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Highlights
• Type I cytokines, including TNF and downstream pro-

inflammatory signaling, are central to the hepatic immune 
response in AIH.

• AIH pathology is sustained by a specific network of tissue-
resident CD4 + and CD8 + memory T cells, myeloid cells, 
and hepatocytes.

• TNF acts as one of the cytokines linking the cellular nodes
of this network.

• IL15-induced cytotoxic auto-aggression by CD8 + T cells
can kill hepatocytes, which is enhanced by CD4 + T cell-
derived TNF.

• Anti-TNF treatment demonstrates efficacy as an alternative
to steroid-based induction therapy.

Impact and implications

These findings have significant implications for the treatment 
of autoimmune hepatitis (AIH). By mapping the spatial and 
functional immune network within the AIH liver, this study 
identifies IL-15 and TNF as central drivers of T cell-mediated 
cytotoxicity, offering new precision targets for intervention. 
The successful use of infliximab as a steroid-free therapy in a 
phase II trial marks a pivotal step toward safer, more specific 
treatment options for patients with AIH. This research not only 
advances our understanding of AIH pathogenesis, but also 
sets the stage for broader application of immune-targeted 
therapies in autoimmune liver diseases.
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Background & Aims: Patients with autoimmune hepatitis (AIH) experience increased mortality and severe side effects from non-
specific immunosuppressive therapy, highlighting an urgent need for targeted treatment approaches. Here, we aimed to 
delineate the cellular and molecular network underlying AIH within its spatial context and to validate a key therapeutic target in a 
clinical trial.

Methods: We employed computational modelling, multi-omics analyses, and functional experiments to map the immune 
landscape of AIH. In addition, we conducted a steroid-free open-label phase IIa clinical trial using infliximab, a TNF-targeting 
antibody, in patients with AIH.

Results: Our studies revealed that myeloid cell and hepatocyte-derived IL-15 promotes cytotoxicity and proliferation of liver 
auto-aggressive CD8 + T cells. Full execution of their cytotoxic program is licensed by TNF derived from clonally expanded liver-
resident CD4 + T cells. AIH hepatocytes respond to TNF by increasing expression of adhesion molecules, making them targets for 
both CD8 + and CD4 + T cells. In the clinical trial, targeting TNF with infliximab demonstrated efficacy as an entirely steroid-free 
AIH treatment.

Conclusions: These findings elucidate the immune network in AIH and identify TNF as one of the central network nodes. 
Accordingly, our findings provide the basis for novel targeted, steroid-free immune therapies, including the use of infliximab.

Clinical trial number: European Union Clinical Trials Register (EudraCT No.: 2017-003311-19).

© 2026 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver. This is an open access article 
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction
Autoimmune hepatitis (AIH) is a chronic inflammatory liver dis-
ease that can affect all age groups, including young children. 
AIH is associated with increased mortality in addition to 
increased morbidity. 1,2 A key histological feature of AIH is 
lymphocytic infiltrates, extending from the portal fields into the 
parenchyma of the liver (interface hepatitis). 3 If left untreated, 
the disease may lead to acute hepatic failure and, in less acute 
cases, may rapidly progress to liver fibrosis, cirrhosis, and he-
patic decompensation with life-threatening complications or the 
need for liver transplantation. Non-specific immunosuppression

with corticosteroids is the standard treatment for AIH, initially 
given at high doses as induction therapy, followed by lower 
doses in combination with maintenance therapies like azathio-
prine or mycophenolate mofetil. One of the most urgent clinical 
problems is that these pleiotropic drugs have significant side 
effects. Most patients strongly disfavor corticosteroid treatment 
as they experience a drastic and lasting reduction in quality of 
life due to the frequent occurrence of weight gain, metabolic 
bone disease, diabetes or depression. 4–6 Indeed, corticosteroid 
treatment is a major risk factor for major depression (five-fold) or 
osteoporosis (six-fold) in AIH, compared to the general popu-
lation. 7,8 Despite the well-known adverse effects of steroids,
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recent registry data from six international centers revealed that 
only 27% of patients attain steroid-free remission after 1 year of 
treatment. Accordingly, most patients require long-term corti-
costeroid treatment to achieve this therapeutic goal. 9 The 
frequent occurrence of adverse effects may thus explain why 
more than 55% of patients with AIH worry about their cortico-
steroid therapy most or all of the time. 6 Therefore, targeted, 
preferably steroid-free therapeutic approaches for AIH 
combining efficacy with better tolerability are urgently needed. 10

The development of targeted treatments for AIH is currently 
impeded by the lack of a concept that coherently and 
comprehensively integrates the various components of the liver 
immune landscape in AIH. AIH is associated with increased 
activation and numbers of cells of both the innate and adaptive 
immune response. Accumulation and activation of monocyte-
derived macrophages correlate with disease severity. 11–13 The 
importance of the adaptive immune response, in particular of 
CD4 + T cells, is indicated by a strong genetic linkage to the 
HLA-DRB1*0301 and HLA-DRB1*0401 haplotypes. 3,14 In 
keeping with this, AIH is characterized by increased hepatic 
infiltration and expansion of CD4 + T cells. 3 While self-reactive 
CD4 + T cells have been detected in the peripheral blood of 
patients with AIH, 15–17 the role of CD4 + tissue-resident memory 
T (T RM ) cells — identified in healthy livers as CD4 + CD69 + 

CD49a + T cells — has only recently begun to be described in 
AIH. 18 We have previously shown that liver CD4 + T cells can co-
produce IFN-γ and TNF in AIH. 19 This analysis was restricted to 
only a few markers, therefore a systematic and unsupervised 
characterization of liver CD4 + T cells, their cellular network and 
their function in AIH remains to be performed.

Recently it has been shown that the number of liver-resident 
CD8 + T RM cells, identified as CD8 

+ CD69 + CD103 + T cells dis-
playing a cytotoxic profile, correlates with the severity of AIH. 20 

These cells seem to express CD69 and CD103 in response to IL-
15. 20 This cytokine has been shown to promote an auto-
aggressive (a.a.) function in mouse and human liver CD8 + T 
cells in metabolic dysfunction-associated steatohepatitis 
(MASH). 21 In the context of MASH, CD8 + T cells assuming an 
a.a. state, from here on defined as a.a.CD8 + T cells, can promote 
hepatocyte damage. 21 The presence and potential role of 
a.a.CD8 + T cells in patients with AIH remain unknown.

In addition, the mechanisms by which innate and adaptive 
immune cells collectively establish a network that culminates in 
uncontrolled liver damage and lymphocyte accumulation – the 
hallmark histopathological feature of AIH – remain unclear.

Here we combine multi-omics and functional experiments to 
explore the topology of the immune network in AIH and identify 
its key nodes. We uncover critical cytokines and signaling 
pathways correlated with the grade of liver inflammation (e.g. 
TNF, IFNG) and delineate the respective contributions and 
spatial localization of different immune cell types (e.g. a.a.CD8 + 

T cells) and hepatocytes that together cause liver damage in 
AIH. In parallel, one of the identified cytokines, TNF, was tar-
geted in a phase IIa clinical trial using the anti-TNF antibody 
infliximab, demonstrating the efficacy of anti-TNF therapy in 
patients with newly diagnosed active AIH and highlighting an 
opportunity for steroid-free treatment of patients with AIH. 
These findings confirm the validity of our integrative omics 
approach and provide a resource for the identification of addi-
tional therapeutic targets in AIH, which might also be used as a 
blueprint for other autoimmune diseases.

Materials and methods

Patient populations and liver samples

For bulk mRNA-sequencing analysis, we included liver bi-
opsies from 16 patients with AIH and 11 patients with primary 
biliary cholangitis (PBC); 22 samples were stored in liquid ni-
trogen and sequenced together. For cellular indexing of tran-
scriptomes and epitopes by sequencing (CITE-seq) analysis, 
we included liver biopsies and paired blood samples from 10 
patients with active AIH (eight of the patients were untreated, 
one received prednisolone for only a few days prior to biopsy, 
one relapsed on a low dose of budesonide); samples were 
processed while fresh. For single-nucleus RNA sequencing 
(snRNA-seq) analysis, we included liver biopsies from six pa-
tients with AIH (five of the patients were untreated and distinct 
from the CITE-seq atlas donors, while one patient was 
included in the CITE-seq and had been started on emergency 
prednisolone for a few days as mentioned above); samples 
were stored in liquid nitrogen and sequenced together. For 
flow cytometry and in vitro functional studies (FACS dataset), 
we included liver biopsies and paired blood samples from 13 
patients with AIH and six controls who underwent bariatric 
surgery, benign liver lump resection, breast cancer liver 
metastasis resection, or liver biopsy with unremarkable path-
ological findings; samples were processed while fresh. For 
Xenium spatial in situ RNA expression assay, formalin-fixed 
paraffin-embedded liver biopsies from six patients with AIH 
and three controls (unremarkable pathological findings) were 
used. The bulk mRNA sequencing, AIH atlas (CITE-seq and 
snRNA-seq), FACS, and Xenium spatial in situ RNA expression 
assay datasets each represent an independent cohort of pa-
tients with AIH.

All samples were collected at the University Medical Centre 
Hamburg-Eppendorf, and the studies were approved by the 
Ethics commission Hamburg (Ethikkommission der Ärzte-
kammer Hamburg, Germany). Biopsies were obtained via 
minilaparoscopy using a TruCut needle, a standard procedure 
at our center. AIH diagnosis was established according to 
current guidelines and the ’Simplified Criteria for the Diagnosis 
of AIH’. 3,23 Histological and laboratory parameters were 
collected alongside tissue samples for all the patients. For 
clinical characteristics, see Table S4–7.

Multi-omics workflow

The multi-omics workflow, including bulk mRNA sequencing, 
CITE-seq and snRNA-seq, and Xenium spatial in situ RNA 
expression assay, together with their associated bioinformatic 
analyses (data pre-processing, integration, dimensionality 
reduction, clustering, and interactome analysis) and sample 
preparation, is described in the supplementary methods.

Flow cytometry

Antibodies for flow cytometry are listed in Table S1 (CTAT 
table). For surface protein staining without cell stimulation, 
human liver and blood single cell suspensions were first 
stained with Zombie UV Fixable Viability Kit (BioLegend) on ice 
for 10 min. In a second step, the single cell suspension was 
stained with antibodies in PBS containing 1% FCS (PAN 
Biotech) and 2 mM EDTA on ice for 1 h. For the detection of 
TNF and IFN-γ, cells were thoroughly washed after surface
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staining and subsequently stimulated with 50 ng/ml PMA,
1 μmol/L Ionomycin (both from Sigma-Aldrich) in the presence 
of Brefeldin-A solution (1:1,000, BioLegend) in RPMI medium 
(Gibco) with 10% FCS for 2 h at 37 ◦ C. Dead cells were further 
labeled using the Zombie UV Fixable Viability Kit following the 
protocol as described above. Subsequently, cells were fixed 
and permeabilized using the Fixation/Permeabilization Kit (BD 
Biosciences) according to the manufacturer’s instructions, 
then stained intracellularly with fluorochrome-labeled anti-
bodies against IFN-γ and TNF. For the detection of granzymes, 
following cell viability and surface staining, cells were fixed and 
permeabilized as described above without stimulation. Intra-
cellular staining was then performed using fluorochrome-
labelled antibodies against granzyme A, B and K. Flow cyto-
metric analysis was conducted using a FACS LSR Fortessa A3 
(BD Bioscience), and FACS cell sorting was conducted using a 
FACS AriaFusion (BD Bioscience). Data analysis was per-
formed using the FlowJo software (v10.4).

Cell culture

Ex vivo expansion of primary human T cells
Primary T RM 1 and a.a.CD8 

+ T cells from AIH livers, CD4 + and 
CD8 + T EM cells from paired AIH blood, as well as blood reg-
ulatory T cells from healthy donors were FACS sorted. The 
sorted cells were immediately cultured for ex vivo expansion in 
X–VIVO medium (Lonza) by stimulation with 2.5 μg/ml PHA 
(Sigma-Aldrich) and 40 Gy-irradiated peripheral blood mono-
nuclear feeder cells in the presence of recombinant human IL-2 
(Miltenyi), 50 U/ml for CD4 + T cells and 100 U/ml for CD8 + T 
cells, respectively. On day 12, the expanded cells were either 
cryopreserved or subjected to a second round of expansion. 24

Induction of a.a.CD8 + T cells in vitro
CD8 + T cells were isolated from the blood of healthy, voluntary 
donors after they gave written and informed consent. This 
study was approved by a vote from the ethics committee of the 
University Hospital München rechts der Isar (564/18S). Blood 
was mixed 1:1 with PBS and loaded on Pancoll (PAN Biotech), 
followed by centrifugation at 1,400 g for 25 min to isolate pe-
ripheral blood mononuclear cells. Cells were washed, counted 
and subjected to immunomagnetic separation for CD8 + T cells 
using human CD8 MicroBeads (Miltenyi Biotec), according to 
the manufacturer’s protocols. To induce a.a.CD8 + T cells, 
purified CD8 + T cells were stimulated with 10 ng/ml IL-15 
(PeproTech) for 2 days prior to the analysis.

Impedance-based K562 cytotoxicity assay
The dynamics of T-cell cytotoxicity against the HLA-deficient 
cell line K562 (myelogenous leukemia) over time were 
measured using impedance-based technology on an xCELLi-
gence RTCA MP device (ACEA Biosciences). In brief, cells of 
the non-adherent cell line K562 were attached to the bottom of 
a plate (10 4 cells/well) using anti-CD71 (BioLegend) antibodies 
that were coated on the plate 18 h before. After 48 h (K562 
cells reached confluency and maximum cell index), 10 5 T RM 1 
and a.a.CD8 + T cells from the liver, and 10 5 paired blood-
derived effector memory CD4 + and CD8 + T cells from the 
same patients with AIH were added to the wells. Measured 
electrical impedance is shown as cell index and normalized to 
the time point the co-culture of T cells with target cells was

started. The cell index was measured 24 h after co-culture was 
started to evaluate the efficacy of target cell killing. The per-
centage of killing was calculated by subtracting the cell index 
values from controls (target cells alone).

Impedance-based primary hepatocyte cytotoxicity assay 
Primary human hepatocytes were purchased from PELOBio-
tech and Lonza. After thawing, cell viability was determined by 
Trypan blue dye exclusion. 40,000 hepatocytes were seeded 
and cultivated on plates coated with rat tail collagen R 
(Advanced Biomatrix) in Williams E medium containing insulin-
transferrin-selenium, 1.5% bovine serum albumin, GlutaMAX, 
non-essential amino acids, 100 U/ml penicillin-streptomycin 
(all supplements from Gibco) in the presence of 10% FCS for 
16 h. Hepatocytes were maintained in medium lacking FCS for
2 days before being subjected to experiments. 100 μl super-
natants from T RM 1 cells from AIH livers activated by anti-CD3/ 
anti-CD28 beads (Gibco) were added to hepatocyte cultures 
for 24 h. In some conditions, 10 μg/ml anti-TNF neutralizing 
antibody (BioXcell) was added concurrently. Following this 
pre-treatment, the medium was replaced, and 10 5 autologous 
or HLA-A-matched blood CD8 + T cells pre-exposed to IL-15 
were added to the hepatocytes. Cell viability was then moni-
tored for an additional 15 h using impedance-based technol-
ogy by xCELLigence as described above.

Flow cytometry-based K562 cytotoxicity assay
Cytotoxicity measurement was performed by labelling target 
cells with CFSE (ThermoFisher) and incubating with effector 
cells in different effector-to-target ratios for 24 h. In some con-
ditions, K562 cells were treated with 50 ng/ml recombinant 
human TNF (Peprotech) or with supernatant of T RM 1 cells from 
AIH livers activated with anti-CD3/anti-CD28 beads in the 
presence of 10 μg/ml anti-TNF neutralizing antibody (BioXcell) 
for 24 h before co-culture with a.a.CD8+ T cells. Dead K562 cells 
in co-culture with CD8 + T cells were detected by flow cytometry.

Stimulation of T RM 1 and a.a.CD8 
+ T cells in vitro

To assess IL-7 or IL-15 induced proliferation in vitro, expanded 
T RM 1 and a.a.CD8 

+ T cells from the liver of AIH patients were 
rested and labelled with CellTrace Violet (Thermo Fisher) ac-
cording to the manufacturer’s protocol. Cells were cultured in 
X–VIVO medium (LONZA) supplemented with recombinant 
human IL-15 or IL-7 (both from R&D Systems) at concentra-
tions specified in the figures. Cells were harvested on the 
indicated days. Their expansion was quantified by measuring 
CellTrace Violet dye dilution using flow cytometry.

To evaluate the cytokine profile of T RM 1 cells at protein level 
after ex vivo expansion, expanded cells were cultured in X– 
VIVO medium and stimulated with the ImmunoCult Human 
CD3/CD28 T Cell Activator (STEMCELL Technologies) ac-
cording to the manufacturer’s protocol. Supernatants were 
collected on the specified days, and cytokine levels were 
quantified by flow cytometry using the LEGENDplex Human 
CD8/NK Panel (BioLegend), following the manufac-
turer’s instructions.

Detection of STAT5 phosphorylation

Frozen T RM 1 and a.a.CD8 
+ T cells from the liver of AIH patients 

were thawed, rested in RPMI at 4 ◦ C for 1 h, and stained with
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fluorochrome-labelled CD4 and CD8 antibodies (BioLegend), 
and viability dye AF750 NHS Ester (Thermo Fisher). Cells were 
stimulated with 10 ng/ml recombinant human IL-15 (R&D 
Systems or PeproTech as specified) or 100 U/ml recombinant 
human IL-2 (Miltenyi) in RPMI at 37 ◦ C for 15 min, fixed with 
2% PFA at 37 ◦ C for 15 min, permeabilized with 100% meth-
anol on ice for 30 min, and stained with pSTAT5 antibody 
(Thermo Fisher) for 1 h at room temperature. The readouts 
were acquired by flow cytometry.

Clinical trial (AIH-MAB)

In this phase IIa, proof-of-concept clinical trial, we evaluated 
the effect of intravenous infliximab as the first corticosteroid-
free induction treatment for patients with acute and previ-
ously untreated AIH. The trial protocol was approved by the 
local ethics committee (Ethikkommission der Ärztekammer 
Hamburg, Approval No. PVN5646-3952) and registered within 
the European Union Clinical Trials Register (EudraCT No.: 
2017-003311-19). The study was conducted in accordance 
with the Declaration of Helsinki.

Patients

Between October 2018 and February 2023, 13 patients were 
screened for enrolment in the clinical trial, of whom 12 were 
consecutively enrolled. Patients aged 18-65 years who were 
considered to have possible or probable AIH, and who 
exhibited a treatment requirement as defined by current
guidelines (modified hepatic activity index [mHAI] > −4/18), were
eligible for inclusion in the trial. Patients with concomitant liver 
disease besides AIH, history of decompensation of cirrhosis or 
liver failure were excluded from participation in the trial. 
Detailed information on inclusion/exclusion criteria is provided 
in the trial protocol (supplementary material). The study results 
were additionally compared to data from 24 patients included 
from Hamburg to the prospective R-LIVER registry, 9 who 
received the current standard of care (SoC) with corticoste-
roids (prednisolone or budesonide) and azathioprine (or 6-
mercaptopurine/mycophenolate in case of intolerance), using 
propensity score matching (PSM; see “Statistical Analyses” in 
the supplementary material). All participating patients provided 
written informed consent before enrolment.

Experimental treatment
Patients in the trial received a cumulative total of 8 doses of 
intravenous infliximab (Inflectra ® , Pfizer) at a dosage of 5 mg/kg 
over a period of 24 weeks (day 0, weeks 2, 6, 8, 12, 16, 20, and 
24). In addition, patients were followed up during additional 
safety visits in weeks 1 and 4 and were monitored after 
completion of the infusion therapy at weeks 36 and 48. All 
patients additionally commenced azathioprine therapy after the 
week 2 visit at an initial dose of 50 mg daily, which was 
subsequently titrated in 25-50 mg increments every 7 days to 
achieve a target dose of 1-2 mg/kg body weight per day. 
In case of intolerance, patients were switched to 6-
mercaptopurine (50 mg/day) or mycophenolate (2,000 mg/day).

Safety and monitoring
Patients were screened twice within 2 weeks prior to treatment 
initiation. Physical examinations, as well as assessments of 
vital signs and body weight, were performed at every visit as

were standard laboratory values. Visits included a safety 
evaluation regarding clinical and biochemical safety endpoints 
or (serious) adverse events (AEs). Serious AEs, including their 
severity and likelihood of a causal relationship to infliximab 
administration, were documented, followed up, and reported 
within 24 h, where applicable. Liver stiffness was assessed by 
transient elastography (Fibroscan ® ) during screening as well at 
week 12, 24, 36 and 48. Quality of life was assessed using 
standardized questionnaires (SF-36 [Short Form-36 Health 
Survey]) at the time of screening, initial administration, as well 
as at weeks 1, 4, 8, 12, 16, 20, 24, 36, and 48. Patients were 
withdrawn from infliximab treatment in the event of severe 
adverse events considered related to the study medication. 
Participation in the study was also discontinued in case 
transaminase levels increased more than 20% over the 
respective patient’s individual baseline during the first 4 weeks 
of treatment or in those who exhibited a decrease of trans-
aminase levels <50% 8 weeks after treatment initiation. In this 
case, patients received standard treatment with corticoste-
roids in accordance with current guidelines.

Endpoints
The primary endpoint of the study was defined as biochemical 
remission at month 6 after treatment initiation. Biochemical 
remission was specified as normalization of alanine amino-
transferase (ALT) and aspartate aminotransferase (AST) (< − 35
U/L for females and < −50 U/L for males) as well as of IgG (< −16 g/
L). Secondary endpoints were defined as differences in health-
related quality of life (HRQoL) as assessed by the question-
naires mentioned above as well as decrease in liver stiffness 
(measured by transient elastography/FibroScan ® ) and the 
absence of weight gain (BMI).

Statistical analyses

Statistical analyses are described in the supplemen-
tary materials.

Results

Identification of inflammatory pathways associated with 
the severity of AIH

To characterize the signaling molecules, transcription factors 
and cytokines constituting the inflammatory process of AIH, 
and to identify potential drug targets, we profiled the bulk 
transcriptome of liver biopsies obtained from 16 patients with 
active AIH. As controls, we included biopsies from 11 patients 
with another autoimmune liver disease, namely PBC. Standard 
liver biochemistry and histological grading were used to eval-
uate disease activity and stage (Fig. 1A). ALT serum levels and 
the mHAI were assessed primarily, as they are regarded as the 
best markers of inflammatory activity in the clinical context of 
AIH. Considering these features, a principal component anal-
ysis showed that the transcriptomes of the liver samples were 
separated by mHAI rather than by diagnosis or by fibrosis 
stage (Fig. 1B, multivariate PERMANOVA p mHAI = 0.03, p diag-
nosis = 0.25, p fibrosis = 0.19). Next, to further evaluate how the 
clinical markers represent inflammatory activity at the gene 
expression level, we used the MSigDB gene set “Hallmark 
Inflammatory Response” (M5932) to calculate a patient-wise 
inflammation score. As expected, patients with PBC
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exhibited relatively low scores compared to AIH. Furthermore, 
we found that biopsies showing severe histologic activity (i.e.
mHAI > −10) showed a markedly increased expression of pro-
inflammatory genes (Fig. 1C). In addition, there was a strong 
association between the inflammation score and serum ALT 
levels in patients with AIH, which was not observed in the PBC 
cohort (Fig. 1C). These results showed that the clinical signs of 
inflammation were reflected at the transcriptome level.

Next, we analyzed the expression of key cytokines. To this 
end, we determined the association between gene expression 
and clinical features in patients with AIH by applying spear-
man’s rank correlation (r s ) (Fig. S1A). Subsequently, we per-
formed a KEGG enrichment analysis on genes ranked by r s . 
We found that in terms of signal transduction, the TNF-, NFKB-
and JAK-STAT signaling pathways in particular were positively 
associated with histologic and laboratory features of inflam-
mation (Fig. 1D). Consistently, when we inferred the tran-
scription factor activity by applying a univariate linear model 
between the gene correlation and the gene regulatory network 
CollecTRI, 25 transcription factors annotated to the previously 
identified pathways (e.g. STAT1, RELA, NFKB1) were among 
the top hits (Fig. 1E).

In accordance with the identified pathways, several ligands 
(e.g. TNF, IL12A, IFNG, IL15) exhibited a strong correlation to 
both features of inflammation, mHAI and ALT (Fig. 1F and 
S1B). To validate our findings, we examined the expression 
of selected cytokine genes by real-time PCR in samples from 
the AIH and PBC cohorts (Fig. 1G). In line with the bulk mRNA-
sequencing data, an association between mRNA levels and 
both mHAI and ALT was confirmed.

These analyses suggested that the type I cytokines TNF, 
IL-12, IFN-γ and the corresponding pro-inflammatory down-
stream signaling in the liver are central players in the inflam-
matory pathophysiology of AIH, and thus might be promising 
therapeutic targets. However, the specific cellular network 
encompassing these inflammatory pathways remained unclear.

Development of an AIH atlas integrating liver immune and 
non-immune cell transcriptomes

To reveal the cellular network related to the AIH-specific pro-
inflammatory pathways identified above, we assembled a 
comprehensive single-cell RNA sequencing atlas of the im-
mune and non-immune cells found in AIH livers, using a patient 
cohort distinct from the one shown in Fig. 1. To this end, we 
analyzed fresh liver biopsies from 10 patients with AIH. 
Moreover, to discriminate between systemic and tissue-
specific immune mechanisms, we also analyzed paired pe-
ripheral blood samples collected from 3 of those patients taken 
at the same time as the respective fresh liver biopsies (Fig. 2a). 
CD45 + immune cells from the liver biopsies and CD3 + T cells 
from paired blood samples were FACS-sorted and subjected 
to CITE-seq and single-cell T-cell receptor sequencing 
(scTCR-seq). The capture of non-immune cells, particularly 
hepatocytes, was technically challenging. To overcome this, 
we isolated nuclei from cryopreserved liver biopsies of six 
patients with AIH (one of whom also contributed a sample to 
the CITE-seq/scTCR-seq dataset introduced above) and per-
formed snRNA-seq (Fig. 2A).

To simultaneously depict the immune and non-immune 
profiles in the liver of patients with AIH and achieve robust

clustering, we integrated our CITE-seq dataset with the 
snRNA-seq dataset. Cells recovered from fresh CITE-seq 
predominantly comprised immune cells, while cells recov-
ered from cryopreserved snRNA-seq encompassed both 
immune and non-immune cell types (Fig. 2B). Although CITE-
seq and snRNA-seq show different sequencing depths 
(Fig. S2A), by integrating the CITE-seq and snRNA-seq 
datasets, we identified similar populations to those derived 
from the analysis of the two datasets independently 
(Fig. S2B–D). This showed the validity of the integration 
approach used here.

Next, we annotated the identified major clusters from both 
immune and non-immune cells in the liver based on a com-
bination of differentially expressed genes (DEGs) in a semi-
supervised approach. Immune cell clusters encompassed 
CD4 + T cells, CD8 + T cells, B cells, plasma cells, innate-like T 
cells, and myeloid cells (including monocytes, macrophages 
and dendritic cells), while non-immune cells included hepato-
cytes, endothelial cells, cholangiocytes, and stellate cells/fi-
broblasts (Fig. 2c and S2E,F). Considering that the strong 
association of AIH with specific HLA-DR haplotypes suggests 
a T cell-driven immune response, 3,14 and the recent descrip-
tion of CD8 + T RM cells in AIH, 

20 we further investigated liver-
derived T cells. We annotated nine major CD4 + T-cell clus-
ters, including naïve-like T cells, central memory T cells (T CM ), 
five effector memory T-cell clusters (T EM -a, -b, -c, -d, -e) and 
two FOXP3 + regulatory T-cell clusters (T REG -a, -b) (Fig. 2D and 
S3A,B). Following the same approach, we annotated 12 major 
CD8 + T-cell clusters including a naïve-like cell cluster, two T CM 

(T CM -a, -b) and seven effector memory T-cell clusters (T EM -a, 
-b, -c, -d, -e, -f, -g) (Fig. 2E and S3C,D).

Hepatocytes have distinct functions based on their location 
in the hepatic lobule, a concept known as zonation. 26 Zone 1 
consists of periportal hepatocytes surrounding the portal triad, 
zone 2 comprises the mid hepatocytes, and zone 3 includes 
central hepatocytes located near the central vein. We anno-
tated ten distinct hepatocyte clusters (Fig. 2F and S3E,F), three 
of which expressed gene signatures representing the three 
zonation populations, periportal, midzone, and central hepa-
tocytes. Moreover, we found an inflammatory cluster with high 
expression of immune regulation-related genes, such as IL32, 
ICAM1 and STAT1, reflecting the involvement of hepatocytes 
in the inflammatory process in AIH. Additionally, two prolifer-
ative clusters and one BICC1-high cluster were annotated, 
which probably reflect disease-related damage and subse-
quent regenerative responses of hepatocytes. 27,28 We also 
annotated two clusters with unclear biological relevance as 
PTPRB-hi and PTPRC-hi, which co-express hepatocyte genes 
with endothelial (PTPRB) or immune cell-related (PTPRC) 
genes, respectively. Their functional relevance requires 
further investigation.

In conclusion, we generated a comprehensive single-cell 
AIH atlas which enables the study of immune and non-
immune cells and their potential interactions in the liver.

Identification of CD4 + T RM 1 cells in AIH liver

Based on the DEGs and signature genes, we refined the 
annotation of the liver CD4 + T EM clusters and within them 
identified T FH cells (former T EM -d) and T R 1 cells (former T EM -e). 
In our effort to identify clusters relevant to AIH, we found that
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Fig. 1. AIH disease activity is correlated with pro-inflammatory pathways and cytokines identified by bulk mRNA sequencing. (A) Overview of the sampling 
and analysis pipeline. (B) Principal component analysis of patients with AIH and PBC based on the 500 most variable genes. Point shapes distinguish advanced 
fibrosis, while point colors depict the diagnosis. The colors of the Voronoi fields represent disease activity as measured by mHAI. (C) Inflammation score based on the 
MSigDB hallmark gene set "Inflammatory Response". Left: Boxplot showing inflammation scores by diagnosis. Patients with AIH were further stratified by mHAI.
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the cluster T EM -c was enriched for TNF and IFNG, two of the 
cytokines which we found to be associated with AIH and 
correlated with disease states, as shown above (Fig. 1). 
Accordingly, this cluster was also enriched for the type 1 
master transcription factor TBX21 and molecules associated 
with cytotoxicity, such as TNFSF10 and FASLG (Fig. 3A). In 
addition, although not the only one, this cluster was clonally 
expanded (Fig. 3B and S4A). Using the TCR sequences 
(Fig. S4B and C), we found that 80% (8 out of 10) of the most
highly expanded clonotypes (n > −6 clones) within the T EM -c
cluster were present in the liver, but not in the blood (Fig. 3C). 
In contrast, clonotypes that were expanded at lower levels (n
< −5 clones) could be detected both in the liver and in the blood
of the same patients (Fig. S4D). As these findings suggested a 
possible residency of the highly expanded clones within the 
T EM -c cluster, we tested for the expression of a literature-
based residency and migratory score 29 and observed that 
the T EM -c cluster was enriched for genes associated with 
residency but not with migration, particularly in comparison 
with T EM -a cells, which were S1PR1-positive, thus favoring 
egress from the tissue (Fig. 3D). Considering the type 1 cyto-
kine profile, residency signature and in particular the expres-
sion of two widely accepted prototypical residency markers, 
CD69 and CXCR6 (Fig. S4E), we propose referring to T EM -c as 
tissue resident-like type 1 memory (T RM 1) cells.

To confirm the presence and the features of T RM 1 cells, we 
validated the AIH atlas findings at the protein level using 
multiparametric flow cytometry on a new set of AIH tissue 
samples. We first selected potential T RM 1 surface markers 
from the CITE-seq data accepted in the field, i.e. CD69, 
CXCR6, ITGA1 and TIGIT (Fig. S4E). CD69 and CXCR6 were 
expressed in T RM 1 cells but not in migratory T EM -a cells. 
ITGA1, which is commonly used to identify type I cytokine-
producing and resident cells, 30 appeared to be expressed, 
albeit by few cells, mainly in the T RM 1 cluster. Finally, TIGIT 
was selectively expressed in T FH and regulatory cells, 

31 as 
expected, but not in T RM 1 cells. Once these markers were 
selected, we tested them on cells isolated from fresh liver bi-
opsies of patients with AIH. We hereby identified a distinct 
population of memory CD4 + T cells co-expressing CD69, 
CXCR6, CD49a (encoded by the ITGA1 gene) but negative for 
TIGIT, and thus probably reflecting T RM 1 cells (Fig. 3E and 
S4F). Considering that one of the key features of T RM 1 cells 
is the expression of TNF and IFNG, we restimulated liver CD4 + 

T cells in vitro and found that the majority of the CD69 + CD49a + 

CD45RO + CD4 + T cells co-produced TNF and IFN-γ (Fig. 3F 
left, and S4G). Using a complementary analysis, we found that 
the majority of TNF and IFN-γ co-producing CD4 + T cells were 
CD69 + CD49a + CD45RO + CD4 + T cells (Fig. S4H). Finally, we 
found that T RM 1 cells showed the highest average expression 
of both TNF and IFN-γ, as indicated by mean fluorescence 
intensity, followed by CD69 - cells in the liver-infiltrate and

blood T EM cells (Fig. 3F, middle and right). Further confirmation 
of the phenotype of T RM 1 cells in the liver of patients with AIH 
was obtained by the capacity of CD69 + CD49a + CD45RO + 

CD62L - CD4 + T cells to produce granzyme A, B, and K, as was 
also indicated in the AIH atlas dataset (Fig. S4I). Finally, we 
tested whether T RM 1 cells were more abundant in AIH livers 
compared to mildly inflamed livers in various other conditions. 
We found a higher abundance of T RM 1 cells per milligram of 
liver in patients with AIH compared to controls (Fig. S4J).

Identification of a.a.CD8 + T cells in AIH liver

Following a similar approach to that used for CD4 + T cells, we 
also characterized liver CD8 + T cells. In the livers of patients 
with MASH, Dudek et al. reported a population of a.a.CD8 + T 
cells expressing the chemokine receptor CXCR6, along with 
key cytokines, including TNF and IFN-γ, 21 which we also 
observed in AIH livers a.a.CD8 + T cells represent a state of 
CD8 + T cells characterized by transient MHC I-independent 
cytotoxic capacity under conditions of IL-15 exposure. 21 We 
therefore wondered whether CD8 + T cells, present in AIH 
livers, were characterized by the a.a. state. To address this, 
we first analyzed CXCR6 and CD69 expression in our 
sequencing data (Fig. S5A). Although CXCR6 was expressed 
by fewer cells within the T EM -a cluster, it was broadly 
expressed at the RNA level across T EM -b to -g. Similarly, the 
tissue residence marker CD69 was widely expressed at the 
protein level from T EM -a to -g. We further assessed the 
presence of an a.a. gene signature, assigning a.a. scores to 
each cluster. 21 We found that CD8 + T EM -a to -g exhibited 
elevated a.a. scores compared to the other clusters, namely 
naïve-like and T CM cell clusters (Fig. 3G and S5B). Consistent 
with the a.a. potential, T EM -f and -g were enriched for AIH-
associated pro-inflammatory genes, such as TNF and IFNG 
(Fig. S5A). In addition, T EM -d and -e were enriched for 
cytotoxicity-related genes, such as FASLG, PRF1 and GZMB 
(Fig. S5A). All CD8 + T-cell clusters except for the naïve-like 
cluster exhibited large clonal expansion (Fig. 3H and S5C). By 
analyzing TCR sequences from the three paired blood and 
liver samples, we identified 16 highly expanded clonotypes (n
> −31 clones). Notably, 50% (8 out of 16) of these clonotypes
were exclusively present in the liver but not in the blood, and 
were found within T EM -e, -g, as well as partially within T EM -c, 
-d and -f. In contrast, the other 50% of highly expanded 
clonotypes were detectable both in the liver and blood and 
were primarily associated with clusters T EM -a, -b, -c and 
partially T EM -d and -f (Fig. 3I). Clonotypes with lower expan-
sion (n < −30 clones) exhibited a similar pattern (Fig. S5D).
Collectively, these findings suggest longer dwell times of the 
cells of the T EM -e and T EM -g clusters in the liver, whereas the 
cells of the T EM -a cluster appear more circulatory. Meanwhile, 
the T EM -b, -c, -d and -f clusters might represent an

◀
Significant differences are indicated by Wilcoxon Rank Sum test, FDR adjusted. Right: Linear regression plot for patients with AIH (black regression line, black dots) 
and PBC (green regression line; dots omitted). (D) Enrichment of KEGG terms in the "signal transduction" category for genes using the Spearman correlation to mHAI, 
ALT, or fibrosis scores in patients with AIH. Only terms significant for at least one feature are shown. Statistical significance is indicated as follows: *p <0.05, **p <0.01, 
***p <0.001 and ****p <0.0001. (E) Bar plots of the top six transcription factors per feature with the highest activity scores, calculated using the t-statistic of a univariate 
linear model on the CollecTRI Database and strongly correlating genes. (F) Heatmap of strongly correlating tumor necrosis factor superfamily members, interleukins 
and interferon. r s values are labelled. Fields with r s >0.6 are emphasized by black border. (G) Boxplots and regression plots comparing normalized expression by 
mRNA sequencing with relative expression by qPCR for selected cytokines. AIH, autoimmune hepatitis; ALT, alanine aminotransferase; FDR, false discovery rate; 
mHAI, modified hepatic activity index; PBC, primary biliary cholangitis.
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intermediate state, consisting of some cells with a residency 
path and others adopting a circulatory pattern. Using resi-
dency and migratory scores as described above, T EM -e, -f, 
and -g exhibited a higher residency score and a lower 
migratory score, albeit with some heterogeneity, compared to 
the other clusters. T EM -a to -d exhibited an intermediate 
residency score (Fig. 3J). In short, these CD8 + T EM sub-
clusters consist of cells with a potential migratory progres-
sion, transitioning from infiltrating to resident or vice versa. 
Nevertheless, based on the similar expression of the a.a. 
score, suggesting a potential common cytotoxicity function 
and the expression of the key markers CD69 and CXCR6, we 
simplified the potential heterogeneity of the T EM -a to -g cell 
clusters by referring to them as CD8 + T cells with a potential 
a.a. function (i.e. a.a.CD8 + T cells).

As for CD4 + T RM 1 cells, we confirmed the presence and 
characteristics of a.a.CD8 + T cells at the protein level using 
multiparameter flow cytometry. We identified a distinct popu-
lation co-expressing CD69 and CXCR6, which have been used 
to identify a.a. T cells (Fig. 3K and S4F). Additionally, this 
population also co-expressed PD-1 and TIGIT, which are 
additional surface markers identified in the a.a. gene set, 
reflecting their status as highly activated cells. 32 In contrast, 
the CXCR6 and CD69 double-negative population exhibited 
relatively low expression of PD-1 and TIGIT. Notably, CD49a, 
although not yet associated with auto-aggression, was also 
expressed by CD69 + CXCR6 + a.a.CD8 + T cells (Fig. 3K). Upon 
in vitro restimulation, a large fraction of liver CD69 + CD49a + 

CD45RO + CD8 + T cells co-produced TNF and IFN-γ, further 
lending support to the notion that these cells represent 
a.a.CD8 + T cells in accordance with our CITE-seq analysis 
(Fig. 3I and S5E). Unlike the CD4 + populations, a.a.CD8 + T 
cells showed a similar expression of TNF as liver-infiltrating 
CD69 - CD49a - CD45RO + CD8 + T cells. IFN-γ expression ten-
ded to be higher in the a.a.CD8 + T cells. Moreover, granzyme 
A, B, and K were also detected in this population without 
in vitro stimulation (Fig. S5F). Finally, we investigated whether 
a.a.CD8 + T cells were more prevalent in the livers of patients 
with AIH. Analysis of CD8 + T cells from the same group of 
patients used for the CD4 + T-cell study revealed that the CD8 + 

T cells in the livers of patients with AIH showed significantly 
higher abundance of cells per mg of liver with the a.a. 
phenotype compared to controls (Fig. S5G).

Overall, we identified and validated CD4 + T RM 1 cells and 
a.a.CD8 + T cells in AIH livers as a potential source of TNF and 
IFN-γ, two of the proinflammatory cytokines we found to be 
associated with AIH.

AIH molecular-cellular network and its spatial distribution

Following the identification of the key AIH-related pathways 
and their cellular sources, we then aimed to integrate their 
relationships into a coherent interactome that enables the

generation of hypotheses explaining the pathological immune 
network of AIH. To this end, we used CellChat 33 to infer 
intercellular communication probabilities by analyzing the 
expression of the preselected set of cytokine ligand–receptor 
pairs from the above analyses. IL12, which exhibited a posi-
tive correlation with disease severity in Fig. 1, was not included 
in this analysis due to low RNA counts. We differentiated be-
tween conventional IL-15 signaling (referred to as ‘IL15 – 
(IL15RA+IL2RB+IL2RG)’) and the trans-presentation of IL-15 
((IL15RA+IL15) – (IL2RB+IL2RG)). 34 The inferred interactions 
suggested that both T RM 1 cells and a.a.CD8 

+ T cells can 
potentially respond to IL-15 and IL-7, which are produced by 
myeloid cells. In turn, T RM 1 and a.a.CD8 

+ T cells could interact 
with myeloid cells by secreting TNF and IFN-γ and thus pro-
mote the pro-inflammatory phenotype of these innate cells. In 
addition, we found that TNF and its receptors can connect 
T RM 1 cells with a.a.CD8 

+ T cells, suggesting potential support 
of CD8 + T-cell survival by CD4 + T cells. Next, T RM 1 and 
a.a.CD8 + T cells were shown to potentially interact with he-
patocytes through TNF, IFN-γ and FASLG, thus potentially 
contributing to tissue damage. Finally, hepatocytes secreting 
IL-7 and IL-15 could target the corresponding cytokine re-
ceptors on both T RM 1 and a.a.CD8 

+ T cells, closing a potential 
vicious cycle, which may lead to chronic inflammation typical 
of AIH (Fig. 4A). A cell type-focused overview of these findings 
is provided in Fig. 4B.

To further support this AIH molecular-cellular network, we 
investigated cell neighborhoods within the spatial context us-
ing an independent cohort of patients with AIH. Specifically, 
we profiled the spatial distribution of 477 selected genes 
across six AIH liver biopsies and three control liver biopsies 
with unremarkable histopathological findings using the Xenium 
In Situ platform (10x Genomics) (spatial in situ RNA expression 
assay) (Fig. 4C). Dimensionality reduction of these data yielded 
21 well-segregated clusters for AIH samples and 17 clusters 
for control samples, with a median of 50 genes detected per 
cell (Fig. S6A–C). We used the DEGs identified from our AIH 
atlas as a reference to annotate clusters and map cell types to 
their spatial localization (Fig. 4C and S6B,C). Compared to 
control livers, which exhibited clear zonation and minimal im-
mune cell infiltration, AIH biopsies demonstrated disrupted 
zonation patterns and a marked increase in immune cell infil-
tration, including T cells, B cells, and myeloid cells (Fig. 4C). 
We next quantified the proportions of different immune and 
non-immune cell populations. T RM 1 and a.a.CD8 

+ T cells were 
more abundant in AIH compared to control livers, while he-
patocytes appeared to be diminished in AIH livers, as expected 
(Fig. S6D). Focusing on the different types of hepatocytes, their 
proportions varied between AIH and controls with a relative 
increase in hepatocytes with inflammatory features in AIH 
(Fig. S6E). In addition, more immune cells, including T RM 1 and 
a.a.CD8 + T cells, were found adjacent to hepatocytes in AIH 
compared to control livers (Fig. S6F). At the hepatic-immune

◀
donors excluded due to <80 CD4 + T cells) (CITE-seq: n = 9; snRNA-seq: n = 5). Right: Heatmaps of selected canonical marker genes across all CD4 + T-cell sub-
clusters. (E) Left: Sub-clustering analysis of CD8 + T cells including all 16 donors (CITE-seq: n = 10; snRNA-seq: n = 6). Right: Heatmaps of selected canonical marker 
genes across all CD8 + T-cell subclusters. (F) Left: Sub-clustering analysis of hepatocytes based solely on snRNA-seq (n = 6), excluding hepatocytes from CITE-seq 
due to low recovery. Right: Heatmap of selected markers associated with zonation, inflammation, proliferation and regeneration. AIH, autoimmune hepatitis; CITE-
seq, cellular indexing of transcriptomes and epitopes by sequencing; SLO, secondary lymphoid organ; snRNA-seq, single-nucleus RNA sequencing; UD, undefined; 
UMAP, uniform manifold approximation and projection.
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Fig. 3. Characterization of intrahepatic conventional T cells in AIH. (A) Heatmap of selected pro-inflammatory and regulatory marker genes across CD4 + sub-
clusters corresponding to those defined in Fig. 2D. Re-annotation of T EM -c, T EM -d, and T EM -e as T RM 1, T FH , and T R 1, respectively, based on their features. (B) UMAP 
showing the clonal expansion of CD4 + T cells from CITE-seq data. Clonal expansion is determined by the total number of cells sharing the same clonotype. (C) Left: 
Clonal expansion of CD3 + T cells, in livers and paired blood (liver CITE-seq: n = 3; paired blood CITE-seq: n = 3). The X-axis and Y-axis represent liver and blood
clones, respectively, with clone counts > −20 truncated to 20 for visualization. Right: UMAP of CD4 + T cells highlighting highly abundant clones (frequencies of n > − 6) 
shared between the liver and blood (top), and liver-specific clones (bottom). (D) Migration and residency scores for all CD4 + T-cell subclusters (CITE-seq: n = 9; 
snRNA-seq: n = 5). (E) Representative flow cytometry plots showing the expression of CD69 and CXCR6 on memory CD4 + T cells in AIH livers. Distinct expression 
pattern of CD49a and TIGIT are used to identify T RM 1 cells. The gating strategy for memory CD4 + T cells is shown in Fig. S4F. (F) Left: Representative flow cytometry 
plots showing TNF and IFN-γ expression patterns following in vitro stimulation in the indicated CD4 + populations. CD45RO + CD4 + T cells were pre-gated on TCRαβ +
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interface, we observed close adjacency between TNF-
expressing T RM 1 cells and hepatocytes or CD8 

+ T cells 
expressing TNFRSF1A or TNFRSF1B (Fig. 4D). Additionally, 
IL7-or IL15-expressing myeloid cells or hepatocytes were 
found in close proximity to T RM 1 and a.a.CD8 

+ T cells 
expressing IL7R or IL15R (Fig. 4D). Targeting the same key 
players as indicated in Fig. 4A, namely T RM 1, a.a.CD8 

+ T cells, 
myeloid cells and hepatocytes, we further analyzed the inter-
action probabilities of the selected ligand-receptor pairs, 
incorporating their spatial distances to calculate interaction 
probabilities (Fig. 4E). The resultant heatmap revealed various 
probable interactions similar to those shown in Fig. 4A; the 
majority of these interaction potentials were observed in AIH 
livers, but not in control livers (Fig. 4E). These findings provide 
further evidence of the potential interactions we proposed in 
AIH livers.

Functional validation of identified cellular interactions

Subsequently, we aimed to functionally validate some of the 
above-mentioned findings (Fig. 4). Based on the AIH cellular-
molecular network and the cellular abundance of T RM 1 and 
a.a.CD8 + T cells in AIH, we hypothesized that IL-7 and IL-15 
play a role in inducing the proliferation of these cells. To 
functionally test this, we isolated and expanded both types of T 
cells from AIH liver biopsies and then exposed them to re-
combinant human IL-7 or recombinant human IL-15. IL-7 could 
induce the proliferation of T RM 1 cells in a dose-dependent 
manner, and IL-15 promoted the proliferation of both T RM 1 
and a.a.CD8 + T cells, also in a dose-dependent manner 
(Fig. 5A and S7A-F).

Next, we wondered whether the transcriptomic profile of 
a.a.CD8 + T cells found in AIH livers translates into an a.a. 
function, i.e. MHC I-independent killing. To address this, we 
utilized a validated in vitro approach by co-culturing indicated 
populations with K562 target cells that lack MHC-I molecules 
without additional stimulation to test for auto-aggression, 21 

and found that AIH liver-derived a.a.CD8 + T cells displayed an 
MHC I-independent killing capacity (Fig. 5B). In contrast, we 
did not observe a reproducible a.a. function from liver T RM 1 
cells nor from CD8 + and CD4 + T cells isolated from 
blood (Fig. 5B).

Although T RM 1 did not display direct a.a. properties, our 
interactome analysis identified both hepatocytes and a.a.CD8 +

T cells as targets of T RM 1 and of TNF, raising the possibility 
that T RM 1 may indirectly contribute to hepatocyte damage, 
potentially through TNF secretion. To explore this, we 
designed experiments to evaluate the impact of TNF pre-
treatment on either the target cells or a.a.CD8 + T cells, 
which, for the purpose of standardization, were generated by 
in vitro stimulation of blood-derived CD8 + T cells with IL-15 as 
described. 21 Pre-treating IL-15-induced a.a.CD8 + T cells with 
soluble TNF did not augment their a.a. function (Fig. 5C); 
however, pre-treating the target cells did enhance auto-
aggression by a.a.CD8 + T cells (Fig. 5D). Since T RM 1 cells 
can secrete TNF, we next pre-treated target cells with the 
culture supernatant of anti-CD3/anti-CD28-activated T RM 1 
cells. We observed that this pre-treatment enhanced the a.a. 
effect exerted by blood-induced a.a.CD8 + T cells. Of note, this 
increase in cytotoxicity was partially reversed by TNF blockade 
(Fig. 5E and S7G).

We next aimed to confirm some of these findings using 
primary human hepatocytes. We found that the pre-treatment 
of hepatocytes with the supernatant of activated T RM 1 cells 
increased the killing capacity of a.a.CD8 + T cells, which was 
inhibited by TNF blockade (Fig. 5F and S7H).

Finally, we aimed to investigate the potential pathological 
effects of TNF on hepatocytes. TNF has been shown to upre-
gulate ICAM1 in human epithelial cells. 35 Additionally, hepato-
cytes exposed to TNF upregulate ICAM1, facilitating close 
interactions with cytotoxic T cells in a MASH mouse model. 21 

Therefore, we proposed that TNF exerts a similar effect in AIH. 
To assess this, we quantified TNF signaling activity in hepato-
cytes exploiting data from our atlas. Based on our AIH atlas 
dataset, using CD8 + T cells as a positive control for TNF 
signaling, we classified hepatocytes into high and low TNF 
response groups (Fig. S7I). Differential gene analysis between 
the TNF-high and -low response groups revealed that several 
adhesion molecules, which facilitate physical interactions be-
tween hepatocytes and T cells, were upregulated in the TNF-
high response group (Fig. S7J). Furthermore, a regression 
model revealed a significant positive association between TNF 
signaling pathway activity and the expression of adhesion 
molecules, including ICAM1 (Fig. 5G). To further validate our 
findings in a spatial approach reflecting the in vivo conditions, 
we analyzed the spatial in situ RNA expression dataset with a 
particular focus on TNF receptor-positive hepatocytes in close 
proximity to TNF-producing cells (within 20 μm), including T RM 1,

◀
TCRVα24-Jα18 - live, singlet lymphocytes. Middle: Representative histograms showing the mean fluorescence intensity (MFI distribution) of TNF and IFN-γ across the 
indicated CD4 + populations. Right: MFI quantification in 7 AIH donors. Each dot represents a single donor, with MFI levels of different populations from the same 
donor connected by lines. Grey lines represent mean values. Significant differences are determined by RM one-way ANOVA, Tukey’s multiple comparisons test. (G) 
a.a. score for all CD8 + T-cell subclusters (CITE-seq: n = 10; snRNA-seq: n = 6). Re-annotation of T EM -a to -g as a.a.CD8 -a to -g respectively, based on their a.a. 
features. (H) UMAP showing the clonal expansion of CD8 + T cells from CITE-seq data (n = 10). Clonal expansion is determined by the total number of cells sharing the 
same clonotype. (I) Left: Clonal expansion of CD3 + T cells, in livers and paired blood (liver CITE-seq: n = 3; paired blood CITE-seq: n = 3). The X-axis and Y-axis
represent liver and blood clones, respectively, with clone counts > −70 truncated to 70 for visualization. Right: UMAP of CD8 + T cells highlighting highly abundant
clones (frequency > −31) shared between liver and blood (top), and liver-specific clones (bottom). (J) Migration and residency scores for all CD8 + T-cell subclusters
(CITE-seq: n = 10; snRNA-seq: n = 6). (K) Representative flow cytometry plots showing the expression of indicated markers on memory CD8 + T cells in AIH liver. The 
gating strategy for memory CD8 + T cells is shown in Fig. S4F. (L) Left: Representative flow cytometry plots showing TNF and IFN-γ expression patterns in the 
indicated CD8 + T-cell populations. CD45RO + CD8 + T cells were pre-gated on TCRαβ + TCRVα24-Jα18 - live, singlet lymphocytes. TNF and IFN-γ detection were 
performed after in vitro stimulation. Middle: Representative histogram showing the MFI distribution of TNF and IFN-γ across the indicated CD8 + T-cell populations. 
Left and middle panels represent images from the same donor. Right: MFI quantification across five AIH donors. Each dot represents a single donor, with MFI levels of 
different populations from the same donor connected by lines. Grey lines represent mean values. Statistical differences are determined by repeated measures one-
way ANOVA, Tukey’s multiple comparisons test. Panels (A-D) and (G-J) were based on the AIH atlas, whereas panels (E,F,K,L) were based on the FACS dataset. 
Donors included in the FACS dataset represent an independent cohort. AIH, autoimmune hepatitis; CITE-seq, cellular indexing of transcriptomes and epitopes by 
sequencing; MFI, mean fluorescence intensity; snRNA-seq, single-nucleus RNA sequencing; T EM , effector memory T cell; T FH , T follicular helper cell; T R1 , type 1 
regulatory T cell; T RM , tissue-resident memory T cell; UMAP, uniform manifold approximation and projection.
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+ T cells, myeloid cells, and hepatocytes in the livers 

of patients with AIH. (A) Heatmap showing the significant (p adjusted <0.05, one-sided permutation test) communication probability values by CellChat of selected 
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a.a.CD8 + T cells and myeloid cells. As controls, we included 
hepatocytes without TNF receptor expression in close proximity 
to TNF-secreting cells. Consistent with the AIH atlas analysis, 
both ICAM1 and CDH1 mRNA were highly expressed in hepa-
tocytes, presumably reflecting their response to TNF (Fig. 5H 
and S8A). Our findings suggest a potential mechanism of TNF 
action on hepatocytes, involving the upregulation of adhesion 
molecules, including ICAM1, to induce a.a.CD8 + T cell/T RM 1-
mediated cytotoxicity in the AIH liver.

In summary, our data revealed a molecular and cellular 
network that could contribute to the pathogenesis of AIH. 
While myeloid and hepatocyte-derived IL-7 and IL-15 may 
have accounted for the accumulation of T cells in the liver, the 
cytokine TNF, which can derive from liver T RM 1 cells, 
enhanced the cytotoxic activity of a.a.CD8 + T cells by upre-
gulating adhesion molecules on hepatocyte targets.

Anti-TNF treatment with infliximab in patients with newly 
diagnosed AIH

In parallel, we investigated one of the suspected key nodes of 
AIH pathogenesis, TNF, as a therapeutic target in a phase IIa, 
proof-of-concept trial testing infliximab (IFX) as an alternative 
to conventional corticosteroid induction therapy for a distinct 
cohort of patients with newly diagnosed AIH (Trial Registration: 
EudraCT No. 2017-003311-19). In total, 12 patients were 
enrolled in the trial, nine of whom could be analyzed (Fig. 6B). 
The primary endpoint – defined as complete biochemical 
remission (i.e. normalization of ALT, AST and IgG) after 24 
weeks (6 months) of treatment with IFX was reached by 2/12 
patients (17%, Fig. 6A). Nine patients were included in the final 
analysis cohort (n = 8 who completed all scheduled infusions 
and n = 1 who received 6/8 doses). 9/9 patients (100%)
exhibited transaminases < −2x the upper limit of normal after 6
months of treatment. IFX significantly decreased ALT and AST 
levels by 92.7% and 65.5%, respectively, after six months 
(Fig. 6C,D, percentages/p values based on the linear mixed-
effects model analyses [n = 12], p <0.0001 for reductions of 
ALT and AST; see Table S2 for observed relative reductions of 
the final analysis cohort [n = 9]). Complete normalization of 
AST and ALT was achieved in 6/9 and 5/9 patients (67% and 
56%), respectively.

Trial outcomes were compared with standard-of-care 
corticosteroid induction therapy for AIH using prospectively 
collected data from 24 patients in the R-LIVER registry, 9 

treated at the same center. Propensity score matching was 
applied to the baseline covariates age, ALT, mHAI, IgG and 
bilirubin, with sex and histologically confirmed advanced 
fibrosis or cirrhosis (F3-4) specified as exact-matching vari-
ables. Detailed baseline characteristics are outlined in Table 1. 
Further analysis revealed no significant differences regarding 
ALT reduction between the treatment groups (p for interaction 
group × time point [p group×time ] = 0.68, Fig. 6E). The rate of

complete normalization of serum transaminases was similar in 
both cohorts (12/24 patients [50%] in the SoC cohort vs. 5/9 
patients [56%] in the IFX cohort, p = 1.0, Fig. 6E and S9A). IgG 
normalization was observed more frequently in the SoC cohort 
(18/24 patients [75%] vs. 3/9 patients [30%] receiving IFX in 
the clinical trial, p = 0.04, Fig. 6F), though IgG reduction did not 
differ significantly between groups ([p group×time ] = 0.051). The 
composite endpoint of normalized AST, ALT and IgG after 6 
months was achieved in 10/24 patients (41.7%) in the SoC 
cohort and 2/12 patients (17%) in the cohort receiving 
IFX (p = 0.26).

Liver stiffness measurement by transient elastography re-
flects inflammation and fibrosis in AIH. 36 The impact of IFX 
treatment on liver stiffness was hence evaluated as a sec-
ondary endpoint (Fig. 6G). After 6 months, IFX led to a signif-
icant reduction of liver stiffness by 7.1 kPa on average in the 
linear mixed-effects model (p = 0.002). In the control cohort 
receiving SoC, available data from 13 patients with measure-
ments at both time points revealed a mean reduction of 
5.2 kPa (p = 0.005). The linear mixed-effects model revealed no 
significant differences between groups with regard to liver 
stiffness (p group×time = 0.46).

Given the considerable known side effects associated with 
the current steroid-based standard induction therapy, 4–7 the 
clinical trial assessed both weight/BMI, as well as reports of 
the patients’ HRQoL. Changes in BMI did not differ signifi-
cantly between groups (p group×time = 0.52, Fig. 6H). Detailed 
information on primary and secondary outcome measures, as 
well as on further laboratory findings, is provided in Table S2. 
At month 6, minor improvements in the mean difference from 
baseline were observed in the majority of subcategories of the 
SF-36 health survey (see Fig. S9B and Table S3 for detailed 
information on HRQoL collected within the clinical trial).

During the 6-month treatment phase with IFX (Fig. 6A), a 
total of 37 AEs of any kind were reported. All AEs were clas-
sified as mild or moderate. All AEs for which a possible rela-
tionship to study participation could not be excluded had 
resolved by the end of the observation period. With 9 out of 37 
AEs (24%), gastrointestinal symptoms (such as heartburn/ 
abdominal pain, nausea, vomiting) were the most frequently 
observed events. Two patients experienced serious AEs, both 
assessed as of questionable relation to the trial treatment: one 
patient was admitted to the emergency room for symptoms of 
marked arthralgia 24 h after their second dose of IFX associ-
ated with a mild acute upper respiratory tract viral infection not 
requiring hospitalization. This patient, whose ALT levels had 
already fallen by >60% compared to baseline, subsequently 
withdrew study consent. The second patient developed two 
consecutive episodes of febrile pyelonephritis after 6 out of 8 
planned IFX doses and received inpatient antibiotic treatment. 
The patient had already achieved complete biochemical 
remission at the onset of the SAE, so further administration of 
the study drug was deemed inappropriate in this

◀
distribution of cells from two active AIH livers and one control liver, color-coded by cell type (myeloid cells: macrophages, monocytes, Kupffer cells, granulocytes and 
dendritic cells; T cells: CD4 + and CD8 + T cells). Magnified views provide detailed depictions of cellular distributions. (D) Zoomed-in views of the spatial distribution of 
cells from the two areas indicated in (C). Below: magnified spatial distribution of cells, with selected ligand and receptor RNA expression overlaid. (E) Heatmap 
showing the significant (p adjusted <0.05, one-sided permutation test) communication probability values by CellChat of selected ligand-receptor pairs and the 
interacting cell types at distances up to 50 μm, based on spatial in situ RNA expression dataset. Donors included in the spatial in situ RNA expression dataset 
represent an independent cohort. AIH, autoimmune hepatitis; a.a.CD8+, auto-aggressive CD8 + T cell; T RM 1, tissue resident-like type 1 memory cell.
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Fig. 5. T RM 1-derived TNF licenses the killing capacity of a.a.CD8 
+ T cells. (A) Left: Schematic representation of the cytokine stimulation workflow. Right: 

Representative CellTrace Violet histograms showing proliferation of AIH liver-derived T RM 1 and a.a.CD8 
+ T cells in response to IL-7 and IL-15 stimulation. (B) Left: 

Schematic representation of the K562 cytotoxicity assay. Middle: Real-time cell impedance analyses performed over 24 h showing auto-aggressive activity of AIH 
liver-derived a.a.CD8 + T cells, T RM 1 cells, and paired blood CD4 

+ T EM and CD8 
+ T EM cells against K562 target cells (AIH patient, n = 1). Cytotoxicity was assessed in 

the absence of external stimulation and quantified using xCELLigence. Each dot represents the mean of triplicates for the indicated condition at the specified time 
point, with bars indicating the standard deviation. Right: Auto-aggressive activity of AIH liver-derived a.a.CD8 + T cells, T RM 1 cells, and paired blood CD4 

+ T EM and 
CD8 + T EM cells against K562 target cells (AIH patients, n = 4). Cytotoxicity was quantified using flow cytometry. Each dot represents a single donor. Grey lines 
represent mean values. Significant differences are determined by repeated measures one-way ANOVA, Tukey’s multiple comparisons test. (C) Left: Schematic
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circumstance. Having already received 75% of the planned 
doses, the patient was included in the endpoint analyses. Two 
patients were prematurely excluded from further study 
participation after one and two doses, respectively, as they 
fulfilled the definition of insufficient response by the very strict 
safety rules of the phase IIa trial protocol (requiring premature 
study discontinuation in case of an increase in transaminases 
>20% over baseline within the first 4 weeks of treatment). They 
also received steroid-based rescue therapy.

In summary, this trial demonstrates the efficacy of the anti-
TNF antibody infliximab as a steroid-free therapy in newly 
diagnosed AIH, confirming TNF as a key node of the patho-
genic AIH immune network.

Discussion
We provide a description of a comprehensive and cohesive 
cellular and molecular network which might be responsible for 
the thus far elusive pathogenesis of AIH. In addition, this data 
set can be used as a resource for the identification of new 
targets for immunotherapeutic interventions in AIH. To obtain 
this resource, we integrated several mutually corroborating 
omics techniques, computational modelling, and functional 
assays from distinct cohorts of patients with AIH. Unsuper-
vised analysis identified several cytokines associated with 
type I immune responses, particularly TNF, IL-12, and IFN-γ, 
and their downstream signaling pathways (RELA, NF-κB, 
JAK-STAT), correlating with the degree of liver inflammation 
and damage (Fig. 1). This finding is in line with previous re-
ports of elevated plasma levels of cytokines in patients with 
AIH, 37,38 in particular of TNF, IL-12, and IFN-γ, which decline 
in disease remission. 37 We generated a comprehensive 
single-cell atlas (Fig. 2), profiling immune and non-immune 
cell populations, i.e. CD4 + T cells, CD8 + T cells, myeloid 
cells, hepatocytes and cholangiocytes. This AIH atlas is in 
alignment with published reports of healthy and diseased 
human livers in representing the major cell types and 
typical organ features like zonation, 26,39,40 but in addition, it

establishes a unique representation of AIH-specific liver 
cell characteristics.

The AIH atlas confirmed our previous observation of an 
abundance of TNF-producing Th1 cells in AIH livers, 19 but also 
suggested a critical role of liver-resident CD4 + T RM 1 cells as 
producers of TNF (Fig. 3). These hepatic T RM 1 cells matched a 
previously described phenotype. 18 The presence of T RM 1 cells 
is not unique to AIH, as these cells have also been detected in 
livers with less inflammatory activity, albeit at lower abun-
dance. The TNF-producing T RM 1 cells were clonally expanded 
in the livers of patients with AIH. However, the identification of 
the specific activating antigens requires further investigation. 
Autoreactive CD4 + T cells have previously been identified in 
the blood of anti-SLA/LP auto-antibody-positive patients with 
AIH. 16,17,41 These autoreactive T cells mainly seemed to 
represent IL21-positive T FH cells. Our study did not assess 
TCR specificity, limiting direct comparison with these findings. 
However, liver T FH cells in our dataset are characterized by 
PDCD1, CTLA4, TIGIT, and ICOS, as well as by TOX2, NR3C1, 
and MAF genes, markers that were previously described for 
autoreactive CD4 + T cells. 16,17 This suggests a potential link 
between what we identified here as liver T FH and blood 
autoreactive CD4 + T cells and calls for further investigation in 
this regard.

Our AIH atlas also revealed a substantial clonal expansion 
of CD8 + T cells in AIH livers. This cell population appears to be 
heterogeneous, with some of the clusters exhibiting a T RM 

signature and partially exclusive clonal representation in the 
liver (Fig. 3). Note that a CD8 + T-cell population with similar 
memory and residency markers was found to be significantly 
increased in the livers of patients with AIH, strongly correlating 
with disease severity. 20 Intriguingly, our atlas revealed that this 
population displays an a.a. state (Fig. 3) and function, including 
cytotoxicity independent of TCR-stimulation (Fig. 5). This is 
consistent with the recent report indicating a pathogenic role 
of a.a.CD8 + T cells in MASH, 21 suggesting that a.a.CD8 + T 
cells might be of pathogenic relevance in different 
liver diseases.

◀
representation of the K562 cytotoxicity assay. Right: Auto-aggressive activity of IL-15-treated blood CD8 + T cells (i.e. CD8 IL-15) pre-treated without or with TNF, 
against K562 target cells. Cytotoxicity was quantified by flow cytometry. Blood CD8 + T cells were derived from healthy donors (n = 7). Each dot represents a single 
donor. Grey lines represent mean values. Statistical difference is determined by paired t-test. (D) Left: Schematic representation of the K562 cytotoxicity assay. Right: 
Auto-aggressive activity of IL-15-treated blood CD8 + T cells against K562 cells pre-treated without or with TNF. Cytotoxicity was quantified by flow cytometry. Blood 
CD8 + T cells were derived from healthy donors (n = 4). Each dot represents a single donor. Grey lines represent mean values. Significant difference is determined by 
paired t-test. (E) Left: Schematic representation of the K562 cytotoxicity assay. Right: Auto-aggressive activity of IL-15-treated blood CD8 + T cells against K562 target 
cells (grey), K562 cells pre-treated with supernatant from anti-CD3/anti-CD28 activated T RM 1 cells, in the absence (red) or presence (blue) of anti-TNF. Cytotoxicity 
was quantified by flow cytometry. Blood CD8 + T cells were derived from healthy donors (n = 6) and T RM 1 cells were derived from AIH livers (n = 4). Supernatant from 

T RM 1 cells from two AIH donors was cultured with CD8 + T cells from one healthy donor each. Supernatant from T RM 1 cells from two additional AIH donors was 
cultured with CD8 + T cells from two healthy donors each, resulting in a total of six independent measurements. Each dot represents a co-culture condition. Grey lines 
represent mean values. Significant differences are determined by repeated measures one-way ANOVA, Tukey’s multiple comparisons test. (F) Left: Schematic 
representation of human primary hepatocyte cytotoxicity assay. Right: Real-time cell impedance analysis over 15 h showing auto-aggressive activity of autologous 
blood CD8 + T cells against primary human hepatocytes under the indicated conditions. Hepatocytes were co-cultured with CD8 + T cells (grey), or pre-treated with 
supernatant from anti-CD3/anti-CD28-activated T RM 1 cells in the absence (red) or presence of anti-TNF (blue). Baseline hepatocytes are shown in black. Auto-
aggression was assessed by hepatocyte viability and quantified using xCELLigence. Primary hepatocytes and autologous blood CD8 + T cells were obtained from 

one healthy donor, and T RM 1 cells were isolated from the liver of one AIH donor. Each dot represents the mean of triplicates for the indicated condition at the specified 
time point, with bars indicating the standard deviation. (G) TNF signaling pathway score (see Fig. S7I), based on the AIH atlas, indicating the expression of cell 
adhesion molecules (KEGG:hsa04514) in hepatocytes using a hurdle regression model. Depicted are significant (p <0.05) negative log 10 -transformed p values 
multiplied by the sign of the coefficient. (H) Volcano plot of spatial in situ RNA expression data showing differentially expressed cell adhesion genes between TNF 
receptor positive and negative cells within 20 μm of TNF-producing cells. TNF receptor-positive cells are defined by the expression of either TNFRSF1A or 
TNFRSF1B. Cells used in panels (A-E) derived from the same donors as the FACS dataset in Fig. 3. The gating strategies for T RM 1 and a.a.CD8 

+ T cells are described 
in Fig. S4F followed by Fig. 3E and K, respectively. Paired blood CD4 + and CD8 + T EM cells were identified using the same gating strategies described in Fig. S4F for 
CD4 + and CD8 + memory subsets, respectively. AIH, autoimmune hepatitis; a.a.CD8 + , auto-aggressive CD8 + ; MFI, mean fluorescence intensity; T EM , effector memory 
T cell; T RM 1, tissue resident-like type 1 memory cell.
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Our data do not exclude a role for antigen-specific CD4 + 

and CD8 + T cells. Notably, we observed upregulation of MHC I 
and II molecules in hepatocytes, potentially in response to TNF 
stimulation. Thus, a conceivable hypothesis is that self-
reactive T cells represent the initial triggers and effectors of 
the inflammatory reaction in AIH, and that, once the immune 
response is established, MHC-independent CD8 + T-cell– 
mediated killing could further escalate the response. Further 
efforts are needed to dissect the relationship between self-
reactive, non-self-reactive and a.a. T cells in the pathogen-
esis of AIH.

Having found clonal expansion of both T RM 1 and a.a.CD8 
+ 

T cells in the liver of patients with AIH, we searched for po-
tential drivers of this expansion. IL-7 has been shown to pro-
mote the proliferation of naive and T EM cells. 

42 Consistent with 
this, our computational modelling identified interactions be-
tween hepatocytes and myeloid cells with T RM 1 cells via IL-7 
and IL-7R. Furthermore, in vitro functional validation demon-
strated that AIH liver-derived T RM 1 cells can proliferate in 
response to IL-7 in a dose-dependent manner (Fig. 5). Simi-
larly, IL-15, also mainly produced by myeloid cells and hepa-
tocytes, could drive the proliferation of AIH liver-derived T RM 1 
and a.a.CD8 + T cells in a dose-dependent manner (Fig. 5). 
However, proliferation occurs only after 4 days of in vitro 
stimulation, consistent with the observation that short-term IL-
15 stimulation induces an a.a. phenotype, while long-term

stimulation promotes proliferation. 21,43,44 Hepatocytes 
seemed to actively participate in AIH pathogenesis, not only by 
producing IL-7 and IL-15, but also by upregulating IL32 
expression, which has been shown to induce TNF expression 
in human monocytic cells, 45 suggesting that hepatocytes are 
not just passive victims in AIH.

At least to a certain extent, the inflammatory and activated 
phenotype of hepatocytes seemed to be induced by TNF 
derived from expanded CD4 + T RM 1 cells in livers of patients 
with AIH, as inferred from interactome analysis and confirmed 
by spatial Xenium analysis (Fig. 4). While TNF signaling is 
linked to both hepatocyte proliferation and apoptosis, 46,47 we 
also observed upregulation of integrins, such as ICAM1, ITGAV 
and ITGB1, in hepatocytes that appeared to exhibit active TNF 
signaling (Fig. 5). This observation correlates well with data 
showing that TNF exposure upregulates ICAM1 in mouse he-
patocytes and human vascular epithelial cells. 21,35 Moreover, 
our in vitro study showed that pre-treatment of target cells with 
TNF enhanced the killing capacity of a.a.CD8 + T cells. 
Considering this and previous published data in mouse 
models, 21 we speculate that this effect was due to the 
enhanced expression of ICAM1, which increased the contact 
between hepatocytes and a.a.CD8 + T cells, resulting in 
increased hepatocyte killing. These data also affirm the idea 
that hepatocytes not only serve as the primary targets of the 
immune-mediated damage, but also play an active role in

Table 1. Baseline patient characteristics of the AIH-MAB cohort receiving IFX (n = 12) and the matched prospective control cohort receiving SoC (n = 24).

IFX (n = 12) SoC (n = 24) SMD

Female, n (%) 9 (75) 18 (75) 0
Age at diagnosis, years 36 (18-63) 41 (22-62) -0.205
mHAI 9 (5-15) 10 (4-14) -0124
Simplified AIH score 7 (5-8) 7 (4-7) 0.383
Advanced fibrosis/cirrhosis, n (%) 3 (25) 6 (25) 0
Liver stiffness (kPa) 13.5 (6.9-34.8) 10.4 (4.9-35.3) 1 0.271
BMI (kg/m 2 ) 25.6 (19.2-32.1) 23.7 (17.9-33.5) 2 0.150
ALT xULN 12.15 (4.40-26.37) 13.11 (2.16-24.26) -0.140
AST xULN 7.36 (3.32-20.46) 16.49 (4.26-28.46) -0.961
IgG (g/L) 19.3 (13.4-32.1) 19.8 (1.81-51.2) -0.059
GGT (U/L) 120 (41-331) 146 (50-422) -0.287
ALP (U/L) 131 (67-343) 130 (59-396) 0.026
Total bilirubin (mg/dl) 1.1 (0.5-4.7) 1.2 (0.4-3.0) -0.025
Albumin (g/dl) 36.6 (32.2-41.7) 3 37.0 (25.6-46.1) 4 -0.119
INR 1.1 (1.0-1.1) 5 1.1 (0.9-1.5) -0.576
ANA, n (%) 6 12 (100) 21 (88) 0.534
SMA, n (%) 6 7 (58) 10 (42) 0.338
LKM, n (%) 1 (8) 0 0.426
SLA/LP, n (%) 0 (0) 1 (4) -0.295

Continuous variables = medians (range).
Group comparisons = SMD.
AIH, autoimmune hepatitis; ALP, alkaline phosphatase; ALT, alanine aminotransferase; ANA, antinuclear antibodies; AST, aspartate aminotransferase; GGT, gamma-glutamyl 
transferase; IFT, immunofluorescence testing; IFX, infliximab; INR, international normalized ratio; LKM, liver kidney microsomal antibodies; mHAI, modified histology activity 
index; SLA/LP, soluble liver antigen/liver pancreas antibodies; SMA, smooth muscle antibodies; SMD, standardized mean difference; SoC, standard of care; ULN, upper limit 
of normal.
1 Data available for 18 patients.
2 Data available for 23 patients.
3 Data available for 9 patients.
4 Data available for 22 patients.
5 Data available for 10 patients.
6 Considered positive if IFT > − 1:160.

◀
separated by treatment (IFX vs. SoC). Black lines and error bars indicate respective EMMs and their respective 95% CIs of the linear mixed-effects model analyses. 
AIH, autoimmune hepatitis; ALT, alanine aminotransferase; AST, aspartate aminotransferase; EMMs, estimated marginal means; IFX, infliximab; SoC, standard of 
care; xULN, times the upper limit of normal.
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sustaining the immune response by responding to immuno-
logical insults. Accordingly, hepatocytes upregulated the 
expression of MHC II molecules enabling them to interact with 
CD4 + T cells, in particular with TNF-producing T RM 1 cells.

In addition to identifying TNF as a central node in the AIH 
inflammatory network, we conducted a phase IIa clinical study 
targeting TNF with the anti-TNF antibody IFX, which proved 
effective in ameliorating hepatic injury (Fig. 6), further adding to 
the validity of our analysis. More significantly, this trial marks 
the first demonstration that steroid-free induction therapy for 
acute AIH is both viable and achievable. While not all patients 
responded rapidly to IFX, the overall response rate was high, 
as indicated by the clear reduction of transaminases and the 
similar rate of transaminase normalization at month 6, 
compared to the SoC control group. This proof-of-concept 
clinical trial naturally has limitations. Firstly, it was performed 
in a small number of patients. To address that limitation, we 
have applied the linear mixed-effects model, which provides a 
conservative and statistically appropriate framework for small, 
incomplete longitudinal datasets such as ours. Secondly, 
despite thorough matching for various parameters that might 
have influenced the therapeutic response, 48 this was not a 
randomized blinded trial and thus its efficacy as an alternative 
standard therapy requires further validation. As this trial was 
not focused on safety outcomes, the cohort size was not 
sufficient to detect rare AEs such as IFX-induced liver injury. 
However, existing data indicate that IFX-associated hepato-
toxicity is uncommon, usually mild and reversible after treat-
ment discontinuation, 49 and safety concerns regarding IFX in 
the context of AIH have not been reported so far. 50,51 Never-
theless, larger controlled studies will be required to confirm the 
safety profile of IFX in AIH. In large cohort studies on the 
treatment of chronic inflammatory bowel disease, long-term 
comparisons of corticosteroids with anti-TNF therapies

revealed an increased mortality rate and reduced quality of life 
in the steroid group. 52,53 These findings underscore the need 
to further explore corticosteroid-free treatment strategies 
for AIH.

This very cautiously designed trial protocol may even have 
underestimated the strength of the treatment effect. Firstly, 
the two patients excluded early in the trial who did not 
respond rapidly to the treatment may have required more time 
for the immune intervention to take effect. To handle delayed 
responses, adding a short-term steroid treatment in combi-
nation with IFX (as is routine in other applications like in-
flammatory bowel disease) might be a feasible solution in 
respective cases without lasting untoward effects. Secondly, 
in line with the current consensus on a complete biochemical 
remission, the primary endpoint was complete normalization 
of both transaminases and IgG after six months. However, 
this definition of remission is controversial, and it remains 
unclear whether normalization of IgG is of any prognostic 
significance. Indeed, recent studies indicated that only 
elevated aminotransferases, but not IgG, were associated 
with impaired prognosis, 48,54 which further underscores the 
relevance of the transaminase reduction observed in the 
present trial. Our results are an encouraging signal for pa-
tients affected by AIH, particularly for those with relative 
contraindications (such as diabetes or established osteopo-
rosis) to corticosteroid therapy.

Overall, these computational, experimental and clinical data 
reveal the pathogenic AIH network at a hitherto unprecedented 
depth, providing a resource for the identification of therapeutic 
targets in AIH. Although we focused on TNF here, which we 
identified as a major node in the AIH network, additional po-
tential drug targets may be derived from this dataset. After 
decades of solely steroid-based induction therapy, these data 
may usher in a new era of immunotherapy in AIH.
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