGTG-3′ 

IL-21 forward: 5′- GGACCCTTGTCTGTCTGGTAG-3′ 
reverse: 5′-TGTGGAGCTGATAGAAGTTCAGG-3′ 

IL-10 forward: 5′-CTTACTGACTGGCATGAGGATCA-3′ 
reverse: 5′-GCAGCTCTAGGAGCATGTGG-3′ 

TGF-β forward: 5′-TGACGTCACTGGAGTTGTACGG-3′ 
reverse: 5′-GGTTCATGTCATGGATGGTGC-3′ 

GAPDH forward: 5′-ACTCTTCCACCTTCGATGC-3′ 
reverse: 5′-CCGTATTCATTGTCATACCAGG-3′ 

E. coli forward: 5′-CGGACTTTCTGCGTGCTAAGA-3′ 
reverse: 5′-CAATTGGATTTTTGACTTCTG-3′ 

Lactobacillus forward: 5′-AGCAGTAGGGAATCTTCCA-3′ 
reverse: 5′-CACCGCTACACATGGAG-3′ 

Bifidobacterium forward: 5′-TTACGTCCAGGGCTTCACG-3′ 
reverse: 5′-ATTACTAGCGACTCCGCCTTCA-3′ 

Clostridium leptum Forward: 5′-GCACAAGCAGTGGAGT-3′ 
Reverse: 5′-CTTCCTCCGTTTTGTCAA-3′  
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Given that the TLR4/MyD88 pathway is involved in regulating gut microbiota [29], we explored whether the TFR/TFH response in 
EAH mice was mediated by this pathway. We measured several TLR proteins in mouse liver tissues using western blotting. As shown in 
Fig. 1G, there was no difference in the protein expression levels of TLR1/2/5/6 in EAH and control group mice. In contrast, TLR4/11 
and MyD88 protein expression levels were significantly elevated in EAH mice relative to the control group mice (Fig. 1G), suggesting 
that the TLR4/11/MyD88 signaling pathway was activated in EAH mice. Collectively, these data indicate that EAH triggers liver injury 
by upregulating the frequencies of TFH cells while downregulating TFR cells by activating the TLR/MyD88 signaling pathway. 

3.2. FMT ameliorates liver injury in EAH mice 

In the next step, we intended to assess whether FMT could exert a therapeutic effect on liver injury in AIH, EAH and control group 
mice subjected to murine fecal microbiota transplantation (FMT). As shown by H&E staining, FMT rescued the disordered hepatic 
lobule structure and damaged hepatocyte morphology as well as inflammatory cell infiltration in the EAH + FMT mouse group 
(Fig. 2A). In contrast, EAH mice that were administered PBS (EAH + PBS) had aberrant hepatic lobule structure with damaged he-
patocyte morphology, while the control group mice had normal hepatic morphology. In addition, the elevated serum ALT, AST and 
TBIL contents in EAH mice were significantly reversed by FMT treatment (Fig. 2B–D). These results imply that therapeutic FMT could 
ameliorate liver injury in an EAH mouse model. 

3.3. FMT regulates TFR/TFH cell imbalances in EAH mice 

We next explored whether FMT could modulate the EAH-triggered TFR/TFH cell imbalances in the splenic tissues of control and 
EAH group mice. FACS data demonstrated that FMT rescued the depleted CD4+CXCR5+GITR+TFR cells and elevated 
CD4+CXCR5+GITR− TFH cells in EAH mice to the same level as that of the control groups (Fig. 3A and B). Foxp3 is one of the key 
transcription factors controlling Treg cell development and function [30]. IL-21, a vital inflammation marker, exerts an inflammatory 
function in B cells [31], while IL-10 and TGF-β are regarded as anti-inflammatory and immunosuppressive cytokines [32]. We detected 
the gene expression levels of these important cytokines in mouse liver tissues. RT‒qPCR demonstrated that Foxp3, IL-10, and TGF-β 
gene expression levels were significantly reduced, while IL-21 gene expression levels were higher in the EAH group mice than in the 
control group mice (Fig. 3C–E). Interestingly, administrating FMT into EAH mice significantly reversed these changes by upregulating 
Foxp3, IL-10, and TGF-β gene expression while downregulating IL-21 gene expression. To further support these data, we also measured 
the serum levels of IL-21, IL-10, and TGF-β cytokines in these mice and found that FMT therapy prominently downregulated the 
production of inflammatory IL-21 cytokines while promoting the secretion of anti-inflammatory IL-10 and TGF-β cytokines (Fig. 3G–I). 

Fig. 1. Activation of the TLR/MyD88 pathway in EAH mice. (A) Hematoxylin and eosin (HE) staining displaying histological features of liver 
tissues after standard induction of EAH and control on day 28 (magnification, 200×, scale bar = 100 μm). (B–E) Serological levels of ALT, AST, TBIL, 
and albumin in the EAH and control groups. (F) Flow cytometry analysis of the TFR/TFH cell subset in spleen mononuclear cells from EAH and 
control mice. (G) Western blot analysis of TLR/MyD88 pathway-associated protein abundance in liver tissues from EAH and control mice. Data are 
representative of four independent experiments. **P < 0.01, ***P < 0.001. 
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Fig. 3. FMT suppressed TFR/TFH cell imbalance in EAH mice. (A–B) Representative flow cytometry analysis of the TFR/TFH cell subsets in 
spleen mononuclear cells of the indicated groups. RT‒qPCR analysis of (C) IL-21, (D) Foxp3, (E) IL-10, and (F) TGF-β gene expression levels in 
mouse liver tissues in the indicated groups. Serum levels of (G) IL-21, (H) IL-10, and (I) TGF-β cytokines in the indicated groups. Data are repre-
sentative of four independent experiments. **P < 0.01, ***P < 0.001. 

Fig. 2. FMT alleviated liver injury in EAH mice. (A) Representative histological picture of liver tissues in different groups of mice after treatment 
with PBS or therapeutic FMT (scale bar = 100 μm). (B–D) Serum levels of liver functional biomarkers (ALT, AST, and TBIL) in mice under the 
indicated treatment. Data are representative of four independent experiments. ***P < 0.001. 
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Collectively, these results suggest that FMT could regulate TFR/TFH cell imbalances by controlling inflammatory/anti-inflammatory 
cytokines in EAH mice. 

3.4. FMT affects gut microbiota in EAH mice 

Studies have demonstrated that disturbances in gut microbiota are critically involved in autoimmune disorders, including EAH [33, 
34]. Therefore, the effects of FMT on the gut microbiota in EAH mice were further investigated. The results of real-time PCR revealed 
that the reduction in the quantities of Lactobacillus, Bifidobacterium, and Clostridium leptum and the increase in the quantity of E. coli in 
the EAH group were significantly restored by FMT to normal levels, suggesting that FMT could regulate the gut microbiota in EAH 
progression (Fig. 4A–D). 

3.5. FMT inhibits TLR/MyD88 pathway activation in EAH mice 

Finally, we explored whether FMT could inhibit the activation of TLR/MyD88 signaling, which is involved in AIH progression in an 
EAH mouse model. Western blot analysis demonstrated that the elevation in TLR4, TLR11 and MyD88 protein abundances in EAH mice 
was rescued after FMT administration (Fig. 5A and B). These data suggest that FMT could facilitate TLR/MyD88 signaling inactivation 
in EAH mice. 

Fig. 4. FMT restored the gut microbiota to normal levels in EAH mice. Real-time PCR was conducted to examine the amount of (A) E. coli, (B) 
Lactobacillus, (C) Bifidobacterium and (D) Clostridium leptum in the fecal samples of mice in each group. *P < 0.05, **P < 0.01. 
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4. Discussion 

The human intestinal flora is a complex and enormous microecosystem, and the intestinal mucosa is a natural barrier that maintains 
intestinal flora homeostasis [35]. Once the intestinal mucosa is damaged, the intestinal flora is unbalanced, and a large amount of 
toxins enter the liver through the portal vein, thus exceeding the ability of the liver to detoxify and metabolize [36]. Intestinal 
microbiota dysbiosis has been reported to be associated with numerous autoimmune disorders, including inflammatory bowel diseases 
(IBDs), hepatic encephalitis, and diabetes mellitus [22,37,38]. In addition, numerous studies have demonstrated that the liver-gut axis 
plays a significant role in the etiology of chronic hepatitis, including NAFLD and primary biliary cirrhosis (PBC) [39,40]. In AIH 
patients, the unique microbial composition is correlated with disease progression. Cai et al. demonstrated a close association between 
AIH and the microbiota using transgenic AIH mice carrying HLA-DR3 [41]. In another study, it was shown that the intestinal flora 
composition was significantly different in AIH patients when compared to healthy individuals [42]. Moreover, intestinal flora 
disturbance has a close association with TFR/TFH cell imbalances [27]. Previous studies have reported that TFR/TFH plays an 
important role in various autoimmune diseases [43,44]. In a recent study, it was demonstrated that the TFR/TFH cell ratio was 
dysregulated and promoted the pathogenesis of EAH [27]. In the present study, we noticed that there were severely disordered hepatic 
lobules, damaged hepatocytes and infiltrated inflammatory cells in EAH mice. We found that the gut microbiota, such as E. coli, was 
altered in EAH mice and restored to normal levels by FMT. Our results also demonstrated a dysregulation between TFR/TFH cells, 
which might contribute to the pathogenesis of AIH. We noted greater numbers of TFH cells and a reduced number of TFR cells together 
with elevated serum levels of AST, ALT and TBIL in the EAH mice, which are consistent with previous findings [43,44]. Moreover, we 
also noticed that the onset of AIH was associated with IM alterations, as treatment of EAH mice with FMT ameliorated liver injury, 
rebalanced the number of TFR/TFH cells and restored the serum levels of AST, ALT and TBIL in these mice, supporting the concept that 
FMT might be a therapeutic option for treating AIH [21,24]. 

It is widely accepted that the gut microbiota controls T-cell activation and differentiation in a DC-dependent manner [45]. In-
testinal DCs recognize gut microbiota through TLRs, leading to the activation of the MyD88 signaling axis that in turn results in T-cell 
activation and differentiation. A previous report demonstrated that functionally specialized DCs activate the TLR/MyD88 pathway to 
promote inflammatory Th17 cells. Several other studies have shown the involvement of the TLR/MyD88 pathway in different liver 
diseases. For example, chronic intermittent hypoxia induces liver fibrosis in mice via the TLR4/MyD88/MAPK/NF-kB pathway [46]. 
Taraxasterol suppresses liver injury by the TLR-4/MyD88/NF-κB pathway [47]. Therefore, we investigated whether the TLR/MyD88 
pathway is involved in EAH and whether FMT regulates the imbalance between TFR/TFH cells via this pathway. Our data demon-
strated no difference in the protein levels of TLR1/2/5/6 but showed prominently upregulated TLR4/11 and MyD88 protein levels in 
EAH mice. Interestingly, FMT treatment downregulated the levels of TLR4/11 and MyD88 in EAH mice. Notably, we also found that 
FMT significantly upregulated the gene expression levels of Foxp3 and anti-inflammatory cytokine IL-10 while downregulating 
pro-inflammatory IL-21. These data suggest that the TLR4/11/MyD88 signaling pathway is activated in EAH and that FMT treatment 
inhibits this signaling axis, thus impeding the TFH response in AIH. 

5. Limitations 

This study also had some limitations. First, the gut microbiota signature influenced by fecal microbiota transplantation in the EAH 
mouse model still requires further investigation. Second, the sample size is relatively small, and the duration is short, which may limit 
the precise outcomes of our study. Third, the correlation between the fecal microbiota and immune system regulatory cells was not 
deeply investigated. Future studies are required to investigate the effects of fecal microbiota transplantation on gut microbiota 

Fig. 5. FMT inhibited TLR/MyD88 pathway activation in EAH mice. (A)Western blot measurement of TLR/MyD88 pathway-associated protein 
abundance in mouse liver tissues of the indicated groups. (B) Representative quantification of Western blot data. Data are representative of four 
independent experiments. ***P < 0.001. 
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composition in the EAH mouse model as well as in AIH patients and the correlation with immune-system regulatory cells in AIH 
progression in a large sample size. 

6. Conclusion 

In summary, our data support the notion that FMT could control hepatitis progression by regulating TFR/TFH cell imbalance by 
inhibiting the TLR4/11-MyD88 signaling pathway. Thus, FMT might be an effective practice for treating AIH. 
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