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ARTICLE INFO ABSTRACT

Keywords: Autoimmune hepatitis (AIH) is a chronic non-resolving liver disease characterized by diffuse hyper-
Autoimmune hepatitis gammaglobulinemia, the presence of autoantibodies and characteristic histological findings. The disease can
HLA-DR have catastrophic outcome with the development of end-stage liver disease if misdiagnosed/undiagnosed and left
Single nucleotide polymorphisms . . . . . . .

Epigenetics untreated. AIH pathogenesis remains obscure and the main hypothesis supports its development in genetically

predisposed individuals after being exposed to certain environmental triggers. Genetic predisposition is linked to
the presence of certain HLA alleles, mainly HLA-DR3 and HLA-DR4. However, a wide number of non-HLA
epitopes have also been associated with the disease although data vary significantly among different ethnic
groups. Therefore, it is likely that epigenetic alterations may also play a crucial role in disease’s pathogenesis,
although not yet extensively studied. The aim of this review was to summarize the genetic and environmental
factors that have been associated with AIH, but also to open new insights towards the role of epigenetic mod-

ifications in the etiology of the disease.

1. Introduction

Autoimmune hepatitis (AIH) is a chronic liver disease of unknown
etiology characterized by interface hepatitis on liver histology, presence
of non-organ specific autoantibodies and selective elevation of serum
immunoglobulin G (IgG) levels [1]. Although AIH was first described
mainly in young women, it is now clear that affects all ages of both sexes
and all ethnic groups. Indeed, approximately 30% of patients are males
and about 30% are older than 60 years at first diagnosis [2] [-] [8]. Itis
considered a relatively rare disease with prevalence rates from 10 to 24
per 100,000 inhabitants in Europe [4-8].

Due to the absence of a single diagnostic marker, ATH diagnosis is
based on diagnostic criteria comprising of a combination of four pa-
rameters namely, IgG, the presence of autoantibodies, liver histology
and absence of viral hepatitis markers [9]. The disease is further
sub-typed in AIH-type 1, characterized by the presence of antinuclear
antibodies (ANA) and anti-smooth muscle antibodies (SMA) and
AlIH-type 2, which predominantly affects children and adolescents and is
characterized by the presence of anti-liver kidney microsomal type 1
(anti-LKM1) and/or anti-LKM type 3 (anti-LKM3)antibodies, with or
without anti-liver cytosol type 1 (anti-LC1) antibodies [10-14].

The precise etiology of AIH remains unknown, however a complex
interplay between genetic, environmental and yet epigenetic factors has
been considered to confer to the disease occurrence and outcome. The
dominant hypothesis supports that AIH develops in a genetically pre-
disposed individual after being exposed to one or certain environmental
factors resulting to loss of self-tolerance. Thereafter, the autoimmune
attack is perpetuated via: 1) T helper 1 (TH;) response exerting cyto-
toxicity upon recognition of antigen-major histocompatibility complex
(MHC) class I complex, 2) TH; response linked to antibody-mediated
cellular cytotoxicity and complement activation, 3) TH;7 cell response
producing pro-inflammatory cytokines [IL17, IL22 and tumor necrosis
factor a (TNFa)] and 4) CD4*CD25+FOXP3+ T regulatory-cells (Tregs)
dysfunction [1,11,13,15,16].

Genetic predisposition in AIH is mainly associated with human leu-
cocyte antigen (HLA) genes [1,17]. Moreover, a significant number of
single nucleotide polymorphisms (SNPs) outside the MHC, has been
identified and linked to the clinical phenotype of AIH [17]. On the other
hand, several environmental factors such as xenobiotics, drugs, herbals
and viruses have been associated with loss of self-tolerance through
neoantigens production, as well as initiation and perpetuation of the
immune response [11,18,19]. Finally, epigenetic modifications trig-
gered by environmental factors influence genes expression and confer to
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Abbreviations

AIH Autoimmune hepatitis
ALD Alcoholic Liver Disease
ANA antinuclear antibodies

anti-LKM1 anti-liver kidney microsomal type 1

anti-LC1 anti-liver cytosol type 1

CARD10 Caspase Recruitment Domain Family Member 10
CTLA-4 Cytotoxic T lymphocyte antigen-4

DI-AIH  Drug Induced Autoimmune Hepatitis

DILI Drug Induced Liver Injury

DNMTs DNA methyl-transferases

GWAS  Genome Wide Association Studies
HLA Human Leucocyte Antigen

IgG Immunoglobulin G

IFNy Interferon y

meQTL methylation Quantitative Trait Loci
MHC Major Histocompatibility Complex
miRNAs micro-RNAs

NAFLD Non Alcoholic Liver Disease

PBC Primary Biliary Cholangitis

SH2B3  Scr homology 2 adaptor protein 3
SMA anti-smooth muscle antibodies
SNPs Single Nucleotide Polymorphisms
TETs Ten-eleven translocation enzymes
TGFB1  Transforming Growth Factor Beta 1
TH T Helper

TNF Tumor necrosis factor

Tregs T regulatory cells

VDR Vitamin D receptor
5™C 5-methyl cytosine
shmg 5-hydroxy-methyl cytosine

immune dysregulation and disease pathogenesis [20].
Herein, we summarize the genetic, environmental and epigenetic
factors that seem to contribute to AIH pathogenesis.

2. Genetic risk factors
2.1. HLA alleles

The association of AIH with the presence of specific HLA alleles dates
back more than 40 years, when for the first time Mackay et al. reported
an association between AIH and HLA-DR3 [21]. In the following years a
considerable number of studies confirmed the role of HLA antigens,
mainly HLA-DR3 and HLA-DR4, in disease occurrence and outcome
[22-27].

The prominent predisposing role of HLA alleles, especially HLA-DR3
and HLA-DR4, in AIH was further described by Boer et al. [28] in the
largest genome wide association study (GWAS) conducted so far, in The
Netherlands and Germany/Switzerland. The latter study demonstrated a
strong association between DRB1*0301 and DRB1*0401 with
AlIH-1susceptibility, as was previously shown in diverse Caucasian
populations from Europe and North America [27-31]. Furthermore,
another recent study from The Netherlands, revealed that
HLADRB1*0301/HLADRB1*0401 positive patients had higher IAIHG
scores compared to the respective HLA-DRB1*0301/DRB1*0401 nega-
tive patients suggesting that HLA haplotypes may modify the presenta-
tion and outcome in patients with AIH-1 [32].

However, predisposing HLA genes vary among different ethnicities
and geographic regions [33-40] as shown in Table 1. Indeed, in pop-
ulations of Latin ancestry, susceptibility to AIH-1 was linked to the
presence of DRB1*0405, DRB1*0404 as well as DRB1*1301, while
DRB1*1302 and DQB1*0301 were considered protective alleles
[33-39]. In addition, in Japan, although HLA-DR3 is scarce,
HLADRB1*0405 and HLADRB1*0404 also confer susceptibility to the
disease, DRB1*0802 and DRB1*0803 predispose to disease development
when DRB1*0405 is also present, while DRB1*1501 is considered a
protective allele [Table 1; 25,41-43]. Moreover, studies in Asian pop-
ulations have shown an association between DRB1*13 and DRB1*14
with AIH susceptibility [Table 1; 44,45].

Both DRB1*0301and DRB1*0401 are heterodimers that contain a
lysine residue at position 71 of the DRB1 peptide and the hexamer amino
acid sequence LLEKQR at positions 67-72 [29,30,33]. On the other
hand, DRB1*0405 and DRB1*0404 encode arginine rather than lysine at
position 71 of DRBI1 polypeptide, sharing the motif LLEQR [33].
Therefore, these two amino acids (lysine and arginine) in the sequence
of LLEQR may be crucial for susceptibility to ATH.

As far as AIH-2 is concerned, a limited number of studies have been

Table 1
Human Leucocyte Antigen (HLA)alleles associated with autoimmune hepatitis
(AIH).

HLA allele

Association ~ Population Study

DRB1*0301 and AIH-1
DRB1*0401

European, North Mackay et al., 1980

Americans [21]

Krawitt et al., 1987

[22]

Donaldson et al.,

1991 [23]

Seki et al., 1990

[24]

Doherty et al., 1994

[26]

Strettel et al., 1997

[27]

Boer et al., 2014

[28]

Donaldson et al.,

2002 [29]

Umemura et al.,

2014 [25]

Pando et al., 1999

[34]

Czaja et al., 2002

[35]

Czaja et al., 2008

[36]

Goldberg et al.,

2001 [37]

Fortes et al., 2007

[38]

Fainboin et al.,

1994 [39]

Furumoto et al.,

2015 [42]

Seki et al., 1992

[41]

DRB1*0802 and AIH-1 Japanese Oka et al., 2017
DRB1*0803 [43]

DRB1*13 and DRB1*14 AIH-1 Indian, Iranian Amarapurkar et al.,

2003 [44]

Baharlu et al., 2016

[45]

Ma et al., 2006 [43]

Underhill et al.,

2002 [46]

Elfaramawy et al.,

2010 [48]

DRB1*%0404, ATH-1
DRB1*0405 and
DRB1*1301

Latin Americans
Japanese

DRB1*07 and DRB1*03 AIH-2 European

DRB1*15 AIH-2 Egyptian

Abbreviations: HLA, human leucocyte antigen; AIH, autoimmune hepatitis.
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conducted due to the low prevalence of this subtype of the disease
(about 10% of all AIH cases in Europe and North America) [10-12].
However, HLADRB1*07 and HLADRB1*03 have been identified as
predisposing alleles [46,47], while in Egypt, AIH-2 was associated with
HLADRB1*15 [48].

Although susceptibility to AIH was strongly associated with the
presence of certain HLA alleles, the same alleles have been linked to
different clinical phenotypes of the disease [25,26]. Since’90s,
DRB1*0401 haplotype was associated with older age at disease onset,
female predominance and better response to corticosteroids [31], as
well as more frequent concurrence of extrahepatic autoimmune diseases
[49]. Furthermore, the presence of DRB1*0401 allele was correlated
with milder disease and less frequent relapses during treatment
compared to DRB1*0301 [26]. On the other hand, DRB1*0301 was
associated with more severe disease sinceDRB1*0301 positive patients
were more likely to receive immunosuppressive treatment and liver
transplant, while it was correlated with higher IgG levels [32].
Accordingly, in Japan the HLADRB1*0405 haplotype was correlated
with elevated serum IgG levels and SMA positivity [25].

To recap, it seems that certain HLA alleles and especially HLA-DR4
and HLA-DR3 confer susceptibility to AIH in some populations, how-
ever, these associations are not universal suggesting that factors beyond
MHC complex may confer to AIH susceptibility.

2.2. Single nucleotide polymorphisms (SNPs) outside the MHC complex

Besides the critical role of HLA alleles in AIH occurrence and
outcome, several SNPs outside the MHC complex have also been linked
to disease susceptibility. However, as shown in Table 2, the results are
often controversial among different studies and in many cases are not
verified in replication studies in different ethnic groups.

Given that polymorphisms can affect immunoregulation by con-
trolling cytokine production, the primary candidate genes predisposing
to AIH were those encoding proinflammatory and immunoregulatory
cytokines. Indeed, during late ‘90s, a genetic variant of TNF gene (—308)
was reported to occur more commonly in AIH patients, associate with
poor response to treatment and present a strong linkage disequilibrium
with the HLAA1-B8-DR3 haplotype [50,51].

Further to these findings, several genes outside the MHC have been
investigated as candidates for AIH susceptibility, but in small study
cohorts. Interestingly, most of the identified genetic polymorphisms
concerned immunological pathways of T cell activation and response, as
well as, the production and action of proinflammatory cytokines.

SNPs of the Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4/CD28) re-
gion have been correlated with susceptibility to AIH both in adult and
pediatric European populations [52,53]. However, there is large het-
erogeneity between different studies, as for example, the absence of
CTLA-4/CD28SNPsassociation with AIH development in Japanese pa-
tients [54,55]. Furthermore, a SNP in the vitamin D receptor (VDR) gene
(exon 2 restriction fragment length polymorphism with Fokl) was
associated with AIH in European and Chinese populations [56,57], a
correlation, which has also been reported in other autoimmune diseases
[58]. Accordingly, a SNP (—670) upstream of FAS gene (Fas Cell Surface
Death Receptor)that regulates the programmed cell death [59] as well as
two genetic risk loci (+-869) and (+915) in the exon 1 of the TGFB1 gene
(60) have been associated with AIH in Japan and Latin America,
respectively. Of note, SNPs in the TGFB1 gene have been correlated with
disease severity, by affecting the production of TGF-p and therefore, the
development of fibrosis [60]. In addition, two independent groups, from
Europe [61] and Japan [62], reported an association of SNPs in genes
which regulate activation and function of T-cells [a SNP in the promoter
of T-Box Transcription Factor 21 (TBX21) gene (—1993) [61] and a SNP
in Signal Transducer And Activator Of Transcription 4 (STAT4)
(rs7574865) [62] with AIH.

In 2014, the largest so far, GWAS study by Boer et al. [28], identified
an association of the rs3184504*A allele of the Scr homology 2 adaptor
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Table 2
Single nucleotide polymorphisms (SNPs) outside the Major Histocompatibility
Complex (MHC) associated with autoimmune hepatitis (AIH).

SNP Gene Association ~ Population Study
(-308) TNF AIH-1 European Czaja et al.,
1999 [50]
Cookson et al.,
1999 [51]
(AT)8 (dinucleotide CTLA-4/ AIH-1 European, Agarwal et al.,
repeat) and A CD28 American 2000 [52]
(exon 1) Djilali-Saiah
et al., 2001
[53]
exon 2 restriction VDR AIH-1 European Vogel et al.,
fragment length Chinese 2002 [56]
polymorphism Fan et al.,
with Fok1 2005 [57]
(-670) FAS AIH-1 Japanese Hiraide et al.,
2005 [59]
(+869) and (+915) TGFB1 AIH-1 Latin Paladino et al.,
Americas 2010 [60]
(-1993) TBX21 AIH-1 Chinese Chen et al.,
2011 [61]
157574865 STAT4 AIH-1 Japanese Migita et al.,
2013 [62]
1s3184504*A SH2B3 AIH-1 European Boer et al.,
2014 [28]
156000782 CARD10 AIH-1 European Boer et al.,
2014 [28]
15755622 MIF AIH-1 Japanese Assis et al.,
North 2016 [66]
American
15121741, PTPN22 AIH-1 Japanese Umemura
rs1217388, etal., 2016
151217407 and [67]
152488458
rs4325730G 1COS AIH-1 Japanese Higuchi et al.,
2017 [64]
151106594 SH2B3 AIH-1 Japanese Umemura
et al., 2017
[65]
157708392 TNIP1 AIH-1 Japanese Oka et al.,
2018 [69]
157708392 TNIP1 AIH-1 Japanese Oka et al.,
2018 [69]
(-590) 1L-4 AIH-1 Egyptian Mansour et al.,
2018 [70]
deleterious variants TNFAIP3 AIH-1 Japanese Higuchi et al.,
(c.116 A > G, 2019 [68]
c.305A > G,
¢.1897G > C)

Abbreviations: ATH, autoimmune hepatitis; SH2BP3, SH2B Adapter Protein 3;
CARD10, Caspase Recruitment Domain Family Member 10; CTLA4, Cytotoxic T-
Lymphocyte Antigen 4; TNF, tumor necrosis factor; VDR, vitamin D receptor;
TBX21, T-Box Transcription Factor 21; ICOS, Inductible T-cell Costimulator;
FAS, Fas Cell Surface Death Receptor; MIF, Macrophage Migration Inhibitory
Factor; PTPN22, Protein Tyrosine Phosphatase Non-Receptor Type 22; STAT4,
Signal Transducer and Activator of Transcription 4; TNFAIP3, TNF Alpha
Induced Protein 3; TNIP1, TNFAIP3 Interacting Protein 1; IL-4, interleukin-4,
TGFB1, transforming growth factor beta 1.

protein 3 (SH2B3) gene with AIH. SH2B3 is a negative regulator of T-cell
activation, TNF and Janus kinase (JAK) 2 and 3 signaling and is asso-
ciated with higher expression levels of several genes involved in
interferon-gamma production (IFNy), suggesting that the risk allele
leads to an increased inflammatory response [63]. Moreover, the same
genetic risk allele was associated with concomitant autoimmune dis-
eases such as primary biliary cholangitis (PBC), primary sclerosing
cholangitis and celiac disease indicating a genetic overlap between AIH
and other immune mediated diseases. In the same study [28], the
variant rs6000782 of Caspase Recruitment Domain Family Member 10
(CARD10) gene -a scaffold protein that activates the pro-inflammatory
NF-kB pathway, inducing the expression of pro-inflammatory and
fibrogenic cytokines-was also highlighted as a predisposing genetic risk
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variant.

In contrast, one of the largest Japanese studies [64], failed to confirm
the associations between rs3784504 of SH2B3 and rs6000782 of
CARD10 genes with AIH-1. Instead, the authors detected another SNP,
the rs4325730G upstream of the Inductible T-cell Co-stimulator (ICOS),
to be linked with AIH-1 susceptibility. This risk locus was in strong
linkage disequilibrium with the rs4675374 of ICOS, a SNP also associ-
ated with celiac disease. Of interest, although the reported rs3784504 of
SH2B3 gene was not polymorphic in Japanese patients, another SNP of
the same gene, rs1106594, was associated with AIH in this patient
cohort [65].

During the latest years a number of independent studies highlighted
several genetic risk variants that confer susceptibility to AIH in the
Japanese population. A SNP (rs755622) in the Macrophage Migration
Inhibitory Factor (MIF) promoter that serves as a proinflammatory
cytokine, has been found to implicate with AIH-1 development [66].
Accordingly, diverse risk loci in the Protein Tyrosine Phosphatase
Non-Receptor Type 22 (PTPN22) gene (rs121741, rs1217388,
rs1217407 and rs2488458) affecting the activation of T-cells [67], were
found to associate with AIH in Japanese, while various SNPs of the
TNFAIP3 (TNF Alpha Induced Protein 3) gene have been correlated with
the development of AlH-related cirrhosis [68]. In addition, the
157708392 SNP in the TNIP1 (TNFAIP3 Interacting Protein) gene, which
is implicated to the NF-xB pathway activation, has also been found to
predispose to AIH in Japanese [69].

In North Africa and more precisely in Egypt, a SNP (—590) at IL-4
promoter has been associated with AIH in children [70], while pediat-
ric AIH-1 has been correlated with increased functional form of KIR2DS4
(killer cell immunoglobulin-like receptors) in Latin America [71].

Taken together, the above-mentioned data indicate that up to the
present, the detected SNPs in the non-HLA loci, which have been asso-
ciated with AIH, present ethnic and geographic heterogeneity, sug-
gesting that they cannot explain with confidence AIH predisposition.

2.3. Sex and hormones

As in most autoimmune diseases, AIH is characterized by a strong
female predominance (female/male ratio: 3-4/1). Given that many
genes involved in immunological tolerance are located on X-chromo-
some [72], abnormalities on X-chromosome could partly explain this
predominance. In female patients with PBC, a higher frequency of
monosomy X in B and T cells [73] and random X inactivation in somatic
cells have been reported [74]. Furthermore, females express higher
immunoglobulin serum levels and a more intense cell-mediated immune
response upon immunization, while sex hormones play a critical role in
this process promoting a THy rather than a TH; inflammatory response
[75-77]. However, these mechanisms have not been so far investigated
in AIH, so the role of X-chromosome linked abnormalities and the effect
of sex hormones is yet unclear in AIH pathogenesis.

3. Environmental triggers

A number of triggering factors have been proposed including viruses,
xenobiotics and drugs, but none has been conclusively shown to be
involved in AIH pathogenesis. The main hypothesis comprises the
development of AIH, in genetically predisposed individuals, when they
are exposed to environmental triggers, mainly via mechanisms of mo-
lecular mimicry or non-specific activation of T lymphocytes, which leads
to dysregulation of immunoregulatory networks and emergence of
autoreactive T cells and/or alteration in gene expression [19].

3.1. Viruses
Hepatitis A, B, C, D and E viruses (HAV, HBV, HCV, HDV, HEV), but

also Cytomegalovirus (CMV), Epstein-Barr virus (EBV) and Herpes
Simplex virus-1 (HSV-1) have been associated with ATH development
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Table 3
Viral triggers associated with autoimmune hepatitis (AIH).
Viral agent Potential mechanism Autoantibodies
detected
HAV [78-88] defect in suppressor-inducer T lymphocytes  anti-ASGPR
controlling immune responses towards the
asialo-glycoprotein receptor (ASGPR)
HBV/HDV development of non-organ specific ANA, SMA, anti-
[101-107] autoantibodies LKM3
HCV [89-99] sequence homology with CYP2D6 anti-LKM1
HEV cross-reactivity between viral and liver ANA, SMA
[108-112] antigens
EBV trigger of immunological response ANA, SMA, anti-
[113-118] LKM1
CMV [97,98] sequence homology with CYP2D6 anti-LKM1
HSV-1 [97,98] sequence homology with CYP2D6 anti-LKM1

Abbreviations: HAV, hepatitis A; HBV/HDV, hepatitis B/hepatitis D; HCV,
hepatitis C; HEV, hepatitis E; CMV, cytomegalovirus; EBV, Ebstein Bar virus;
HSV-1, herpes simplex 1; ASGPR, asialo-glycoprotein receptor; ANA, antinuclear
antibodies; SMA, anti-smooth muscle antibodies; anti-LKM1, anti-liver kidney
microsomal type 1; CYP2D6, cytochrome P450 2D6.

since early 90s (Table 3). Indeed, Vento et al. [78], described an asso-
ciation between HAV and AIH in a cohort of 58 first degree relatives of
AIH patients. Interestingly, AIH development was associated with a
preexisting defect in suppressor-inducer T lymphocytes specifically
controlling immune responses towards the asialo-glycoprotein receptor
(ASGPR) antigen on the surface of hepatocytes. Afterwards, a number of
case reports followed supporting the role of HAV as a potential AIH
trigger [79-88].

The possible link between HCV infection and AIH has been exten-
sively studied in the past years [89-94]. The most characteristic case
was in a girl who contracted HCV infection after liver transplantation for
alpha 1 anti-trypsin deficiency and developed anti-LKM1 autoantibodies
2 weeks after transplantation, resulting in overt de novo AIH-2 8 years
later [95]. Indeed, a number of studies have found that about 10% of
HCV infected patients develop anti-LKM1 autoantibodies and autoim-
mune features [92,93,96,97]. In addition, specific humoral or T cell
epitopes cross-reacting between sequencies of HCV and cytochrome
P450 2D6 (CYP2D6, the main target autoantigen of anti-LKM 1 in AIH-2)
have been described in AIH [98]. Of note, it has been shown in animal
models that DNA vaccination of mice with a plasmid encoding CYP2D6
could lead to a peak serum aminotransferases level after 4-7 months and
the development of periportal, portal and lobular liver inflammatory
infiltrates, suggesting that CYP2D6 plays a crucial role in AIH-2 patho-
genesis [99,100]. These data led to the hypothesis that HCV induce
anti-LKM1 through the mechanism of molecular mimicry leading to the
development of AIH-2 [98]. Interestingly, sequence homologies have
also been detected between CMV and HSV-1 and CYP2D6 [97,98].

Furthermore, HBV, HDV and HEV have also been proposed as AIH
triggers. Non-organ specific autoantibodies particularly ANA and SMA
have been reported in up to 7% of patients with chronic HBV infection
[101], but they are actually considered as part of the natural course of
the disease, as they have not been linked with AIH development
[101-103]. However, cases with concurrent chronic hepatitis B and AIH
have been reported bearing similar outcome rates to that of AIH alone
[104].

Historically, HBV/HDV co-infection has been associated withanti-
LKM3antibodies directed against family 1 uridine 5’-diphosphate-glu-
curonosyl-transferases (UGT-1), as they are detected in about 13-24% of
patients [105,106]. In addition, we have reported that almost two thirds
of HBV/HDV patients have at least one detectable autoantibody before
treatment initiation with interferon (ANA 33%, SMA 27%, anti-LKM3
24%) [106]. However, very few patients developed AIH after inter-
feron treatment, while the presence of autoantibodies did not affect the
response to treatment [106]. Of note, patients with chronic HBV/HDV
infection and anti-LKM3 (anti-UGT) autoantibodies were more prone to
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develop a severe course of HDV infection, albeit they had lower titers of
these antibodies compared to AIH-2 patients [107].

Regarding HEV, acute infection has also been reported to associate
with the detection of non-specific autoantibodies, suggesting either a
cross-reactivity between HEV and liver antigens or even HEV itself
acting as a possible AIH trigger [108,109]. Of interest, several studies
have reported significantly higher prevalence of anti-HEV antibodies in
patients with AIH than in individuals with other chronic liver diseases or
patients with other autoimmune diseases and healthy controls, possibly
implying that HEV infection could elicit immune events [110-112].

Another viral candidate, the EBV, has been associated with the
development of various autoimmune diseases including AIH-1, in
several case reports [113-115] and in a clinical follow-up of 13 patients
[116]. Recently, the first case in children ever reported in the English
literature considering the development of AIH-2 after well-established
EBV infection was described [117]. Although no molecular mimicry
could be established by sequence analysis, EBV could also be a trigger
for AIH-related immunological reactions [118].

3.2. Drugs and alcohol

Many drugs have been associated with the development of a syn-
drome similar to “true” AIH. Historically, nitrofurantoin and minocy-
cline have been associated with induction of AIH, implicated in 90% of
drug-induced AIH (DI-AIH)cases [119]. Other drugs and herbals, such as
oxyphenisatin, ornidazole, methyldopa, diclofenac, interferon, ator-
vastatin, highly active antiretroviral treatment and biologic agents such
as infliximab, natalizumab and adalimumab, have also been reported
occasionally to induce AIH [11,119-121].

DI-AIH is a specific phenotype of drug induced liver injury (DILI)
[122]. DI-AIH has been well described in the past for tienilic acid and
dihydralazine, which are no longer in use [123,124]. Hepatic meta-
bolism of the drugs lead to reactive metabolites, which bind to cellular
proteins such as components of CYP450 (CYP2C9 in the case of tienilic
acid and CYP1A2 in the case of dihydralazine), and are subsequently
recognized by the immune system as neoantigens [123,124]. In a
genetically predisposed individual, this may lead to a chronic process,
with a permanent need for immunosuppression [125]. This entity has to
be differentiated from immune mediated DILI (IM-DILI), which refers to
acute or chronic liver injury that may or may not resolve with drug
withdrawal [125]. When the injury does not resolve after drug cessation,
the patients usually need corticosteroids administration followed by
rapid tapering schedule aiming to achieve complete biochemical
response and sustained remission without relapse after corticosteroids
discontinuation. However, these patients need long term follow up (6
monthly for at least 3 years) in order not to miss a late relapse of AIH
[10].

On the other hand, alcohol could be another potential trigger of liver
autoimmunity. Products of alcohol metabolism such as acetaldehyde
and malondialdehyde induce the production of autoantibodies both in
human and in animal models [126,127]. Moreover, despite the results of
a case-control study in New Zealand [128] where low to moderate
alcohol consumption decreased the risk for AIH diagnosis, results from a
recent study from our group showed a significant overlap between AIH
and alcoholic liver disease (ALD) [129]. Diagnosis of AIH in patients
with significant alcohol consumption is often difficult, however it is of
great importance as patients with AIH/ALD variant are more frequently
autoantibodies positive and have worse outcome despite the appropriate
administration of immunosuppression [129].

3.3. Xenobiotics

Xenobiotics are foreign chemicals or toxins that may accumulate in
the body, usually due to exposure to pollutants and deactivated and/or
secreted primary by the liver. Xenobiotics could induce an immune
response either by non-specific activation of lymphocytes, as observed in
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a murine experimental model of Concanavalin A (ConA) immune-
mediated liver injury [130] or by exerting hepatotoxic effect, which
leads to autoantigen formation or acting as haptens, modifying hepatic
proteins and rendering them immunogenic [19]. In PBC, there are clear
indications of case clustering near toxic waste sites and/or other envi-
ronmental pollutants [131,132]. Additionally, it has been shown that
anti-mitochrondrial antibodies (AMA) positive sera from PBC patients,
but not from controls, react to a number of xenobiotic-modified E2
component of pyruvate dehydrogenase (PDC-E2) structures -the major
target autoantigen of PBC [133,134]. Up to the present, similar data do
not exist for AIH.

As exposure to xenobiotics is difficult to be recognized, and in most
cases more than one agent is implicated, the evidence of toxin-induced
AlIH relies basically on the results from animal studies. As an example,
carbon tetrachloride (CCl4), an organic compound once used as a
cleaning fluid, is known to generate toxic hepatitis and fibrosis in ani-
mals [135]. Accordingly, trichloroethylene (TCE), an organic solvent,
has been linked to a variety of autoimmune diseases including AIH, a
fact that was also confirmed in animal models [135]. In both cases an
increase of IFNy and the development of a chronic T-cell mediated AIH
are implicated [135].

4. Epigenetic factors

Epigenetic modifications that influence the expression of genes along
with their functions without affecting the sequence of nucleotides have
been implicated in the development of several autoimmune diseases.
These changes are reversible, cell-type specific and are impacted by age,
sex and environmental factors. Epigenetic changes not only confer to the
etiopathogenesis of autoimmune diseases, but they also represent a
potential target for therapeutic interventions. Epigenetic studies in AIH
are scarce and they were mainly engaged to the investigation of the role
of micro-RNAs (miRNAs) in disease pathogenesis, while only one study
up to date has addressed the implication of DNA methylation modifi-
cations (Table 4).

4.1. miRNAs

miRNAs are small non-coding RNA molecules with conserved prop-
erties, which function by base-pairing with complementary sequences in
mRNAs. After binding to the mRNA target they induce its degradation
leading to the suppression of gene expression at a post-transcriptional
level [136].

Unlike other liver diseases such as non-alcoholic fatty liver disease
(NAFLD) and PBC, AIH is just entering the epigenetic era. Up to now
epigenetic studies in AIH have focused on the role of circulating miRNAs
in disease occurrence. Migita et al. [137], found that miR-21 was
increased and significantly associated with the degree of liver inflam-
mation in AIH patients. In contrast, circulating levels of miR-21 and
miR-122 were reduced in patients with cirrhosis and were inversely
correlated with increased stage of fibrosis. Accordingly, Yamaura et al.
[138], studied the serum miRNA profiles in patients with diverse liver
diseases compared to healthy controls and observed reduced levels of
several miRNAs (miR-218, miR-363, miR-518f, miR-628-5p, miR-888,
miR-523, miR-141, miR-302 b, miR-643, and miR-573) in the patients
cohort, which unfortunately were not able to distinguish AIH from other
liver diseases.

miRNAs have also been studied in experimental animal models in
AIH. miR-223 derived from exosomes of bone marrow-derived mesen-
chymal stem cells was found to induce a liver protective effect, regu-
lating the nucleotide binding oligonucleotide domain like receptor 3and
caspase 1 [139]. Moreover, in a ConA-induced AIH animal model, it was
shown that miR-674-5p acted as a negative regulator of 5-lipoxygenase
mediated liver injury [140], while miR-155 was found to attenuate the
liver injury by inhibiting TH;7 cell function [141].
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Table 4
Epigenetic studies in autoimmune hepatitis (AIH).
Study Design Epigenetic Findings
Mechanism
Migita 46 AIH patients vs. ~ miRNAs elncreased levels of miR-
et al., 40 CHCV and 13 21 associated with liver
2015 HC inflammation
[137] eDecreased levels of miR-
21 and miR-122 in
cirrhosis
Yamaura 28 patients miRNAs eReduced levels of miR-
etal., (CHBV, AIH, PBC, 218, miR-363, miR-518f,
2017 NASH, CHCV) vs. miR-628-5p, miR-888,
[138] 4 HC miR-523, miR-141, miR-
302 b, miR-643, and miR-
57-not capable to
distinguish AIH from other
liver diseases
Chen et al., animal model miRNAs emiR-223: protective
2018 effect on liver, regulating
[139] the nucleotide binding
oligonucleotide domain
like receptor 3 and caspase
1
Suetal., animal model miRNAs emiR-674-5p acted as a
2016 negative regulator of 5-
[140] lipoxygenase mediated
liver injury
Xia et al., animal model miRNAs emiR-155 attenuated
2018 concanavalin A induced
[141] AIH by inhibiting TH; cell
function
Zachou 10 AIH at eDNMTs/TETs eNo difference in 5C/
et al., diagnosis vs. 8AIH  etotal 5™C/ 5hmc
2021 at remission, vs 9 shmg eAltered expression of
[148] PBC and 10HC o]HC DNMT3A and TET1 in ATH
ecell specific at diagnosis
DNA eAssociation of DNMT3A
methylation with disease activity and
treatment

elncreased 5"™C staining
of the periportal
infiltrating lymphocytes
eGene specific epigenetic
alterations in pathways of
immune response

Abbreviations: AIH, autoimmune hepatitis; PBC, primary biliary cholangitis;
CHBV, chronic HBV infection; CHCV, chronic HCV infection; NASH, non-
alcoholic steatohepatitis; HC, healthy controls; miRNAs, micro-RNAs; DNMTs,
DNA methyl-transferases; TETs, ten eleven-translocation enzymes; 5™C/ 5hmC: 5.
methylcytosine/5-hydroxymethyl cytosine; IHC, immunohistochemistry.

4.2. DNA methylation

DNA methylation is the main and most well studied epigenetic
mechanism in eucaryotic cells and consists of the addition of a methyl-
group at the position 5’ of the pyrimidine ring of cytosine, catalyzed by
DNA methyl-transferases (DNMTs) [142]. An active demethylation
process is also taking place, catalyzed by Ten-eleven translocation en-
zymes (TETs) which oxidize 5-methyl cytosine (5™C) to 5-hydroxy--
methyl cytosine (5"™C) and finally the methyl-groups are removed by
DNA repairing enzymes [143].

Although studies on DNA methylation alterations have been con-
ducted in other chronic liver diseases such as NAFLD and PBC
[144-147], to the best of our knowledge no methylation studies have
been conducted in AIH. However, a recent study from our group [148]
investigated the DNA methylation alterations in peripheral CD19(+)
and CD4(+) lymphocytes as well as in liver sections from AIH patients
before and after achieving complete remission compared to healthy
controls and PBC patients. The results highlighted the increased
expression of DNMT3A and reduced expression of TET1 compared to
PBC patients and controls, respectively. Moreover, DNMT3A expression
was negatively associated with circulating IgG levels indicating an
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association with disease activity, while immunosuppressive treatment
reduced DNMT3A levels. Alterations in DNMT3A and TET1 transcrip-
tional levels were not associated with differences in total 5™C/5"™C
levels indicating gene specific epigenetic alterations. The latter was
confirmed by whole genome methylation analysis in CD4(+) T cells,
which revealed hypomethylation of the majority of genes in AIH before
treatment administration in contrast to the hypermethylation detected
at disease remission and the hypermethylation of almost all the impli-
cated genes in PBC. Interestingly, the hypomethylation of immune cells
in AIH before treatment was also confirmed in the histological level,
since infiltrating periportal lymphocytes from AIH patients’ liver sec-
tions presented increased 5"™C staining in immunohistochemistry.
These findings hint towards an extensive methylation alteration of many
genes of the immune cells in AIH, as well as a methylation “shift” be-
tween the active and the remission stage of the disease. Furthermore,
they suggest that different epigenetic profiles exist between distinct
autoimmune liver diseases. Of note, the majority of the genes found
hypomethylated in AIH at diagnosis were those implicated in immune
response pathways further supports the notion that methylation alter-
ations may contribute to AIH pathogenesis (Fig. 1) [148].

5. Overview and future perspectives

Taking into consideration the abovementioned data, it is obvious
that complex mechanisms based on the interaction between genetic,
environmental and epigenetic factors comprises the backbone of AIH
pathogenesis. Genetic impact alone is usually modest with the exception
of certain HLA alleles, while environmental factors are, in most cases,
difficult to be identified and linked directly to the etiopathogenesis of
AIH. Therefore, epigenetic mechanisms seem to play a critical role in
AIH pathogenesis and further investigation in this field could possibly
open new insights not only towards to the better understanding of the
disease, but also for the development of novel epigenetic-based treat-
ment interventions.

Previous studies in other autoimmune diseases and now in AIH
showed that regulatory genes are in the majority of cases hypomethy-
lated, transcriptional activity is increased and circulating miRNAs
intervene to genes expression at the post-transcriptional level [149,
150]. Therefore, interventions that alter methylation pattern such as
targeting methyl-binding domains (MBDs) or modulating miRNAs could
affect the function of implicated genes. However, these epigenetic-based
strategies in autoimmune diseases are still in their infancy [151,152].

Linking genetic variants with epigenetic marks is a novel and
promising approach for better understanding autoimmune diseases
pathogenesis. As we have recently described [153] in Sjogren’s syn-
drome, when predisposing SNPs are located within the proximal gene
regulatory regions close to transcription start sites (TSS), they affect
transcription by controlling the binding of transcriptional factors.
However, when conferring SNPs are located in distal regulatory ele-
ments, they can affect transcription through an association with altered
DNA methylation leading to the description of methylation quantitative
trait loci (meQTL) [153,154]. Thereby, adequate control of meQTLs
could be a valuable tool for unveiling pathogenetic mechanisms in AIH
and guide future therapeutic interventions.

6. Conclusion

In conclusion, the precise mechanisms that lead to the development
of AIH and affect the outcome of the disease remain obscure. The impact
of genetic and environmental factors in AIH pathogenesis is already
supported by several studies, but merits further exploration, in order to
be fully clarified. Since up to know neither genetic nor environmental
factors alone are sufficient to explain AIH pathogenesis, epigenetics
seem a promising tool to provide better understanding of disease etio-
pathogenesis. In fact, epigenetic modifications that alter genes tran-
scription and, their simultaneous analysis and association with genetic
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AlH ———

Peripheral blood Peripheral blood
CD19(+) CD19(+)
Diagnosis Lower TET1, higher Biochemical Decrease of
g DNMT3A levels remission DNMT3A levels

CDA4(+)

Negative correlation
between IgG and
DNMT3A levels

cDA4(+)

DNMT3A levels

Positive correlation
between IgG and
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Fig. 1. DNA methylation alterations in
peripheral immune cells and liver sec-
tions from AIH patients. Increased
DNMT3A and reduced TET1 expression is
observed in CD4(+) and CD19(+) lympho-
cytes from AIH patients at diagnosis
compared to PBC patients and healthy con-
trols, respectively. DNMT3A expression is

EWAS in CD4(+)-cells

*Altered methylation of genes implicated
in immunological pathways (HLADP, TNF,

INRNAs, CD86)
IHC

*Dense staining of 5"™C of periportal

infiltrating lymphocytes

negatively associated with circulating IgG
levels, while Immunosuppressive treatment
reduces DNMT3A levels in AIH at remission.
Alterations in DNMT3A and TET1 transcrip-
tional levels are associated with altered
methylation status of several genes impli-
cated in immune response pathways. Immu-
nohistochemistry on liver sections from AIH
patients at diagnosis reveals a dense 5"™C
staining of periportal infiltrating lympho-
cytes indicating hypomethylation.

Abbreviations: AIH: autoimmune hepatitis,
EWAS: epigenome wide association studies,
DNMT3A: DNA methyl-transferase 3A, TET1:
ten-eleven-translocation enzyme 1, IHC:
immunohistochemistry, IgG: immunoglob-
ulin G, HLADP: human leucocyte antigen DP,

InRNA: long non-coding RNA, TNF: tumor necrosis factor, 5 hmC: 5-hydroxymethyl cytosine.

variants of the disease represent the field towards which future inves-
tigation needs to be oriented not only for establishing a better patho-
genetic basis of the disease, but also for developing novel epigenetic-
based therapeutic strategies.
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