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Abstract: Pediatric autoimmune liver disorders include autoimmune hepatitis (AIH), autoimmune
sclerosing cholangitis (ASC), and de novo AIH after liver transplantation. AIH is an idiopathic
disease characterized by immune-mediated hepatocyte injury associated with the destruction of
liver cells, causing inflammation, liver failure, and fibrosis, typically associated with autoantibod-
ies. The etiology of AIH is not entirely unraveled, but evidence supports an intricate interaction
among genetic variants, environmental factors, and epigenetic modifications. The pathogenesis of
AIH comprises the interaction between specific genetic traits and molecular mimicry for disease
development, impaired immunoregulatory mechanisms, including CD4+ T cell population and
Treg cells, alongside other contributory roles played by CD8+ cytotoxicity and autoantibody pro-
duction by B cells. These findings delineate an intricate pathway that includes gene to gene and
gene to environment interactions with various drugs, viral infections, and the complex microbiome.
Epigenetics emphasizes gene expression through hereditary and reversible modifications of the
chromatin architecture without interfering with the DNA sequence. These alterations comprise DNA
methylation, histone transformations, and non-coding small (miRNA) and long (lncRNA) RNA
transcriptions. The current first-line therapy comprises prednisolone plus azathioprine to induce
clinical and biochemical remission. Further understanding of the cellular and molecular mechanisms
encountered in AIH may depict their impact on clinical aspects, detect biomarkers, and guide toward
novel, effective, and better-targeted therapies with fewer side effects.
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1. Introduction

Pediatric autoimmune liver disorders include autoimmune hepatitis (AIH), autoim-
mune sclerosing cholangitis (ASC), and de novo AIH after liver transplantation [1]. AIH
was first described in the 1950s [2]. Some reports suggest that the incidence of AIH in
pediatric and in the general population has been rising in the last two decades [3,4], while
others consider that these cases are more often diagnosed compared to the past because
of increased disease awareness and the decreased number of cases of viral hepatitis after
hepatitis B vaccination and hepatitis C effective treatment [1]. AIH has a female preponder-
ance that is three times more frequent than in males [5]. The presence of autoimmunity in
family is found in 40% of the cases, presenting overlapping autoimmune diseases, such as
inflammatory bowel disease (IBD), nephrotic syndrome [6], thyroiditis [7], vitiligo, insulin-
dependent diabetes [6], hemolytic anemia, idiopathic thrombocytopenia, celiac disease,
and urticaria pigmentosa [7].
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The broad clinical spectrum of pediatric AIH can range from an acute presentation
with non-specific symptoms followed by jaundice, dark urine, and pale stools (in almost
half of the patients with both types) [8,9], to severe acute hepatitis with liver failure
developing encephalopathy in two weeks weeks–two months after presentation (3% of
cases with AIH-1 and 25% of cases with AIH-2) [10,11]. There is also a description of a
slowly progressive course of the disease that can last for a few months to a few years before
diagnosis, characterized by malaise, headache, anorexia, weight loss, arthralgia, abdominal
pain, and relapsing jaundice [1]. Only in rare asymptomatic cases is the diagnosis based
on an incidental finding of modified laboratory investigations [12]. Approximately 10% of
patients with both AIH types may present with end-stage liver disease and symptoms of
portal hypertension, such as digestive bleeding and splenomegaly [13,14].

Some specific features can help establish the diagnosis of AIH: female preponder-
ance [15], elevated immunoglobulin G (IgG), the presence of autoantibodies, and histologi-
cal findings that suggest interface hepatitis [16,17]. The presence of antinuclear antibodies
(ANA) and/or anti-smooth muscle antibodies (SMA) indicates AIH type 1 (AIH-1), while
the presence of anti-liver kidney microsomal antibodies type one (LKM-1) and/or anti-liver
cytosol type one antibodies (LC-1) are attributed to AIH type 2 (AIH-2) [18,19]. AIH-2
patients can associate partial IgA deficiency more often than AIH-1 patients [6,20].

AIH-1 is described in children and adults, while AIH-2 mainly affects children. There
are little data based on the incidence of childhood AIH, but it is known that AIH-1 accounts
for approximately 60% of cases and appears most commonly in adolescents, while AIH-2
appears more frequently in younger children and infants [5].

The diagnosis of AIH is based on clinical aspects, laboratory investigations compris-
ing liver and immunology analyses and a liver biopsy. The International Autoimmune
Hepatitis Group (IAIHG) proposed a diagnostic system that provides the probability of
AIH using several positive and negative scores [21]. The simplified IAIHG criteria were
suggested for being much easier to use in a clinical setting. The simplified score is based on
IgG, autoantibodies, the histological examination, which form the positive criteria, and the
exclusion of other causes of hepatitis, such as hepatitis B, C, or E virus, Wilson’s disease,
or alcohol which form the negative criteria from the IAIHG score [22]. Neither scoring
system is recommended to be used in juvenile AIH, especially in the presence of severe
acute hepatitis [23]. Moreover, the cutoff value of autoantibodies is lower in pediatrics than
in adults [24]. Many studies reported comparable performance parameters of the scoring
systems [25], while one study demonstrated lower sensitivity for the 2007 simplified score
than the 1999 revised score [26]. More recently, a Position Statement was published on the
diagnosis and management of juvenile AIH by the ESPGHAN Hepatology Committee,
also proposing a diagnostic score to help differentiate between AIH and ASC [1].

The current first-line therapy encompasses prednisolone plus azathioprine to induce
clinical and biochemical remission [27]. Although most AIH patients show complete
response to this therapy, some may rapidly progress to cirrhosis or liver failure due to poor
response during the remission period or relapse after drug withdrawal [28]. Hence, it is
necessary to research the pathogenesis of AIH and explore novel and effective therapies.

AIH pathophysiology is characterized by immune-mediated hepatocyte injury asso-
ciated with the destruction of liver cells, causing inflammation, liver failure, and fibrosis.
The etiology of AIH is not entirely unraveled [29,30], but evidence supports an intricate in-
teraction among genetic variants, environmental factors, and epigenetic modifications [31].
The AIH-associated genetic predisposing loci shifted the interest of the scientific research
community toward the contribution of epigenetics to disease development and its complex
pathogenesis [32]. Predisposing factors associated with the risk of developing AIH are
synthesized in Figure 1.
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played by CD8+ cytotoxicity and autoantibody production by B cells [34]. These findings 
delineate an intricate pathway that includes gene to gene and gene to environment 
interactions with various drugs, viral infections, and the complex microbiome [32,35].  

Epigenetics emphasizes gene expression through hereditary and reversible 
modifications of the chromatin architecture without interfering with the DNA sequence. 
These alterations comprise DNA methylation, histone transformations, and non-coding 
small (miRNA) and long (lncRNA) RNA transcriptions [36]. Epigenetic pathways 
intervene in various physiological mechanisms, such as cell division and differentiation 
and cell development and growth, and play an important role in various phenotypic 
features in health and disease [37]. The epigenome is prone to changes and can be 
modified by variable environmental factors, including infection, diet, medication, and 
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DNA methylation is a process mediated by enzymes that occurs most often at the 
CpG sites where the location of cytosine is in the proximity of guanidine in the nucleotide 
sequence of the DNA structure [41]. DNA methyltransferases (DNMTs) generate 5-
methylcytosine (5-mC) by the process of catalyzation with the inclusion of a methyl (CH3) 
group to the 5-carbon of the cytosine ring. The methylation status (5-mC content) of an 
array of CpG sites in the gene’s promoter region can influence gene transcription. This 
delineates into either silencing of the endogenous gene by methylation or enhancing gene 
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Figure 1. Predisposing factors associated with the risk of developing AIH. Abbreviations: AIRE, autoimmune regulator;
CMV, cytomegalovirus; CTLA4, cytotoxic T lymphocyte antigen 4; EBV, Epstein–Barr virus; FAS/FASL, FOXP3, transcription
factor forkhead box P3, GATA2, GATA-binding factor type 2; HAV, hepatitis A virus; HBV, hepatitis B virus; HCV, hepatitis
C virus; HEV, hepatitis E virus; HIV, human immunodeficiency virus; HLA-D, human leukocyte antigen D allele; IL,
interleukin; NK, natural killer cells; SH2B3, gene encoding adaptor protein also known as Lnk; Treg, regulatory T cell.

At the basis of AIH pathogenesis is the interaction between specific genetic traits and
molecular mimicry for disease development, impaired immunoregulatory mechanisms,
including CD4+ T cell population and Treg cells [33], alongside other contributory roles
played by CD8+ cytotoxicity and autoantibody production by B cells [34]. These find-
ings delineate an intricate pathway that includes gene to gene and gene to environment
interactions with various drugs, viral infections, and the complex microbiome [32,35].

Epigenetics emphasizes gene expression through hereditary and reversible modifi-
cations of the chromatin architecture without interfering with the DNA sequence. These
alterations comprise DNA methylation, histone transformations, and non-coding small
(miRNA) and long (lncRNA) RNA transcriptions [36]. Epigenetic pathways intervene
in various physiological mechanisms, such as cell division and differentiation and cell
development and growth, and play an important role in various phenotypic features in
health and disease [37]. The epigenome is prone to changes and can be modified by variable
environmental factors, including infection, diet, medication, and chemicals [38–40].

DNA methylation is a process mediated by enzymes that occurs most often at the
CpG sites where the location of cytosine is in the proximity of guanidine in the nu-
cleotide sequence of the DNA structure [41]. DNA methyltransferases (DNMTs) generate
5-methylcytosine (5-mC) by the process of catalyzation with the inclusion of a methyl
(CH3) group to the 5-carbon of the cytosine ring. The methylation status (5-mC content)
of an array of CpG sites in the gene’s promoter region can influence gene transcription.
This delineates into either silencing of the endogenous gene by methylation or enhancing
gene transcription in diminished methylation [42]. Histone alterations encompass post-
translational methylation, phosphorylation, acetylation, sumoylation, and ubiquitylation
of histone proteins modifying the histone interaction with DNA molecules [43]. These
changes result in the transformation of chromatin architecture, which can dictate if DNA is
more or less accessible to genetic transcriptions, including enhancing or repressing gene
transcription [44,45]. Non-coding RNAs (miRNAs) include less than 30 nucleotides, while
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lncRNAs contain more than 200 nucleotides. They intervene in gene expression at the
transcriptional and post-transcriptional levels [46]. These RNA fragments are copies of
gene sequences that are not transcribed into proteins. MiRNAs can bind co-transcriptional
modification to an additional sequence from a targeted mRNA sequence and promote gene
silencing. This is the result of mRNA translation or mRNA cleavage, based on the degree
of complementarity [47]. MiRNAs have the capacity of controlling an array of mRNA
targets, whereas the transcription of mRNA into proteins is modulated by a multitude of
miRNAs [48].

The purpose of this review is to unveil the current status on the pathogenesis of
AIH by focusing on cellular and molecular mechanisms and depicting their impact on
clinical aspects, detecting biomarkers, and guiding toward novel, more effective, and
better-targeted therapies.

Some of these factors are incompletely confirmed, such as CTLA4, FAS/FASL, AIRE,
and GATA2 mutations, but the predisposing HLA-D allele, SH2B3 risk allele, female gender,
age, hormonal status, and exposure to viral and drug triggers have been demonstrated to
be associated with the risk of developing autoimmune hepatitis.

2. Genetic Trait of Autoimmune Hepatitis
2.1. Human Leukocyte Antigen Associations

The mechanisms involved in autoimmune diseases represent a complex pathway
between human leukocyte antigen (HLA) predisposing genes and non-HLA systems [32].
The genetic component of AIH is demonstrated in reports that studied monozygotic
twins [49] and variations among different ethnicities, variety in the frequency, and age
distribution of AIH among populations [50].

The genetic contribution to the AIH is based on over- and under-representation
analyses of differentially expressed genes, genome-wide association studies (GWAS), which
target genetic variants correlated with intricate traits, including the risk of developing AIH
and the presumption that AIH is part of single abnormal genetic disorders. Preidentified
HLA alleles are particularly informative for complex disease mapping and were first
described in organ transplant compatibility. The specific alleles are encoded along HLA-
A, -B, and -Cw regions on chromosome 6. These regions are associated with class I
human major histocompatibility complex (MHC) and HLA-D regions (DR, DQ, and DP),
which encode class II MHC. Class II MHC presents antigens to CD4+ (helper T cells), and
CD8+ (cytotoxic T cells) is a component of the adaptive immune system response through
apoptosis of recognized cells that present the antigen. To date, HLA-D regions are described
in conjunction with the risk of developing AIH and other autoimmune diseases [50,51].

The importance of HLA variants implicated in AIH-1 was demonstrated by GWAS [52].
HLA genes responsible for AIH-1 susceptibility in adults are associated with the HLA-
DRB1 variant on chromosome 6, representing a class II MHC. The HLA-DR3 (DRB1*0301)
and -DR4 (DRB1*0401) molecules are described in North American and European popu-
lations [53,54] and also the -DR4 (DRB1*0401) allele in the Japanese population [55]. In a
different study, patients that did not have HLA-DR3 or HLA-DR4 presented more often
HLA-DR13 or HLA-DR7 and were indistinguishable from patients with HLA-DR3 regard-
ing clinical and laboratory criteria. HLA-DR13 patients were younger than those with
HLA-DR4 [56].

Studies based on the Argentinian population described HLA-DRB1*0405 in adults
and HLA-DRB1*1301 and HLA-DRB1*0301 in children with AIH, with a protective ef-
fect of HLA-DRB*1302 [57]. In reports based on Mexican populations, DRB1*0404 and
DQB1*0301 were over-represented in AIH patients [58]. Another report demonstrated that
the association between AIH-1 and DRB1*0401 implies a less severe disease with a reduced
risk of developing end-stage liver disease needing liver transplantation [59]. HLA genes
responsible for AIH-1 susceptibility in children are associated with HLA-DR3 in Northern
Europe, but the -DR4 encoding allele is not described as a genetic predisposition in pediatric
AIH-1 [6]. There are multiple allele variants reported in AIH-1 susceptibility in different
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areas of the world, such as DRB1*08:02 and DRB1*08:03 in Japan, DRB1*04:05 in Korean
populations, DRB1*13 and DRB1*14 in Pakistani populations [60], and DRB1*0405 and
DRB1*1301, DQB1*02, and DQB1*0603 in Latin America [61]. In western India, DRB1*01
and DRB1*14 were associated with an increased risk of developing AIH-1 [62].

Genetic predispositions for AIH are reported worldwide for each area, but one study
compared known susceptibility factors for AIH between patients from Italy and North
America. This report showed an important difference in the genetic traits between the
two cohorts, specifically the B8-DR3-DQ2 phenotype was more often described in Italian
patients with AIH-1. At the same time, HLA-DR4, which is a significant risk factor for AIH
in northern Europe and North America, was not encountered in the Italian cohort. Patients
with AIH-1 from North America presented more frequently HLA-B8, -DR3 and HLA-DR4
than those from Italy. In addition, similar profiles were reported in both AIH-1 and AIH-2
in Italian patients: HLA-DR3, -DQ2 and -DR7. HLA-DR11 revealed a possible protective
factor against AIH-1 in Italy. This study underlines different genetic backgrounds between
two distinct countries, which suggests that other regional triggering events or other genetic
factors may be involved that may influence the frequency of this disorder, clinical course,
and treatment outcome [63].

AIH-2 is associated with predisposing DRB1*0701 [64] and DRB1*0301 [65]. Sus-
ceptibility for AIH-2 in Egypt is described in the genetic variant DRB1*15 [66]. In one
quarter of the cases, the autoimmune polyendocrinopathy-candidiasis-ectodermal dystro-
phy (APECED) syndrome can be associated with AIH-2. The most common association
is reported with HLA-DQB1*0301 and DQB1*0201 alleles [67]. In children with AIH-1
and AIH-2, a partial deficiency of the class III MHC complement component C4 was re-
ported [68]. The HLA-DQ locus represents a predisposing genetic factor for AIH-2, while
the HLA-DR locus is responsible for autoantibody development [69].

A murine model of AIH was generated by DNA immunization targeting AIH-2 self-
antigens. The plasmid constructed for DNA immunization contained the extracellular
region of a mouse cytotoxic T lymphocyte antigen 4 (CTLA-4) blended with the antigenic
region of human CYP2D6 and formiminotransferase cyclodeaminase. Two peaks of in-
creased ALT activity were described at four and seven months postinjection correlated with
the development of antiLKM1 and antiLC1 autoantibodies and with liver inflammatory
infiltrate containing CD4+ lymphocytes and CD8+ and B cells. This study showed that the
break of tolerance against autoantigens triggered the development of AIH by molecular
mimicry [70].

A Danish nationwide registry analysis demonstrated the intricate relation between
genetic and environmental factors, showing that in families with cases of AIH, first-degree
relatives present a fivefold risk of developing AIH [3]. The HLA-D regions intervene in the
CD4+ T cell response to the CYP2D6 regions [71]. Antibodies to the soluble liver antigen or
the liver/pancreas (anti SLA/LP) are associated with DRB1*0301. They have prognostic
importance as they are present in severe forms of the disease with frequent relapse after
therapy withdrawal [71,72].

The genetic architecture of autoimmune disorders encompasses complex traits, and
the mechanism by which HLA regions confer susceptibility to developing autoimmunity
is still undetermined [73]. One study mentioned that self-peptides in class II MHC could
present an altered display at the thymic T cell selection, with a modified effector result
and an impaired immune regulatory response [74], while class I MHC encoded by HLA-B
regions could present an impaired function at some exogenous factors, such as abacavir
and carbamazepine [71]. These described mechanisms comprise an important connection
between the genetic architecture and environmental factors.

2.2. Non-Human Leukocyte Antigen

The GWAS is increasingly used to reveal the mechanisms of rare undiagnosed dis-
orders, and specific ethnical genomes from various populations are especially important.
This analysis helps identify the possible causal variants by verifying the particularities
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across populations. The study published in 2014 is the only study that reported the GWAS
from patients with AIH-1 from the Netherlands and Germany. This report revealed an as-
sociation between AIH and two susceptibility genotypes: HLA-DRB1*0301 and DRB1*0401
and also variants of SH2B3 (also known as SH2B adaptor protein 3 or as Lnk), which are
associated with autoimmune diseases, such as AIH, type 1 diabetes mellitus, celiac disease,
and rheumatoid arthritis [50]. Thus, the GWAS association with AIH inferred that the
significance was lower than accepted, and SH2B3 should still be considered for its role in
many autoimmune diseases. Non-synonymous single nucleotide polymorphism in SH2B3
is considered predisposing for various autoimmune and inflammatory diseases. SH2B3
encodes a common autoimmune locus; it regulates several cytokines signaling pathways
and downregulates TNF (tumor necrosis factor), T cell activation, and Janus kinases 2 and
3 signaling. The Lnk variants in mice are linked to autoimmunity by elevated levels of
activated T cells [72].

SH2B3 is also important in the mechanism of celiac disease by inflecting the immune
response to gut bacteria. This is demonstrated by the presence of the SH2B3 rs3184504∗A
risk allele in response to muramyl dipeptide and lipopolysaccharide and further indicates
an augmented activation of the nucleotide-binding oligomerization domain 2 (NOD2).
This risk allele and NOD2 pathway are also encountered in the pathogenesis of AIH
and primary sclerosing cholangitis [75]. AIH is associated with the CTLA4 variants [76].
Some studies demonstrated the functional effect of vitamin D receptor variants in disease
development, as these genotype variants are associated with variants in the fatty acid
synthase (FAS) promoter or multifunctional pro-inflammatory cytokine that belongs to
the TNF superfamily. This mechanism is suggested to result in the development of liver
fibrosis [77,78].

The epigenetic component is influenced by changes in the histone methylation, mi-
croRNA (miRNA) profile, and mRNA translation into proteins [79]. MiRNAs are small
endogenous RNA molecules of less than 30 nucleotides that regulate the transcription and
translation of targeting RNAs based on the degree of complementarity [47]. Expression
of miRNA is stable, reproducible, and persistent among members of the same species.
MiRNAs are promising biomarkers, as their expression could reveal the information scat-
tered on numerous target genes. [80]. Among these biomarkers is MiR-122, the most
abundant miRNA in hepatocytes, involved in hepatitis C virus (HCV) replication, serving
as a feasible therapeutic target [81]. The presence of MiR-122 is also mentioned in other
liver diseases [82]. Reports demonstrate the importance of an array of regulatory miRNAs
in disorders that comprise liver autoimmune and inflammation processes and metabolic
syndromes [83]. MiRNAs control the innate and the adaptive immune response, and
an error in miRNA expression has been correlated to human autoimmune diseases [84].
MiRNAs are emerging as important non-invasive diagnostic tools and can be helpful to
predict the therapeutic response [85]. Here, we also reviewed various miRNA encountered
in patients with AIH (Table 1). This unique expression of serum miRNAs can represent a
non-invasive biomarker for AIH.

Table 1. Expression of miRNAs in AIH in human and animal cohorts.

Human miRNA Upregulated Reference Downregulated Reference

miR-122-5p

[86]

miR-223-3p

[86]

miR-1915-5p miR-575
miR-193b-3p miR-451a
miR-1908-3p miR-4638-5p

miR-6073 miR-4443
miR-99a-5p miR-486-5p

miR-602 miR-6765-3p
miR-1199-5p miR-6820-5p

miR-1290 miR-4648
miR-21-5p miR-6511a-5p
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Table 1. Cont.

Human miRNA Upregulated Reference Downregulated Reference

miR-4732-5p miR-6889-5p
miR-122 miR-1207-5p
miR-192 miR-7150
miR-375 miR-6877-5p
miR-21 miR-4476

miR-6763-5p
Animal miRNA

miR-10a,
miR-133a [87] miR-15a/16-1 [88]

miR-210 [89] miR-155 [90]
miR-155 [90] miR-143-3p [91]

The importance of epigenomic variations in AIH is yet to be discovered. More research
needs to be addressed to fully understand the role of the information encoded and the
variability of translational modifications.

3. Monogenic Syndromes including Autoimmune Hepatitis

Various monogenic disorders are described, including AIH amongst other extrahepatic
autoimmunity, underlining the importance of further research in these patterns of immune-
mediated diseases.

3.1. Autoimmune Lymphoproliferative Syndrome and FAS/FAS Ligand

The autoimmune lymphoproliferative syndrome (ALPS) comprises autoimmune fea-
tures with an elevated risk of malignancies. This chronic non-malignant lymphoprolifer-
ation includes hypergammaglobulinemia, autoimmune cytopenia, elevated IL-10 levels,
FAS ligand, and the aggregation of double-negative T cells [92]. In addition, this disease
can be associated with AIH type 2 [93].

This disease was first described in lpr and gld mice, which presented with FAS and
FAS ligand mutations [94]. ALPS in human subjects present with either somatic or germline
heterozygous FAS mutations or with both kinds of mutations [95]. FAS (or CD95, Apo1,
and TNFRSF6) comprises the TNF receptor superfamily. Its role is mentioned in chronically
activated lymphocytes apoptosis and blocking the self-reactive T and B lymphocytes [96].
The oligomerization of the FAS triggers an arrangement of a death-inducing signaling
complex (DISC) which is augmented by the interaction between FAS and its ligand (CD178).
The activation of DISC results in a caspase activation in permissive cells [97].

3.2. Regulatory T Cell Deficiency and Immunodysregulation Polyendocrinopathy Enteropathy
X-Linked Syndrome

Some studies described multiple single-gene mutations responsible for the association
between immunodeficiency and autoimmunity, including the presence of AIH, based on
an impaired immune system. This category comprises the dysregulation of the immune
system, polyendocrinopathy, enteropathy, and X-linked syndrome (IPEX). This is a rare,
severe, and often fatal disease characterized by autoimmune enteropathy, thyroiditis, early-
onset type 1 diabetes mellitus, and eczema [98,99]. The fundamental pathogenesis of the
IPEX syndrome is the FOXP3 gene mutations. This gene encodes a DNA-binding protein,
transcription factor forkhead box P3 (FOXP3), that is important for its role in inducing and
maintaining peripheral immune tolerance. The FOXP3 protein contributes to the activation
and differentiation of CD4+CD25+ regulatory T lymphocytes. The dysregulation of this
pathway induces an error in immunologic reactivity and causes autoimmunity [100].

IPEX syndrome can also be associated with liver inflammation and AIH type 2 with
LKM-1 antibodies [99]. Another study conducted on 173 cases with IPEX syndrome
described the presence of hepatic abnormalities in 20% of the patients, most commonly
with autoimmune hepatitis [101]. In addition, studies conducted on experimental animals
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demonstrated the development of systemic autoimmunity and AIH with liver lymphocytic
infiltrate, elevated serum IgG, and antimitochondrial antibodies [102].

3.3. Cytotoxic T Lymphocyte Antigen 4 Mutations

The thymus offers partial protection against the formation of self-reactive T cells, but
some self-reactive T cells can still spread in the body. In this process, an essential component
is the cytotoxic T Lymphocyte Antigen 4 (CTLA-4, also known as CD152), which can control
these cells. Studies on experimental mice reported that a CTLA-4 deficit can lead to immune
dysregulation and autoimmunity [103,104]. Regulatory T cells (Treg cells) are the main cells
expressing CTLA-4 [105]. Experimental studies demonstrated an analogous syndrome in
CTLA-4-deficient mice to Treg cells deficiency [106]. CTLA-4 is encoded by the CTLA4 gene
on chromosome 2 and directly antagonizes the co-stimulatory receptor CD28. CTLA-4 and
CD28 have a similar structure and compete for activating ligands. The CTLA-4 deficit leads
to stimulation of CD28 and its ligands CD80 and CD86, and this causes autoimmunity [107].
Studies reported that changes in CTLA-4 are associated with AIH, and a total deficit in
mice leads to fatal autoimmunity with liver lymphocytic infiltrate [104].

CTLA-4 gene mutations in humans result in autosomal-dominant widespread autoim-
munity, including AIH [108]. One study reported a case of de novo mutation of CTLA-4
with AIH that responded to treatment with abatacept [109]. Other studies noticed that
drugs that block CTLA-4 such as ipilimumab used for cancer immunotherapy, deplete Treg
cells and produce an AIH-like syndrome [110].

3.4. Autoimmune Regulator Mutations and the Autoimmune Polyendocrine Syndrome

The autoimmune-poly-endocrinopathy-candidiasis–ectodermal-dystrophy/dyspla-
sia (APECED) or autoimmune polyendocrine syndrome type 1 represents a rare monogenic
autosomal recessive disease, which is induced by mutations in the AIRE gene. The AIRE
gene encodes the thymus-enriched transcription factor AIRE. It controls the central immune
tolerance by deleting autoreactive T cells by negative selection and processing the autoanti-
gens within the thymus [111,112]. The expression of the AIRE protein in thymic medullary
epithelial cells and peripheral monocyte and dendritic cell lineage is for the variability of
symptoms in APECED [113]. In addition, regarding APECED pathogenesis, a key contrib-
utor is a defect in the CD4+CD25+ regulatory T cells that normally intervene to prevent
autoimmunity and peripheral tolerance [114]. Another factor influencing medullary thymic
epithelial cell (mTEC) development is TRAF6, an E3 ubiquitin protein ligase. Mice with
mTEC depletion of TRAF6 expression presented specific immunological and histological
characteristics of human AIH, indicating that mTECs exert a central T cell tolerance and
organ targeted autoimmunity but are unessential in peripheral tolerance [115].

APECED is characterized by immune-mediated Addison’s disease, hypoparathy-
roidism, and chronic mucocutaneous candidiasis [116]. The immune-mediated mucocuta-
neous candidiasis is induced by antibodies against the Th17/IL-17 pathway [117].

One study described APECED-associated hepatitis in almost half of the cases, but
only a few patients presented the classical serological biomarkers, LKM-1 and SMA [118].
Immune-mediated AIH is induced by autoantibodies against CYP2D6 and CYP1A2 [119].
The mutations in the AIRE gene result in the development of AIH early in life and in AIH
recurrence early after liver transplantation [120].

The fundamental nature of the defect in analogous AIRE mutations in mice results
in a similar APECED syndrome accompanied by AIH, which is responsive to immuno-
suppressive therapy. AIH can also be treated with intact peripheral regulatory T cells,
demonstrating a deficit in this population [121]. A recent study reported that a comple-
mentary system controls different antigens in the medullary thymic epithelium where the
transcription factor FezF2 intervenes. The lack of this transcription factor in mice results
in multisystem autoimmunity with a lymphocytic hepatic infiltrate, but with a different
pattern from those with the AIRE mutation [122].
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3.5. GATA-Binding Factor Type 2 Dysfunction

GATA2 is involved in the ontogenesis as a transcription factor of the hematopoietic
system, hematopoietic stem cell activity, differentiation of myeloid and myelo-erythroid
progenitor cell, and erythroid precursor cell maintenance [123]. GATA2 mutations were
reported in patients with immunodeficiency syndromes, acute myeloid leukemia, and
myelodysplastic syndrome [124]. One case was reported with GATA2 dysfunction associ-
ated with AIH and was responsive to immunosuppressive therapy [125].

4. Infectious and Environmental Triggers
4.1. Viral Triggers

Environmental factors such as viral infections are considered triggers for autoimmu-
nity [126]. Hepatitis viruses can form neoantigens, resulting in the activation of autoreactive
T cells and further generating inflammation [127].

Studies described the presence of similar autoantibodies in both AIH and viral hep-
atitis, especially hepatitis C virus (HCV). Molecular mimicry is reported between smooth
muscle and viral antigens [128,129]. In support of this theory, it has been demonstrated that
the laboratory tests presented false-positive antibodies for anti-HCV in untreated AIH with
no evidence of HCV infection [130]. In HCV patients treated with high-dose interferon,
induced autoimmunity was described in predisposed individuals who developed de novo
non-hepatic disorders such as autoimmune thyroiditis. This association was not reported in
cases with interferon-free HCV treatment [131]. Viral antigens were more likely to induce
autoimmunity over time in HBV and HCV infections than in interferon treatment [132].
Patients with liver transplantation and interferon therapy for HCV administered before
and after transplantation, had a higher risk of developing AIH, possibly triggered by
immune-stimulating effects [133]. In children with chronic hepatitis B, ANA was found in
15% of the cases. Almost the same percentage of patients who were initially ANA negative
were also reported with positive ANA during interferon treatment. Although interferon
treatment was associated with the development of autoimmunity, this did not alter the
treatment response [134].

Many studies described the association between AIH and other virus infections such as
hepatitis A [135], the E virus [136,137], the Epstein–Barr virus [138], and cytomegalovirus [139].
In contrast, studies on large cohorts of patients showed no difference between the prevalence
of viral hepatitis in relation to AIH and the general population [140,141]. Studies [142–145]
demonstrated that infecting mice with adenovirus expressing human CYP2D6 generated
persistent AIH in mice with liver necroinflammation and fibrosis. This marks the development
of autoimmune liver disease after breaking immune tolerance in response to a viral infection
expressing a human autoantigen [142]. The same infected mice were proposed as a model for
revealing that only NOD genetic background could be susceptible for AIH induction but was
still insufficient for generating autoimmunity spontaneously, marking the presence of strong
environmental triggers [145]. The initial location of the autoantigen influenced different cell
accumulation that induced inflammation, which affected hepatic stellate cell (HSC) activity,
cell damage, and fibrosis [144].

4.2. Environmental Exposures

AIH has been linked to various drugs that can cause the appearance of autoantibod-
ies to hepatocytes (Table 2), such as the inhalation of anesthetic halothane [146], dihy-
dralazine [147], tienilic acid [148], nitrofurantoin, and minocycline. Autoantibodies are
triggered by these chemical compounds, producing antibodies to CYP2C9 and developing
hepatitis with positive ANA [149,150]. The hepatocyte surface antigen appears in the case
of membrane alterations caused by halothane through the oxidative pathway. Observations
of the interaction between circulating antibodies and the antigen were described in cases
with severe liver necrosis after halothane anesthesia. This interaction is possible due to an
altered membrane that provides the antigen composed by the oxidative route during anes-
thesia [151]. In experimental studies, another halogenated compound, trichloroethylene,
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could trigger antinuclear antibodies present in FAS mutant MRL+ mice, with lymphocytic
hepatic infiltrate and lymphoproliferation [152]. Liver autoimmunity was also described
in albendazole or isoniazid toxicity, where idiosyncratic liver injury or hypersensitivity
are incriminated [153]. A difference should be made between drug-induced autoimmune
injury (DILI) and drug-induced liver hepatitis, which requires immunosuppression for
treatment and preventing relapses [154].

Table 2. Drugs associated with the induction of AIH.

Drug Comments Selected References

Methyldopa A possible toxic metabolic component that could present as an
antigenic hapten on the surface of cells in susceptible hosts [155,156]

Minocycline Some associations with a rare HLA allele B*35:02, but most patients
with similar clinical features lack this allele. [149,157]

Nitrofurantoin
Not completely known. Drug metabolism produces oxidative free
radicals, which can injure hepatocytes. Many cases are linked to

HLA-DR6 and DR2 alleles.
[150,158]

α- and β-interferons

Immunomodulatory effects in presenting HLA antigens on hepatocyte
surface and modifying CD4 and CD8+ T cell activity in predisposed

patients. It can cause acute exacerbation of AIH and acute hepatitis-like
syndrome that can coexist or be confused with chronic hepatitis B or C.

[133,159,160]

Hydralazine
Metabolized by N-acetyltransferase (NAT), more often associated with

specific genetic variants in NAT activity, in the presence of
autoantibodies to the P450 system (CYP 1A2).

[147,161]

Infliximab, adalimumab,
etanercept

TNFα antagonists; the mechanism is not known, may induce and
modulate autoimmunity. [162,163]

Ipilimumab AntiCTLA-4 inhibition and depletion of Treg cells [110]

Nivolumab PD-1 inhibition [164]

Halothane

Partially modified by liver microsomal enzyme CYP 2E1 in
trifluoroacetic acid. Halothane can trifluoroacetylate hepatic proteins,

which can be immunogenic and produce cytotoxicity. In halothane
hepatitis, antibodies to trifluoroacetylated proteins are present.

[165,166]

Tienilic acid (fenofibrate)
Not completely known. Liver immune reactivity may appear in the

presence of altered metabolites or fenofibrate–protein haptens.
Recognition of cytochrome P450 2C9 by antiLKM2 autoantibodies.

[167,168]

Non-steroidal
anti-inflammatory drugs

(diclofenac)

An immunoallergic component is linked to the genetic allele UGT 2B7,
CYP 2C8, and ABC C2, genes being involved in the metabolism,

conjugation, and excretion of diclofenac.
[169,170]

5. Specific Cell Types in AIH

The pathogenesis of AIH also involves an impairment of the effector and regulatory
immunity (Table 3). In the immunoregulatory mechanisms, leukocytes present different
composition in peripheral blood and in intrahepatic population regarding proportions
and phenotypes (Table 4). Leukocytes involved in inflammation are targeted by immuno-
suppression therapy even before a certain diagnosis of AIH is established. This therapy
usually comprises corticosteroids or antimetabolite agents. In this regard, it is frequently
challenging to determine whether the results are attributed to the natural course of the
disease or the administered medication [171].
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Table 3. Cellular mechanisms in autoimmune hepatitis.

Cell Type Peripheral Blood Liver

AIH vs. Healthy Reference AIH vs. Healthy Reference

CD4+ T Cells ↑ [172] ↑ [172]
Th1 CD4+ T cells NA NA ↑ [173]

Th17 CD4+ T cells ↑ [174] ↑ [175]
CD4+CD25+ FOXP3

(Adults)
Number
↑

Function
(-) [176] Number

(-)
Function

(-) [176]

CD4+CD25+
(Adults and Children)

Number
(-)

Function
↓ [177] Number

(-)
Function

(-) [177]

FOXP3
(Adults and Children)

Number
↓

Function
(-) [178] Number

(-)
Function

(-) [178]

CD8+ T cells ↑ [179] ↑ [180]
γδ T cells ↑ [181] ↑ [182]

Natural killer T cells [181] ↑ [183]
B cells = [184] = [184]

Plasma cells NA NA ↑ [185]
Monocytes ↑ [186] ↑ [187]

AIH: autoimmune hepatitis; NA: not available; ↑: increased; ↓: decreased; (-): unknown data; =: no difference.

Table 4. Key inflammatory perturbations in autoimmune hepatitis.

Cell
Type

Cell
Stimuli

Secreted
Cytokines

Peripheral
Blood

AIH vs.
Healthy

Reference
Liver

AIH vs.
Healthy

Reference Effects on Pathogenesis

Th1 IL-12

IL-2 ↓ [188] NA NA CD 8 (cytotoxic T cells) is a
component of the adaptative

immune system response through
apoptosis of recognized cells on

MHC class I and MHC class II on
liver cells, which present the

antigen
Activation of NK cells

IL-1ß ↑ [189] ↑ [190]

IFN-γ ↑ [191] ↑ [192]

Th2 IL-4

IL-4 ↓ [188] ↑ [183] Promote CD4+ cells
Promote B cell differentiation,

plasma cells produce
autoantibodies, and complement

activation
NK cells recognition of Fc receptor

on hepatocyte surface
IL-13 signaling in liver fibrogenesis
Circulating IL-21 may predict the

progression of necro-inflammatory
activity on liver histology

IL-10 ↑ [172] NA NA
IL-13 ↑ [190] ↑ [193]

IL-21 ↑ [194] NA NA

Th17
TGF-ß,
IL-1ß,
IL-6

IL-17 ↑ [174] ↑ [174] Elevated levels of IL-21 and IL-22
even in patients undergoing
immunosuppressive therapy

Th 17 cells induce liver damage and
release of inflammation cytokines

IL-22 ↑ [195] NA NA
IL-23 ↑ [195] NA NA

TNF-α ↑ [196] ↑ [192]

AIH: autoimmune hepatitis; NA: not available; ↑: increased; ↓: decreased.

5.1. CD4+ T Cells

CD4+ T cells (or helper) control B cell antibody production, influence CD8+ T cells
cytotoxicity, regulate phagocytic processes and modulate movement within the cells [171].
CD4+ T cells are subclassified according to the cytokine they produce when stimulated.
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T helper 1 is associated with interferon-γ production, T helper 2 with IL-4 and IL-10, T
helper 17 with IL-17, and regulatory T cells with IL-10. CD4+ can also suppress the ac-
tivity of other T cells. The absence of CD4+ is important because it leads to profound
immunodeficiency, being involved in various autoimmune disorders, and acquired im-
mune deficiency syndrome (AIDS) [197,198]. Patients with AIH present impaired T cell
number and function [126]. CD4+ important role is also represented by the presence of
CD4+ in the inflammatory infiltrate of AIH [199].

There are multiple associations between HLA-D genotype variants and the develop-
ment of AIH [50]. Class II MHC presents antigens to CD4+ and CD8+ and is part of the
adaptive immune system response [50,51]. The impairment of these mechanisms leads to
an autoimmune reaction with liver damage caused by interferon-γ released by effector T
cells [200]. In experimental animal studies, stimulation of liver class II MHC is not enough
to induce hepatitis [201].

The aforementioned monogenetic syndromes present pathways associated with CD4+
cells. AIH features imply the presence of CD4+ cells through IgG autoantibodies and
interferon-γ production. Interestingly, in cases with infection caused by human immunod-
eficiency virus and treated with antiretroviral therapy, the association of AIH in immune
reconstitution of CD4+ cells was observed [202]. Only one case was reported with the
transfer of AIH by transplantation of disease-causing T cells [203].

The involvement of CD4+ cells in AIH pathogenesis is incompletely described. In this
pathway, the importance of apoptosis inducted by CD95/FAS, and actions of interferon-γ,
TNFα, and IL-17 are underlined. These markers are increased in the peripheral blood of
AIH patients. In this regard, in monogenic diseases like ALPS, CD95+ cells with elevated
expression of CD8+ and CD4+ are encountered [204]. Although this pathway is described
in AIH, it is unclear if this is a specific feature for liver autoimmunity because it is also
described in other liver diseases without the presence of autoimmunity [205].

The significant role of interferon in AIH is suggested by the surveillance of cases
treated with exogenous interferons that develop AIH–like syndrome [149]. In this re-
gard, experimental studies describe that hyperexpression of interferon-γ in mice produces
features of AIH–like [160].

Th17 cells, another important pro-inflammatory factor in AIH [206], are overexpressed
in both peripheral and intrahepatic populations [207]. Also, the Th17 response is influenced
by IL-6 expression by hepatocytes. This observation is retained from studies on primary
biliary cholangitis, which describe the association between the presence of Th17 cells and
advanced disease [208,209]. The proinflammatory phenotype of AIH is attributed to the
differentiation into Th17 instead of Treg cells, and therapy that targets IL-17 increases
regulatory cells from CD4+CD25− cells derived from AIH patients [210]. Also, in this
regard, in the resolution treatment of inflammation, Th17 cells are transdifferentiated into
Treg cells [211].

5.2. Regulatory T Cells

Treg cells are a part of the CD4+ lymphocyte peripheral population with an important
role in the innate and adaptive immune response by controlling the number and func-
tion of autoreactive T cells [212,213]. Their importance is underlined by the development
of a severe form of autoimmune disease in their absence, such as the IPEX syndrome.
Some studies described a decreased number of Treg cells in the inflammatory infiltrate
of AIH [181] or in the peripheral blood when compared to other diseases [214,215]. More
recently, improved molecular phenotyping with specific staining for factor FOXP3 measur-
ing peripheral numbers and liver population of Treg cells has demonstrated a similar or
increased number of Treg cells when compared to other liver disorders [216,217]. Patients
with AIH also presented impaired T cell function regarding activation and proliferation of
these cells [126]. Some reports described that this does not apply in the case of Treg cells
isolated from liver tissue with inflammation [216,218].
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A few studies described Treg cells as an important risk factor regarding the im-
mune microenvironment in HCC development [219,220]. Most of the cases of HCC
are encountered in HBV and HCV infection, and only a few cases are associated with
AIH [219]. The increased percentage of CD4+CD25+ Treg cells in peripheral blood and
in liver cells is thought to contribute to host immune response suppression during HBV
and HCV infection [220–223], while AIH is related to numerical and functional Treg cells
defect [181,224]. Findings regarding the HCC immune microenvironment mentioned Treg
infiltration in chronic infections, while the precise pattern of Treg cells in AIH is not entirely
known [225,226].

The functional impairment of peripheral Treg cells in AIH patients was demonstrated
by reduced Treg cells responsiveness to IL-2, resulting in defective anti-Th1 cytokine IL-10
production [212]. Moreover, even in case of a decreased number, CD4+CD25+ T-cells
of patients with AIH can maintain their regulatory function by reducing the number of
interferon-γ-producing CD4+CD25- T-cells. If the central pathogenesis of AIH encounters
the loss of immunoregulation, treatment should be focused on restoring Treg cells capacity
to expand, with further increase of their number [200].

Children with AIH present a decreased number of Treg cells expressing CD39, leading
to increased production of immunosuppressive adenosine. CD39+ Treg cells represent
ectonucleotidase which controls extracellular nucleotide hydrolysis. The defect of this
immunoregulatory mechanism causes a malfunction in proinflammatory nucleotides hy-
drolysis and overproduction of proinflammatory IL-17 produced by CD4+. The proinflam-
matory effect is caused by CD39+ Treg cells insufficient number, function, and increased
transformation into CD4+ [227].

The decreased Treg cells favor disruption from the normal immunoregulatory mech-
anisms causing autoimmune liver disease with a proliferation of CD4+ and CD8+. Also,
CD4+ are less sensitive to Treg cells regulatory control due to decreased expression of
the inhibitory receptor T-cell-immunoglobulin-and-mucin-domain-containing-molecule-3
(Tim-3), which causes T lymphocyte effector death after ligation of galectin-9 controlled by
Treg cells [228].

In AIH, CD4+CD127- T cells are impaired, which leads to Treg defects. These defects
can be present in some cases even after treatment-induced remission [177].

The defective Treg cells lead to liver cells damage caused by an altered immune
cascade consisting of cytotoxic T lymphocytes, activation of macrophages and complement,
cytokines produced by Th1 and Th17 cells, increased adhesion of natural killer cells to a
liver antibody Fc receptors ligation [229].

Analyzing the Treg cell function, the timing for obtaining samples unaffected by
immunosuppression represents a problem. The main AIH treatment, corticosteroids and
purine antimetabolites [230] have clear effects on Treg cell function [231–234].

Not all research studies agree with the contribution of Treg cells in the develop-
ment of AIH. Some studies suggested that the number [214,235] and function of Treg
cells are not impaired in AIH [214]. The decrease in Treg cells during therapy may be
attributed to a decline in the Treg survival factor IL-2. This finding could contribute in the
development of future treatment approaches [235]. Flow cytometry analysis and quantifi-
cation of Treg-specific FOXP3 gene demethylation showed that the number of peripheral
CD4+CD25+CD127- FOXP3+ Treg cells in AIH patients were not reduced compared to
healthy subjects. However, Treg cells number was elevated in AIH cases with active disease
compared to patients in disease remission, suggesting that the Treg cells number can be
correlated with inflammation. The analysis of FOXP3 Treg cells on liver biopsy in AIH
and NASH patients revealed that the intrahepatic Treg cells number was elevated in AIH
patients compared to NASH patients, correlated with liver inflammation [214].

Another study suggested that Treg cells isolated from liver biopsy in patients with AIH
were completely functional [216]. One theory mentioned the importance of the intrahepatic
microenvironment suggesting that increased intrahepatic Treg cells could be caused by a
homing of Treg cells into the inflamed liver [214]. Treg cell function requires the presence
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of IL-2, and in patients with AIH, the intrahepatic environment is deficient in IL-2 [216].
IL-2 is an essential cytokine for T cell survival and function, including Treg cells. Very
low dose clinical grade IL-2 (VLDP, Proleukin) can generate STAT-5 phosphorylation,
especially in peripheral and liver CD4+CD25+CD127- Treg cells in AIH patients. This
is associated with phenotypic and functional transformations and also up-regulates anti-
apoptotic protein Bcl-2 in Treg cells survival. The same study supports the potential VLDP
treatment in AIH [236]. Regarding the number of Treg cells, the diminished number could
be explained by specific sequestration of Treg cells into the intrahepatic environment with
inflammation [237]. Furthermore, Treg cells can express CD40L and costimulatory markers
when peripheral blood mononuclear cells are stimulated through complement receptors. In
this way, the Treg population can influence dendritic cell functional maturation, suppresses
CD4+ responses, and interact with B cells CD40 to generate Ig overproduction [238].

There are no studies describing antigen-specificity of the Treg population in human
AIH. In experimental studies is mentioned that for autoimmunity to be controlled, antigen-
specificity of Treg cells is required [239]. Similar work depicted the production of CYP2D6
antigen-specific Treg cells in AIH-2 patients [240]. This can also be demonstrated in animal
models with APECED, where the transfer of functional Treg cells can alleviate disease [121].

Key factors surrounding the control of Treg cells over T lymphocyte responses include
both CTLA4 and PD-1 (cell death protein-1) [241]. PD-1 action differs on Treg population
versus CD4+, with an augmentation effect versus a proapoptotic effect. These findings
delineate PD-1 blockade involvement in AIH development [164], while immune tolerance
in liver transplant requires PD-1 expression [242]. Similar studies performed on animal
models revealed that PD-1 insufficiency is correlated with AIH [243]. In order to clarify
mechanisms involved in acute-onset fulminant AIH, one study developed AIH in a mouse
model induced by loss of FOXP3 Treg cells and PD-1–mediated signaling which are re-
sponsible for regulating CD4+. Results demonstrated that in fatal AIH were involved
dysregulated CD4+ from the spleen [244]. One study that analyzed Treg cells in treatment-
naïve patients presented expression of memory cells suggesting previous antigen exposure,
with decline in this proportion after therapy. Patients who did not respond to corticoid
therapy presented decreased exhausted FOXP3pos Treg cells and PD1 expression, which
resulted in loss of CD4+ control with medication in these patients [245].

A future effective therapeutic approach could represent the usage of Treg cells in AIH
patients, but the response to Treg infusions has not been demonstrated in large trials. One
study showed that Treg cells from xenoimmunized mice expanded ex vivo could preserve
their function and CXCR3 expression. These transferred Treg cells were recognized by
the liver resembling an autologous transfer in AIH patients with induced remission [246].
One study demonstrated that intravenous infusion with good manufacturing practice
(GMP)-grade autologous Treg cell cells in patients with AIH resulted in most of the homing
to the liver and spleen with decreased migration to other organs. These transferred Treg
cells showed increased survival in inflamed tissues, supporting Treg therapy for future
clinical trials to prove the efficacy in AIH [247]. In experimental murine AIH treated with
complexed IL-2/anti-IL-2, the mice showed elevation of intrahepatic and circulating Treg
numbers after treatment and a decrease in activated, intrahepatic CD4+, restoring the
immune balance and enhancing this approach for novel therapies [248]. When treatment
with αCD3 monoclonal antibody, a subunit of the T cell receptor complex, was initiated
in xenoimmunization mice, it prevented the development of AIH, and during active AIH,
it decreased serum liver enzymes and autoantibody levels, and increased Tregs. These
findings concluded that the usage of αCD3 antibody could be an effective treatment and
should be considered for further testing in uncontrolled AIH [249].

5.3. CD8+ T Cells

CD8+ cells contribute to cell apoptosis with ligation through their T cell receptor to
specific class I MHC molecule antigen. Cells that suffer apoptosis induced by CD8+ are
damaged cells, tumoral, and virus-infected cells. Some of these cells can be encountered
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in the inflammatory liver tissue where CD8+ presents an augmented expression [250].
Combined studies on AIH report a diminished number of CD8+ compared to CD4+. How-
ever, CD8+ cells are the predominant population in interface lymphocytic infiltration in
active AIH, while CD4+ cells are most often described in the central area of the portal
tract [251]. Studies characterizing the critical factors present in AIH patients versus healthy
individuals described upregulation of specific cell mediators of CD8+ cytotoxicity, such as
perforin and granzyme B [252]. Combined, findings on both CD4+ and CD8+ delineate
key factors in AIH-2 development, where antigen-specific CD8+ cells may be analyzed by
MHC-I-tetramer staining. An association between CD8+ numbers and disease activity was
described [253]. When studying animal models with AIH, the transfer of antigen-specific
CD8+ will produce similar features to human disease [200]. One study generated bone
marrow (bm) radiation chimeras which contained activated naïve transgenic CD8+ cells
that were subject to co-stimulation by liver bm-derived cells. Results showed that proin-
flammatory cytokines (CD25 and CD54) are co-stimulation dependent, with differential
T cell activation by hepatocytes and liver bm-derived cells. Donor CD8+ cells activated
by liver bm-derived cells did not reveal detectable IL-2 level, with decreased function and
increased pro-apoptotic factor Bim production [254].

5.4. γδ. T Cells

γδ T cells are T cells characterized by expression of heterodimeric T cell receptor
containing γ and δ chains. Despite representing less than 5% of circulating lymphocytes,
these cells are highly expressed in liver and intestinal mucosa [255]. Due to this important
liver frequency, γδ cells have been studied in liver autoimmunity. γδ cells are thought to
have a double role, both proinflammatory and anti-inflammatory activity. In this regard, an
increased proportion of γδ cells was demonstrated in AIH, primary sclerosing cholangitis,
and primary biliary cholangitis patients [182]. When comparing healthy individuals to
AIH patients, an increased peripheral number of lymphocyte T cells was described with an
inverted Vδ1: Vδ2 ratio corresponding to disease activity and a reverted ratio in correlation
to disease remission [181]. Analysis of pediatric AIH cases delineated a high frequency of
peripheral γδ cells compared to controls, with elevated expression of CD45RO in disease
activity [256]. Similar studies conducted on adult cohorts with AIH concluded with a
similar increased number of peripheral γδ cells with an inverted Vδ1: Vδ2 ratio. When
comparing viral hepatitis and AIH patients, there was no difference in γδ cell levels [257].
One in vitro study on γδ cells isolated from liver biopsy mentioned hepatoma cell line
cytotoxicity, but with no other tumor cytotoxicities [256]. The proper importance of γδ
cells is yet to be discovered, but this cell population is also present in other autoimmune
disorders such as Behcet’s disease and multiple sclerosis [258,259].

5.5. Natural Killer Cells

Natural killer (NK) cells are highly represented on liver histology compared to pe-
ripheral NK cells, presenting the important expression of inflammatory cytokines and
cytotoxicity, but low-affinity Fc receptor CD16 expression [260,261]. Even if there are
various debates regarding the role of NK cells in AIH, these cells are thought to contribute
to fibrogenesis and tumor cell line control [262]. Experimental studies mentioned the role
of NK cells in the development and control of T cell hepatitis. This was described when
exposing liver cells to RNA analog and TLR3 ligand polyinosinic–polycytidylic acid (Poly
I:C), which led to the development of NK cell-induced hepatitis with focal necrosis [263].

5.6. B Cells and Plasma Cells

The pathway of inflammatory diseases depicts the presence of plasma cells, a common
feature also encountered in AIH [185]. Plasma cells result from activated B cells in the
presence of CD4+ in the spleen or peripheral lymph nodes, which represent the secondary
lymphoid tissue. There is also a possibility of tertiary lymphoid tissue described in intra-
hepatic inflammation when similar follicles are mentioned to those present in peripheral
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lymph nodes. This is defined as portal-associated lymphoid tissue [264]. Activation of B
cell is required for specific autoantibody synthesis, which is the mark for human AIH. In
this regard, the correlation between intraportal B cell population and blood IgG indicates
autochthonous intrahepatic IgG synthesis [265]. Findings resulting from human AIH
cohorts delineate key factors surrounding the significance of the B cell population in AIH
pathogenesis. In support of this theory stands the efficiency of rituximab, a B cell–depleting
CD20 antibody, in alleviating AIH [266,267]. When analyzing animal models, similar
results were described. Mice coded with DNA for human liver antigens resulted in the
appearance of hepatitis with lymphocytic infiltrate, which was mitigated after anti-CD20
administration [34]. Anti-CD20 treatment in patients with AIH and experimental murine
AIH revealed that even with B cells and IgG reduction, monotherapy is not recommended
as it can alter protein expression pattern triggering both inflammation and regeneration.
In this regard, other immunotherapies should be considered for restoring immune toler-
ance in AIH patients [268]. A case study reported two AIH patients with compensated
cirrhosis at diagnosis who did not respond to conventional treatment and received add-on
B cell-activating factor (belimumab). Both patients presented a complete and persistent
remission, indicating that belimumab could be an alternative treatment option for pa-
tients with treatment-refractory AIH and advanced fibrosis [269]. Even though some
studies described B-cells defects in splenectomized patients [270,271], one study reported
that splenectomized mice did not present alterations in CD8+ number and protective
function [272].

5.7. Monocytes

Monocytes are generally not encountered in healthy liver but are a predominant
component of inflammation in AIH [187]. Studies conducted on pediatric AIH cohorts
mentioned that peripheral monocytes are highly represented in correlation to disease
activity. In these cases, monocytes were more prone to migration, increased production
of TNFα, and were less susceptible to an efficient control regarding the migration and
IL-10 secretion promoted by Treg cells [224]. The comparison between peripheral and liver
mononuclear cells concluded that the difference stands in the CD86 monocytes, which
are diminished in the blood of the patients with AIH while being increased in the liver
inflammatory infiltrate. This provides an insight into their role in T cell costimulation via
CD86:CD28 interactions [273].

6. Unanswered Questions in Autoimmune Hepatitis

Despite the research performed over the past decades, the complete pathogenesis
of AIH is only partially understood. Numerous studies suggested the implication of a
susceptible genetic trait, in addition to various impaired immunity mechanisms. There are
key factors that point toward a significant role of CD4+ in AIH pathways, but the consistent
trigger for CD4+ activation is left unclear. There are contradictory results regarding Treg
cell activity, but it is uncertain if a clear deficit can be attributed to disease development.
Similarly, few functional studies described the precise mechanism of human B cells in AIH,
but still, multiple questions remain unanswered. Another query is raised concerning the
presence of autoantibodies in AIH about whether these can appear before the onset of dis-
ease, and when they appear if they are directly pathogenic. Also, an ambiguous explanation
is bound around the fact that autoantibodies are associated with liver destruction even if
some present broad extrahepatic binding. These findings delineate key factors surrounding
AIH pathogenesis, combined with another trigger linked to environmental factors, such as
hepatitis viruses. The specific role of environmental components is not fully understood,
with further research being needed in this aspect. The genetic architecture of AIH with
genome-wide variant association studies and sequencing studies is only at the starting
point of a complete analysis, and further assessment techniques are developed to improve
AIH management. The impact of epigenome and microbiome on AIH development is still
at the onset of exploration.
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7. Future Directions in Autoimmune Hepatitis Therapy

The treatment in AIH requires the selection of medication with fewer side effects on
long-term immunosuppression and providing possible alternative treatment when the
response is incomplete with first-line therapy. Future therapies should imply more specific
treatment, with a clear difference between AIH and other autoimmune diseases, focusing
precisely on AIH pathways. More descriptions of AIH pathogenesis should be documented
to understand further how treatment choice should be addressed. Regarding the genetic
architecture of AIH, there is only a single major GWAS for AIH-1, and there are no sys-
tematic studies for AIH-2. It should be of future concern to study genetic pathways that
reveal molecular targets that can be rapidly exploited. AIH has well-known autoantigens,
which can be used in antigen-specific therapy, such as peptide immunotherapy [274]. An
ideal treatment in AIH should remove pathogenic autoimmune cells while carefully saving
protective immunity, but actual strategies have proven elusive. An innovative therapeutic
strategy would be one that can avoid general immunosuppression and can be applied in
autoantibody-mediated diseases. This therapy is based on autoantigen chimeric immunore-
ceptors that can direct the T cell population to remove autoreactive B cell lymphocytes
through B cell receptor specificity [275]. Lately, promising new therapies that can be used in
autoimmune diseases are B-cell-directed treatments. These drugs block the B cell-activating
factor (BAFF), which B cells require for normal development [276]. The questions raised
dealt with the number or function of the Treg population in AIH generate uncertainty in a
proper benefit of polyclonal or antigen-targeted Treg cell therapy [201]. In addition, another
key factor that has been suggested is diet, especially fat consumption, which is supposed to
affect the natural history of AIH [277]. A new revolutionary treatment could be extended
from cancer checkpoint immunotherapy, with patients exposed to immune checkpoint
inhibitors [278]. These findings delineate key factors surrounding AIH pathogenesis with
more important genetic insights, which arise in support of individualized therapy.

8. Conclusions

Despite the research performed over the past decades, precipitating factors and patho-
genetic regulatory pathways remain incompletely defined. The complete functional fea-
tures in AIH are only partially understood. Reports suggest that at the basis of AIH
development is an interaction between specific genetic traits and molecular mimicry for
disease development and impairment of immunoregulatory mechanisms between effec-
tor and regulatory immunity with the CD4+ population and Treg cells, alongside the
contributory roles played by CD8+ cytotoxicity and autoantibody production by the B
cells. Furthermore, an important future research point comprises gene to gene and gene to
environment interactions, with multiple targeting drugs, viral infections, and the complex
microbiome. Similarly, experimental studies can offer discoveries on intricate combina-
tions of defects in various pathways. Further research regarding the key factors in AIH
etiopathogenesis will help provide a more profound understanding of novel and more
individualized therapies.

Author Contributions: Conceptualization, C.S. and G.S.; methodology, C.S., G.S., A.G. and T.L.P.;
validation, T.L.P.; formal analysis, I.S.; data curation, C.S., G.S., A.G. and I.S.; writing—original draft
preparation, C.S. and G.S.; writing—review and editing, C.S., A.G., I.S. and T.L.P.; visualization, T.L.P.;
supervision, T.L.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mieli-Vergani, G.; Vergani, D.; Baumann, U.; Czubkowski, P.; Debray, D.; Dezsofi, A.; Fischler, B.; Gupte, G.; Hierro, L.; Indolfi,

G.; et al. Diagnosis and Management of Pediatric Autoimmune Liver Disease: ESPGHAN Hepatology Committee Position
Statement. J. Pediatr. Gastroenterol. Nutr. 2018, 66, 345–360. [CrossRef]

2. Waldenstrom, J. Leber, Blutproteine und Nahrungseiweiss. Dtsch. Gesellsch. Verd. Stoffw. 1950, 15, 113–119.

http://doi.org/10.1097/MPG.0000000000001801


Int. J. Mol. Sci. 2021, 22, 13578 18 of 28

3. Grønbæk, L.; Otete, H.; Ban, L.; Crooks, C.; Card, T.; Jepsen, P.; West, J. Incidence, prevalence and mortality of autoimmune
hepatitis in England 1997–2015. A population-based cohort study. Liver Int. 2020, 40, 1634–1644. [CrossRef] [PubMed]

4. Sebode, M.; Kloppenburg, A.; Aigner, A.; Lohse, A.W.; Schramm, C.; Linder, R. Population-based study of autoimmune hepatitis
and primary biliary cholangitis in Germany: Rising prevalences based on ICD codes, yet deficits in medical treatment. Z.
Gastroenterol. 2020, 58, 431–438. [CrossRef]

5. Oettinger, R.; Brunnberg, A.; Gerner, P.; Wintermeyer, P.; Jenke, A.; Wirth, S. Clinical features and biochemical data of Caucasian
children at diagnosis of autoimmune hepatitis. J. Autoimmun. 2005, 24, 79–84. [CrossRef]

6. Gregorio, G.V.; Portmann, B.; Reid, F.; Donaldson, P.T.; Doherty, D.G.; McCartney, M.; Mowat, A.P.; Vergani, D.; Mieli-Vergani, G.
Autoimmune hepatitis in childhood: A 20-year experience. Hepatology 1997, 25, 541–547. [CrossRef] [PubMed]

7. Wong, G.-W.; Yeong, T.; Lawrence, D.; Yeoman, A.D.; Verma, S.; Heneghan, M.A. Concurrent extrahepatic autoimmunity in
autoimmune hepatitis: Implications for diagnosis, clinical course and long-term outcomes. Liver Int. 2017, 37, 449–457. [CrossRef]
[PubMed]

8. Jiménez-Rivera, C.; Ling, S.; Ahmed, N.; Yap, J.; Aglipay, M.; Barrowman, N.; Graitson, S.; Critch, J.; Rashid, M.; Ng, V.L.; et al.
Incidence and Characteristics of Autoimmune Hepatitis. Pediatrics 2015, 136, e1237–e1248. [CrossRef] [PubMed]

9. Yassin, S.; de Lacy, R.; Pillay, K.; Goddard, E. Characteristics and Outcomes of Autoimmune Hepatitis from a Tertiary Paediatric
Centre, Cape Town, South Africa. J. Trop. Pediatr. 2020, 66, 448–457. [CrossRef]

10. Di Giorgio, A.; Bravi, M.; Bonanomi, E.; Alessio, G.; Sonzogni, A.; Zen, Y.; Colledan, M.; D’Antiga, L. Fulminant Hepatic Failure
of Autoimmune Aetiology in Children. J. Pediatr. Gastroenterol. Nutr. 2015, 60, 159–164. [CrossRef] [PubMed]

11. Grama, A.; Aldea, C.O.; Burac, L.; Delean, D.; Bulata, B.; Sirbe, C.; Duca, E.; Boghitoiu, D.; Coroleuca, A.; Pop, T.L. Etiology and
Outcome of Acute Liver Failure in Children—The Experience of a Single Tertiary Care Hospital from Romania. Children 2020, 7,
282. [CrossRef] [PubMed]

12. Brissos, J.; Carrusca, C.; Correia, M.; Cabral, J. Autoimmune hepatitis: Trust in transaminases. BMJ Case Rep. 2014, 2014,
bcr2014203869. [CrossRef] [PubMed]

13. Gregorio, G.V.; Portmann, B.; Karani, J.; Harrison, P.; Donaldson, P.T.; Vergani, D.; Mieli-Vergani, G. Autoimmune Hepati-
tis/Sclerosing Cholangitis Overlap Syndrome in Childhood: A 16-Year Prospective Study. Hepatology 2001, 33, 544–553. [CrossRef]
[PubMed]

14. Aljumah, A.A.; Al-Ashgar, H.; Fallatah, H.; Albenmousa, A. Acute onset autoimmune hepatitis: Clinical presentation and
treatment outcomes. Ann. Hepatol. 2019, 18, 439–444. [CrossRef]

15. Tenca, A.; Farkkila, M.; Jalanko, H.; Vapalahti, K.; Arola, J.; Jaakkola, T.; Penagini, R.; Vapalahti, O.; Kolho, K.L. Environmental
risk factors of pediatric-onset primary sclerosing cholangitis and autoimmune hepatitis. J. Pediatr. Gas Troenterol. Nutr. 2016, 62,
437–442. [CrossRef] [PubMed]

16. Zheng, L.; Liu, Y.; Shang, Y.; Han, Z.; Han, Y. Clinical characteristics and treatment outcomes of acute severe autoimmune
hepatitis. BMC Gastroenterol. 2021, 21, 1–7. [CrossRef]

17. Tanaka, A. Autoimmune Hepatitis: 2019 Update. Gut Liver 2020, 14, 430–438. [CrossRef] [PubMed]
18. Muratori, P.; Granito, A.; Quarneti, C.; Ferri, S.; Menichella, R.; Cassani, F.; Pappas, G.; Bianchi, F.B.; Lenzi, M.; Muratori, L.

Autoimmune hepatitis in Italy: The Bologna experience. J. Hepatol. 2009, 50, 1210–1218. [CrossRef] [PubMed]
19. Mack, C.L.; Adams, D.; Assis, D.N.; Kerkar, N.; Manns, M.P.; Mayo, M.J.; Vierling, J.M.; Alsawas, M.; Murad, M.H.; Czaja, A.J.

Diagnosis and Management of Autoimmune Hepatitis in Adults and Children: 2019 Practice Guidance and Guidelines from the
American Association for the Study of Liver Diseases. Hepatology 2020, 72, 671–722. [CrossRef]

20. Granito, A.; Pascolini, S.; Ricci, C.; Ferronato, M.; Muratori, L.; Vasuri, F.; Franceschini, T.; Lenzi, M.; Muratori, P. Decompensated
Cirrhosis as Presentation of LKM1/LC1 Positive Type 2 Autoimmune Hepatitis in Adulthood. A Rare Clinical Entity of Difficult
Management. Gastroenterol. Insights 2021, 12, 67–75. [CrossRef]

21. Alvarez, F.; Berg, P.; Bianchi, F.; Bianchi, L.; Burroughs, A.; Cancado, E.; Chapman, R.; Cooksley, W.; Czaja, A.; Desmet, V.; et al.
International Autoimmune Hepatitis Group Report: Review of criteria for diagnosis of autoimmune hepatitis. J. Hepatol. 1999, 31,
929–938. [CrossRef]

22. Hennes, E.M.; Zeniya, M.; Czaja, A.J.; Pares, A.; Dalekos, G.N.; Krawitt, E.L.; Bittencourt, P.L.; Porta, G.; Boberg, K.M.; Hofer, H.;
et al. Simplified criteria for the diagnosis of autoimmune hepatitis. Hepatology 2008, 48, 169–176. [CrossRef]

23. Ferri, P.M.; Ferreira, A.R.; Miranda, D.M.; Silva, A.C.S. Diagnostic criteria for autoimmune hepatitis in children: A challenge for
pediatric hepatologists. World J. Gastroenterol. 2012, 18, 4470. [CrossRef] [PubMed]

24. Vergani, D.; Alvarez, F.; Bianchi, F.B.; Cancado, E.; Mackay, I.R.; Manns, M.P.; Nishioka, M.; Penner, E. Liver autoimmune serology:
A consensus statement from the committee for autoimmune serology of the International Autoimmune Hepatitis Group. J.
Hepatol. 2004, 41, 677–683. [CrossRef] [PubMed]

25. Czaja, A.J. Performance parameters of the diagnostic scoring systems for autoimmune hepatitis. Hepatology 2008, 48, 1540–1548.
[CrossRef]

26. Nit,ă, A.F.; Păcurar, D. Adequacy of scoring systems in diagnosing paediatric autoimmune hepatitis: Retrospective study using a
control group children with Hepatitis B infection. Acta Paediatr. 2019, 108, 1717–1724. [CrossRef] [PubMed]

27. Association for the Study of the Liver, European. Corrigendum to ‘EASL Clinical Practice Guidelines: Autoimmune Hepatitis’. J.
Hepatol. 2015, 63, 1543–1544.

http://doi.org/10.1111/liv.14480
http://www.ncbi.nlm.nih.gov/pubmed/32304617
http://doi.org/10.1055/a-1135-9306
http://doi.org/10.1016/j.jaut.2004.11.009
http://doi.org/10.1002/hep.510250308
http://www.ncbi.nlm.nih.gov/pubmed/9049195
http://doi.org/10.1111/liv.13236
http://www.ncbi.nlm.nih.gov/pubmed/27541063
http://doi.org/10.1542/peds.2015-0578
http://www.ncbi.nlm.nih.gov/pubmed/26482664
http://doi.org/10.1093/tropej/fmz088
http://doi.org/10.1097/MPG.0000000000000593
http://www.ncbi.nlm.nih.gov/pubmed/25304891
http://doi.org/10.3390/children7120282
http://www.ncbi.nlm.nih.gov/pubmed/33317098
http://doi.org/10.1136/bcr-2014-203869
http://www.ncbi.nlm.nih.gov/pubmed/24759606
http://doi.org/10.1053/jhep.2001.22131
http://www.ncbi.nlm.nih.gov/pubmed/11230733
http://doi.org/10.1016/j.aohep.2018.09.001
http://doi.org/10.1097/MPG.0000000000000995
http://www.ncbi.nlm.nih.gov/pubmed/26465796
http://doi.org/10.1186/s12876-021-01653-4
http://doi.org/10.5009/gnl19261
http://www.ncbi.nlm.nih.gov/pubmed/32301319
http://doi.org/10.1016/j.jhep.2009.01.020
http://www.ncbi.nlm.nih.gov/pubmed/19395113
http://doi.org/10.1002/hep.31065
http://doi.org/10.3390/gastroent12010007
http://doi.org/10.1016/S0168-8278(99)80297-9
http://doi.org/10.1002/hep.22322
http://doi.org/10.3748/wjg.v18.i33.4470
http://www.ncbi.nlm.nih.gov/pubmed/22969217
http://doi.org/10.1016/j.jhep.2004.08.002
http://www.ncbi.nlm.nih.gov/pubmed/15464251
http://doi.org/10.1002/hep.22513
http://doi.org/10.1111/apa.14730
http://www.ncbi.nlm.nih.gov/pubmed/30703247


Int. J. Mol. Sci. 2021, 22, 13578 19 of 28

28. Pape, S.; Schramm, C.; Gevers, T.J. Clinical management of autoimmune hepatitis. United Eur. Gastroenterol. J. 2019, 7, 1156–1163.
[CrossRef]

29. Seldin, M.F. The genetics of human autoimmune disease: A perspective on progress in the field and future directions. J.
Autoimmun. 2015, 64, 1–12. [CrossRef] [PubMed]

30. Dywicki, J.; Buitrago-Molina, L.E.; Pietrek, J.; Lieber, M.; Broering, R.; Khera, T.; Schlue, J.; Manns, M.P.; Wedemeyer, H.; Jaeckel,
E.; et al. Autoimmune hepatitis induction can occur in the liver. Liver Int. 2020, 40, 377–381. [CrossRef]

31. Motawi, T.K.; El-Maraghy, S.A.; Sharaf, S.A.; Said, S.E. Association of CARD10 rs6000782 and TNF rs1799724 variants with
paediatric-onset autoimmune hepatitis. J. Adv. Res. 2019, 15, 103–110. [CrossRef]

32. Mells, G.F.; Kaser, A.; Karlsen, T.H. Novel insights into autoimmune liver diseases provided by genome-wide association studies.
J. Autoimmun. 2013, 46, 41–56. [CrossRef] [PubMed]

33. John, K.; Hardtke-Wolenski, M.; Jaeckel, E.; Manns, M.P.; Schulze-Osthoff, K.; Bantel, H. Increased apoptosis of regulatory T cells
in patients with active autoimmune hepatitis. Cell Death Dis. 2017, 8, 1–3. [CrossRef] [PubMed]

34. Béland, K.; Marceau, G.; Labardy, A.; Bourbonnais, S.; Alvarez, F. Depletion of B cells induces remission of autoimmune hepatitis
in mice through reduced antigen presentation and help to T cells. Hepatology 2015, 62, 1511–1523. [CrossRef] [PubMed]

35. Wei, Y.; Li, Y.; Yan, L.; Sun, C.; Miao, Q.; Wang, Q.; Xiao, X.; Lian, M.; Li, B.; Chen, Y.; et al. Alterations of gut microbiome in
autoimmune hepatitis. Gut 2020, 69, 569–577. [CrossRef] [PubMed]

36. Deng, Q.; Luo, Y.; Chang, C.; Wu, H.; Ding, Y.; Xiao, R. The Emerging Epigenetic Role of CD8+T Cells in Autoimmune Diseases:
A Systematic Review. Front. Immunol. 2019, 10, 856. [CrossRef] [PubMed]

37. Quintero-Ronderos, P.; Montoya-Ortiz, G. Epigenetics and Autoimmune Diseases. Autoimmu. Dis. 2012, 2012, 1–16. [CrossRef]
38. Toraño, E.G.; García, M.G.; Fernández-Morera, J.L.; Niño-García, P.; Fernández, A.F. The Impact of External Factors on the

Epigenome: In Utero and over Lifetime. BioMed Res. Int. 2016, 2016, 2568635. [CrossRef] [PubMed]
39. Perera, B.; Faulk, C.; Svoboda, L.K.; Goodrich, J.M.; Dolinoy, D.C. The role of environmental exposures and the epigenome in

health and disease. Environ. Mol. Mutagen. 2020, 61, 176–192. [CrossRef]
40. Aguilera, O.; Fernández, A.F.; Muñoz, A.; Fraga, M.F. Epigenetics and environment: A complex relationship. J. Appl. Physiol.

2010, 109, 243–251. [CrossRef]
41. Nan, X.; Meehan, R.R.; Bird, A. Dissection of the methyl-CpG binding domain from the chromosomal protein MeCP2. Nucleic

Acids Res. 1993, 21, 4886–4892. [CrossRef]
42. Ito, S.; Shen, L.; Dai, Q.; Wu, S.C.; Collins, L.B.; Swenberg, J.A.; He, C.; Zhang, Y. Tet Proteins Can Convert 5-Methylcytosine to

5-Formylcytosine and 5-Carboxylcytosine. Science 2011, 333, 1300–1303. [CrossRef]
43. Fuks, F.; Hurd, P.; Deplus, R.; Kouzarides, T. The DNA methyltransferases associate with HP1 and the SUV39H1 histone

methyltransferase. Nucleic Acids Res. 2003, 31, 2305–2312. [CrossRef]
44. Moore, L.D.; Le, T.; Fan, G. DNA Methylation and Its Basic Function. Neuropsychopharmacology 2013, 38, 23–38. [CrossRef]

[PubMed]
45. Meda, F.; Folci, M.; Baccarelli, A.; Selmi, C. The epigenetics of autoimmunity. Cell. Mol. Immunol. 2011, 8, 226–236. [CrossRef]
46. Treiber, T.; Treiber, N.; Meister, G. Regulation of microRNA biogenesis and function. Thromb. Haemost. 2012, 107, 605–610.

[CrossRef] [PubMed]
47. Bartel, D.P. MicroRNAs: Target Recognition and Regulatory Functions. Cell 2009, 136, 215–233. [CrossRef]
48. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation. Front.

Endocrinol. 2018, 9, 402. [CrossRef]
49. Van Gerven, N.M.; Verwer, B.J.; Witte, B.I.; van Erpecum, K.J.; van Buuren, H.R.; Maijers, I.; Visscher, A.P.; Verschuren, E.C.; van

Hoek, B.; Coenraad, M.J.; et al. Epidemiology and clinical characteristics of autoimmune hepatitis in the Netherlands. Scand. J.
Gastroenterol. 2014, 49, 1245–1254. [CrossRef] [PubMed]

50. Webb, G.; Hirschfield, G. Using GWAS to identify genetic predisposition in hepatic autoimmunity. J. Autoimmun. 2016, 66, 25–39.
[CrossRef]

51. Fernando, M.M.A.; Stevens, C.R.; Walsh, E.C.; de Jager, P.L.; Goyette, P.; Plenge, R.M.; Vyse, T.J.; Rioux, J.D. Defining the Role of
the MHC in Autoimmunity: A Review and Pooled Analysis. PLoS Genet. 2008, 4, e1000024. [CrossRef]

52. De Boer, Y.S.; van Gerven, N.M.; Zwiers, A.; Verwer, B.J.; van Hoek, B.; van Erpecum, K.J.; Beuers, U.; van Buuren, H.R.; Drenth,
J.P.; Ouden, J.W.D.; et al. Genome-Wide Association Study Identifies Variants Associated with Autoimmune Hepatitis Type 1.
Gastroenterology 2014, 147, 443–452. [CrossRef] [PubMed]

53. Donaldson, P.T. Genetics in Autoimmune Hepatitis. Semin. Liver Dis. 2002, 22, 353–364. [CrossRef]
54. Van Gerven, N.M.; de Boer, Y.S.; Zwiers, A.; Verwer, B.J.; Drenth, J.P.; van Hoek, B.; van Erpecum, K.J.; Beuers, U.; van Buuren,

H.R.; den Ouden, J.W.; et al. Dutch Autoimmune Hepatitis Study Group. HLA-DRB1*03:01 and HLA-DRB1*04:01 modify the
presentation and outcome in autoimmune hepatitis type-1. Genes Immun. 2015, 16, 247–252. [CrossRef] [PubMed]

55. Furumoto, Y.; Asano, T.; Sugita, T.; Abe, H.; Chuganji, Y.; Fujiki, K.; Sakata, A.; Aizawa, Y. Evaluation of the role of HLA-DR
antigens in Japanese type 1 autoimmune hepatitis. BMC Gastroenterol. 2015, 15, 1–9. [CrossRef] [PubMed]

56. Czaja, A.J.; Carpenter, H.A.; Moore, S.B. Clinical and HLA phenotypes of type 1 autoimmune hepatitis in North American
patients outside DR3 and DR4. Liver Int. 2006, 26, 552–558. [CrossRef] [PubMed]

http://doi.org/10.1177/2050640619872408
http://doi.org/10.1016/j.jaut.2015.08.015
http://www.ncbi.nlm.nih.gov/pubmed/26343334
http://doi.org/10.1111/liv.14296
http://doi.org/10.1016/j.jare.2018.10.001
http://doi.org/10.1016/j.jaut.2013.07.004
http://www.ncbi.nlm.nih.gov/pubmed/23931959
http://doi.org/10.1038/s41419-017-0010-y
http://www.ncbi.nlm.nih.gov/pubmed/29242564
http://doi.org/10.1002/hep.27991
http://www.ncbi.nlm.nih.gov/pubmed/26175263
http://doi.org/10.1136/gutjnl-2018-317836
http://www.ncbi.nlm.nih.gov/pubmed/31201284
http://doi.org/10.3389/fimmu.2019.00856
http://www.ncbi.nlm.nih.gov/pubmed/31057561
http://doi.org/10.1155/2012/593720
http://doi.org/10.1155/2016/2568635
http://www.ncbi.nlm.nih.gov/pubmed/27294112
http://doi.org/10.1002/em.22311
http://doi.org/10.1152/japplphysiol.00068.2010
http://doi.org/10.1093/nar/21.21.4886
http://doi.org/10.1126/science.1210597
http://doi.org/10.1093/nar/gkg332
http://doi.org/10.1038/npp.2012.112
http://www.ncbi.nlm.nih.gov/pubmed/22781841
http://doi.org/10.1038/cmi.2010.78
http://doi.org/10.1160/TH11-12-0836
http://www.ncbi.nlm.nih.gov/pubmed/22318703
http://doi.org/10.1016/j.cell.2009.01.002
http://doi.org/10.3389/fendo.2018.00402
http://doi.org/10.3109/00365521.2014.946083
http://www.ncbi.nlm.nih.gov/pubmed/25123213
http://doi.org/10.1016/j.jaut.2015.08.016
http://doi.org/10.1371/journal.pgen.1000024
http://doi.org/10.1053/j.gastro.2014.04.022
http://www.ncbi.nlm.nih.gov/pubmed/24768677
http://doi.org/10.1055/s-2002-35705
http://doi.org/10.1038/gene.2014.82
http://www.ncbi.nlm.nih.gov/pubmed/25611558
http://doi.org/10.1186/s12876-015-0360-9
http://www.ncbi.nlm.nih.gov/pubmed/26489422
http://doi.org/10.1111/j.1478-3231.2006.01249.x
http://www.ncbi.nlm.nih.gov/pubmed/16761999


Int. J. Mol. Sci. 2021, 22, 13578 20 of 28

57. Pando, M.J.; Larriba, J.; Fernandez, G.C.; Fainboim, H.; Ciocca, M.; Ramonet, M.; Badia, I.; Daruich, J.; Findor, J.; Tanno, H.;
et al. Pediatric and adult forms of type I autoimmune hepatitis in argentina: Evidence for differential genetic predisposition.
Hepatology 1999, 30, 1374–1380. [CrossRef] [PubMed]

58. Vázquez-García, M.N.; Aláez, C.; Olivo, A.; Debaz, H.; Pérez-Luque, E.; Burguete, A.; Cano, S.; de la Rosa, G.; Bautista, N.;
Hernández, A.; et al. MHC Class II Sequences of Suscepti-bility and Protection in Mexicans with Autoimmune Hepatitis. J.
Hepatol. 1998, 28, 985–990. [CrossRef]

59. Kirstein, M.M.; Metzler, F.; Geiger, E.; Heinrich, E.; Hallensleben, M.; Manns, M.P.; Vogel, A. Prediction of short- and long-term
outcome in patients with autoimmune hepatitis. Hepatology 2015, 62, 1524–1535. [CrossRef]

60. Higuchi, T.; Oka, S.; Furukawa, H.; Tohma, S.; Yatsuhashi, H.; Migita, K. Genetic risk factors for autoimmune hepatitis:
Implications for phenotypic heterogeneity and biomarkers for drug response. Hum. Genom. 2021, 15, 1–8. [CrossRef]

61. Duarte-Rey, C.; Pardo, A.L.; Rodríguez-Velosa, Y.; Mantilla, R.D.; Anaya, J.-M.; Rojas-Villarraga, A. HLA class II association with
autoimmune hepatitis in Latin America: A meta-analysis. Autoimmun. Rev. 2009, 8, 325–331. [CrossRef]

62. Shankarkumar, U.; Amarapurkar, D.N.; Kankonkar, S. Human Leukocyte Antigen Allele Associations in Type-1 Autoimmune
Hepatitis Patients from Western India. J. Gastroenterol. Hepatol. 2005, 20, 193–197. [CrossRef] [PubMed]

63. Muratori, P.; Czaja, A.J.; Muratori, L.; Pappas, G.; Maccariello, S.; Cassani, F.; Granito, A.; Ferrari, R.; Mantovani, V.; Lenzi, M.;
et al. Genetic distinctions between autoimmune hepatitis in Italy and North America. World J. Gastroenterol. 2005, 11, 1862–1866.
[CrossRef]

64. Bittencourt, P.L.; Goldberg, A.C.; Cançado, E.L.; Porta, G.; Laudanna, A.A.; Kalil, J. Different HLA profiles confer susceptibility to
autoimmune hepatitis type 1 and 2. Am. J. Gastroenterol. 1998, 93, 1394–1395. [CrossRef]

65. Ma, Y.; Bogdanos, D.; Hussain, M.J.; Underhill, J.; Bansal, S.; Longhi, M.S.; Cheeseman, P.; Mieli–Vergani, G.; Vergani, D.
Polyclonal T-Cell Responses to Cytochrome P450IID6 Are Associated with Disease Activity in Autoimmune Hepatitis Type 2.
Gastroenterology 2006, 130, 868–882. [CrossRef] [PubMed]

66. Elfaramawy, A.A.; Elhossiny, R.M.; Abbas, A.A.; Aziz, H.M. HLA-DRB1 as a risk factor in children with autoimmune hepatitis
and its relation to hepatitis A infection. Ital. J. Pediatr. 2010, 36, 73–76. [CrossRef]

67. Meloni, A.; Willcox, N.; Meager, A.; Atzeni, M.; Wolff, A.S.B.; Husebye, E.S.; Furcas, M.; Rosatelli, M.C.; Cao, A.; Congia, M.
Autoimmune Polyendocrine Syndrome Type 1: An Extensive Longitudinal Study in Sardinian Patients. J. Clin. Endocrinol. Metab.
2012, 97, 1114–1124. [CrossRef] [PubMed]

68. Vergani, D.; Larcher, V.; Davies, E.; Wells, L.; Nasaruddin, B.; Mieli-Vergani, G.; Mowat, A. Genetically Determined Low C4: A
Predisposing Factor to Autoimmune Chronic Active Hepatitis. Lancet 1985, 326, 294–298. [CrossRef]

69. Djilali-Saiah, I.; Fakhfakh, A.; Louafi, H.; Caillat-Zucman, S.; Debray, D.; Alvarez, F. HLA class II influences humoral autoimmunity
in patients with type 2 autoimmune hepatitis. J. Hepatol. 2006, 45, 844–850. [CrossRef]

70. Lapierre, P.; Djilali-Saiah, I.; Vitozzi, S.; Alvarez, F. A murine model of type 2 autoimmune hepatitis: Xenoimmunization with
human antigens. Hepatology 2004, 39, 1066–1074. [CrossRef]

71. Illing, P.; Vivian, J.; Dudek, N.L.; Kostenko, L.; Chen, Z.; Bharadwaj, M.; Miles, J.; Kjer-Nielsen, L.; Gras, S.; Williamson, N.; et al.
Immune self-reactivity triggered by drug-modified HLA-peptide repertoire. Nat. Cell Biol. 2012, 486, 554–558. [CrossRef]

72. Katayama, H.; Mori, T.; Seki, Y.; Anraku, M.; Iseki, M.; Ikutani, M.; Iwasaki, Y.; Yoshida, N.; Takatsu, K.; Takaki, S. Lnk prevents
inflammatory CD8+T-cell proliferation and contributes to intestinal homeostasis. Eur. J. Immunol. 2014, 44, 1622–1632. [CrossRef]

73. Simmonds, M.J.; Gough, S.C.L. The HLA Region and Autoimmune Disease: Associations and Mechanisms of Action. Curr.
Genom. 2007, 8, 453–465. [CrossRef] [PubMed]

74. Grommé, M.; Neefjes, J. Antigen degradation or presentation by MHC class I molecules via classical and non-classical pathways.
Mol. Immunol. 2002, 39, 181–202. [CrossRef]

75. Zhernakova, A.; Elbers, C.C.; Ferwerda, B.; Romanos, J.; Trynka, G.; Dubois, P.C.; de Kovel, C.G.; Franke, L.; Oosting, M.; Barisani,
D.; et al. Evolutionary and Functional Analysis of Celiac Risk Loci Reveals SH2B3 as a Protective Factor against Bacterial Infection.
Am. J. Hum. Genet. 2010, 86, 970–977. [CrossRef]

76. Agarwal, K.; Czaja, A.J.; Jones, D.E.; Donaldson, P.T. Cytotoxic T lymphocyte antigen-4 (CTLA-4) gene polymorphisms and
susceptibility to type 1 autoimmune hepatitis. Hepatology 2000, 31, 49–53. [CrossRef] [PubMed]

77. Vogel, A.; Strassburg, C.P.; Manns, M.P. Genetic association of vitamin D receptor polymorphisms with primary biliary cirrhosis
and autoimmune hepatitis. Hepatology 2002, 35, 126–131. [CrossRef]

78. Agarwal, K.; Czaja, A.J.; Donaldson, P.T. A functional Fas promoter polymorphism is associated with a severe phenotype in type
1 autoimmune hepatitis characterized by early development of cirrhosis. Tissue Antigens 2007, 69, 227–235. [CrossRef]

79. Lu, Q. The critical importance of epigenetics in autoimmunity. J. Autoimmun. 2013, 41, 1–5. [CrossRef] [PubMed]
80. Schwarzenbach, H.; Nishida, N.; Calin, G.; Pantel, K. Clinical relevance of circulating cell-free microRNAs in cancer. Nat. Rev.

Clin. Oncol. 2014, 11, 145–156. [CrossRef]
81. Lanford, R.E.; Hildebrandt-Eriksen, E.S.; Petri, A.; Persson, R.; Lindow, M.; Munk, M.E.; Kauppinen, S.; Ørum, H. Therapeutic

silencing of microRNA-122 in primates with chronic hepatitis C virus infection. Science 2010, 327, 198. [CrossRef]
82. Bandiera, S.; Pfeffer, S.; Baumert, T.F.; Zeisel, M.B. MiR-122–A key factor and therapeutic target in liver disease. J. Hepatol. 2015,

62, 448–457. [CrossRef] [PubMed]
83. Szabo, G.; Bala, S. MicroRNAs in liver disease. Nat. Rev. Gastroenterol. Hepatol. 2013, 10, 542–552. [CrossRef] [PubMed]

http://doi.org/10.1002/hep.510300611
http://www.ncbi.nlm.nih.gov/pubmed/10573514
http://doi.org/10.1016/S0168-8278(98)80347-4
http://doi.org/10.1002/hep.27983
http://doi.org/10.1186/s40246-020-00301-4
http://doi.org/10.1016/j.autrev.2008.11.005
http://doi.org/10.1111/j.1440-1746.2004.03608.x
http://www.ncbi.nlm.nih.gov/pubmed/15683420
http://doi.org/10.3748/wjg.v11.i12.1862
http://doi.org/10.1111/j.1572-0241.1998.1394a.x
http://doi.org/10.1053/j.gastro.2005.12.020
http://www.ncbi.nlm.nih.gov/pubmed/16530525
http://doi.org/10.1186/1824-7288-36-73
http://doi.org/10.1210/jc.2011-2461
http://www.ncbi.nlm.nih.gov/pubmed/22344197
http://doi.org/10.1016/S0140-6736(85)90348-4
http://doi.org/10.1016/j.jhep.2006.07.034
http://doi.org/10.1002/hep.20109
http://doi.org/10.1038/nature11147
http://doi.org/10.1002/eji.201343883
http://doi.org/10.2174/138920207783591690
http://www.ncbi.nlm.nih.gov/pubmed/19412418
http://doi.org/10.1016/S0161-5890(02)00101-3
http://doi.org/10.1016/j.ajhg.2010.05.004
http://doi.org/10.1002/hep.510310110
http://www.ncbi.nlm.nih.gov/pubmed/10613727
http://doi.org/10.1053/jhep.2002.30084
http://doi.org/10.1111/j.1399-0039.2006.00794.x
http://doi.org/10.1016/j.jaut.2013.01.010
http://www.ncbi.nlm.nih.gov/pubmed/23375849
http://doi.org/10.1038/nrclinonc.2014.5
http://doi.org/10.1126/science.1178178
http://doi.org/10.1016/j.jhep.2014.10.004
http://www.ncbi.nlm.nih.gov/pubmed/25308172
http://doi.org/10.1038/nrgastro.2013.87
http://www.ncbi.nlm.nih.gov/pubmed/23689081


Int. J. Mol. Sci. 2021, 22, 13578 21 of 28

84. Zeng, L.; Cui, J.; Wu, H.; Lu, Q. The emerging role of circulating microRNAs as biomarkers in autoimmune diseases. Autoimmunity
2014, 47, 419–429. [CrossRef]

85. Wang, X.W.; Heegaard, N.H.H.; Ørum, H. MicroRNAs in Liver Disease. Gastroenterology 2012, 142, 1431–1443. [CrossRef]
86. Migita, K.; Komori, A.; Kozuru, H.; Jiuchi, Y.; Nakamura, M.; Yasunami, M.; Furukawa, H.; Abiru, S.; Yamasaki, K.; Nagaoka, S.;

et al. Circulating microRNA Profiles in Patients with Type-1 Autoimmune Hepatitis. PLoS ONE 2015, 10, e0136908. [CrossRef]
87. Jia, H.-Y.; Chen, F.; Chen, J.-Z.; Wu, S.-S.; Wang, J.; Cao, Q.-Y.; Chen, Z.; Zhu, H.-H. MicroRNA Expression Profiles Related to

Early Stage Murine Concanavalin A-Induced Hepatitis. Cell. Physiol. Biochem. 2014, 33, 1933–1944. [CrossRef] [PubMed]
88. Lu, Z.; Liu, J.; Liu, X.; Huang, E.; Yang, J.; Qian, J.; Zhang, D.; Liu, R.; Chu, Y. MicroRNA 15a/16-1 Suppresses Aryl Hydrocarbon

Receptor-Dependent Interleukin-22 Secretion in CD4 + T Cells and Contributes to Immune-Mediated Organ Injury. Hepatology
2018, 67, 1027–1040. [CrossRef] [PubMed]

89. Song, G.; Jia, H.; Xu, H.; Liu, W.; Zhu, H.; Li, S.; Shi, J.; Li, Z.; He, J.; Chen, Z. Studying the association of microRNA-210 level
with chronic hepatitis B progression. J. Viral Hepat. 2013, 21, 272–280. [CrossRef]

90. Xia, G.; Wu, S.; Wang, X.; Fu, M. Inhibition of microRNA-155 attenuates concanavalin-A-induced autoimmune hepatitis by
regulating Treg/Th17 cell differentiation. Can. J. Physiol. Pharmacol. 2018, 96, 1293–1300. [CrossRef]

91. Tu, H.; Chen, D.-Z.; Cai, C.; Du, Q.; Lin, H.; Pan, T.; Sheng, L.; Xu, Y.; Teng, T.; Tu, J.; et al. Microrna-143-3p attenuated
development of hepatic fibrosis in autoimmune hepatitis through regulation of TAK1 phosphorylation. J. Cell. Mol. Med. 2020, 24,
1256–1267. [CrossRef]

92. Worth, A.; Thrasher, A.; Gaspar, H.B. Autoimmune lymphoproliferative syndrome: Molecular basis of disease and clinical
phenotype. Br. J. Haematol. 2006, 133, 124–140. [CrossRef]

93. Pensati, L.; Costanzo, A.; Ianni, A.; Accapezzato, D.; Iorio, R.; Natoli, G.; Nisini, R.; Almerighi, C.; Balsano, C.; Vajro, P.;
et al. Fas/Apo1 mutations and autoimmune lymphoproliferative syndrome in a patient with type 2 autoimmune hepatitis.
Gastroenterology 1997, 113, 1384–1389. [CrossRef] [PubMed]

94. Nagata, S.; Suda, T. Fas and Fas ligand: Lpr and gld mutations. Immunol. Today 1995, 16, 39–43. [CrossRef]
95. Magerus-Chatinet, A.; Stolzenberg, M.C.; Lanzarotti, N.; Neven, B.; Daussy, C.; Picard, C.; Neveux, N.; Desai, M.; Rao, M.; Ghosh,

K.; et al. Autoimmune Lymphoproliferative Syndrome Caused by a Homo-zygous Null FAS Ligand (FASLG) Mutation. J. Allergy
Clin. Immunol. 2013, 131, 486–490. [CrossRef] [PubMed]

96. Hao, Z.; Duncan, G.S.; Seagal, J.; Su, Y.-W.; Hong, C.; Haight, J.; Chen, N.-J.; Elia, A.; Wakeham, A.; Li, W.Y.; et al. Fas Receptor
Expression in Germinal-Center B Cells Is Essential for T and B Lymphocyte Homeostasis. Immunity 2008, 29, 615–627. [CrossRef]

97. Strasser, A.; Jost, P.J.; Nagata, S. The Many Roles of FAS Receptor Signaling in the Immune System. Immunity 2009, 30, 180–192.
[CrossRef]

98. Grimbacher, B.; Warnatz, K.; Yong, P.F.K.; Korganow, A.S.; Peter, H.H. The Crossroads of Autoimmunity and Immunode-ficiency:
Lessons from Polygenic Traits and Monogenic Defects. J. Allergy Clin. Immunol. 2016, 137, 3–17. [CrossRef] [PubMed]

99. López, S.I.; Ciocca, M.; Oleastro, M.; Cuarterolo, M.L.; Rocca, A.; de Dávila, M.T.; Roy, A.; Fernández, M.C.; Nievas, E.; Bosaleh, A.;
et al. Autoimmune Hepatitis Type 2 in a Child With IPEX Syndrome. J. Pediatr. Gastroenterol. Nutr. 2011, 53, 690–693. [CrossRef]

100. Wildin, R.S.; Smyk-Pearson, S.; Filipovich, A.H. Clinical and molecular features of the immunodysregulation, polyendocrinopathy,
enteropathy, X linked (IPEX) syndrome. J. Med. Genet. 2002, 39, 537–545. [CrossRef]

101. Gambineri, E.; Ciullini Mannurita, S.; Hagin, D.; Vignoli, M.; Anover-Sombke, S.; DeBoer, S.; Segundo, G.R.S.; Allenspach, E.J.;
Favre, C.; Ochs, H.D.; et al. Clinical, Immunological, and Molecular Heterogeneity of 173 Patients with the Phenotype of Immune
Dysregulation, Polyendocrinopathy, Enteropathy, X-Linked (IPEX) Syndrome. Front. Immunol. 2018, 9, 2411. [CrossRef]

102. Godfrey, V.L.; Wilkinson, J.E.; Russell, L.B. X-linked lymphoreticular disease in the scurfy (sf) mutant mouse. Am. J. Pathol. 1991,
138, 1379–1387.

103. Waterhouse, P.; Penninger, J.M.; Timms, E.; Wakeham, A.; Shahinian, A.; Lee, K.P.; Thompson, C.B.; Griesser, H.; Mak, T.W.
Lymphoproliferative Disorders with Early Lethality in Mice Deficient in Ctla-4. Science 1995, 270, 985–988. [CrossRef]

104. Tivol, E.A.; Borriello, F.; Schweitzer, A.; Lynch, W.P.; Bluestone, J.A.; Sharpe, A. Loss of CTLA-4 leads to massive lymphoprolifera-
tion and fatal multiorgan tissue destruction, revealing a critical negative regulatory role of CTLA-4. Immunity 1995, 3, 541–547.
[CrossRef]

105. Takahashi, T.; Tagami, T.; Yamazaki, S.; Uede, T.; Shimizu, J.; Sakaguchi, N.; Mak, T.W.; Sakaguchi, S. Immunologic Self-Tolerance
Maintained by Cd25+Cd4+Regulatory T Cells Constitutively Expressing Cytotoxic T Lymphocyte–Associated Antigen 4. J. Exp.
Med. 2000, 192, 303–310. [CrossRef] [PubMed]

106. Klocke, K.; Sakaguchi, S.; Holmdahl, R.; Wing, K. Induction of autoimmune disease by deletion of CTLA-4 in mice in adulthood.
Proc. Natl. Acad. Sci. USA 2016, 113, E2383–E2392. [CrossRef] [PubMed]

107. Tai, X.; van Laethem, F.; Sharpe, A.H.; Singer, A. Induction of Autoimmune Disease in CTLA-4-/- Mice Depends on a Specific
CD28 Motif That Is Required for In Vivo Costimulation. Proc. Natl. Acad. Sci. USA 2007, 104, 13756–13761. [CrossRef] [PubMed]

108. Schubert, D.; Bode, C.; Kenefeck, R.; Hou, T.Z.; Wing, J.B.; Kennedy, A.; Bulashevska, A.; Petersen, B.-S.; Schäffer, A.A.; Grüning,
B.; et al. Autosomal dominant immune dysregulation syndrome in humans with CTLA4 mutations. Nat. Med. 2014, 20, 1410–1416.
[CrossRef]

109. Lee, S.; Moon, J.S.; Lee, C.-R.; Kim, H.-E.; Baek, S.-M.; Hwang, S.; Kang, G.H.; Seo, J.K.; Shin, C.H.; Kang, H.J.; et al. Abatacept
alleviates severe autoimmune symptoms in a patient carrying a de novo variant in CTLA-4. J. Allergy Clin. Immunol. 2016, 137,
327–330. [CrossRef]

http://doi.org/10.3109/08916934.2014.929667
http://doi.org/10.1053/j.gastro.2012.04.007
http://doi.org/10.1371/journal.pone.0136908
http://doi.org/10.1159/000362970
http://www.ncbi.nlm.nih.gov/pubmed/25034766
http://doi.org/10.1002/hep.29573
http://www.ncbi.nlm.nih.gov/pubmed/29023933
http://doi.org/10.1111/jvh.12138
http://doi.org/10.1139/cjpp-2018-0467
http://doi.org/10.1111/jcmm.14750
http://doi.org/10.1111/j.1365-2141.2006.05993.x
http://doi.org/10.1053/gast.1997.v113.pm9322534
http://www.ncbi.nlm.nih.gov/pubmed/9322534
http://doi.org/10.1016/0167-5699(95)80069-7
http://doi.org/10.1016/j.jaci.2012.06.011
http://www.ncbi.nlm.nih.gov/pubmed/22857792
http://doi.org/10.1016/j.immuni.2008.07.016
http://doi.org/10.1016/j.immuni.2009.01.001
http://doi.org/10.1016/j.jaci.2015.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26768758
http://doi.org/10.1097/MPG.0b013e3182250651
http://doi.org/10.1136/jmg.39.8.537
http://doi.org/10.3389/fimmu.2018.02411
http://doi.org/10.1126/science.270.5238.985
http://doi.org/10.1016/1074-7613(95)90125-6
http://doi.org/10.1084/jem.192.2.303
http://www.ncbi.nlm.nih.gov/pubmed/10899917
http://doi.org/10.1073/pnas.1603892113
http://www.ncbi.nlm.nih.gov/pubmed/27071130
http://doi.org/10.1073/pnas.0706509104
http://www.ncbi.nlm.nih.gov/pubmed/17702861
http://doi.org/10.1038/nm.3746
http://doi.org/10.1016/j.jaci.2015.08.036


Int. J. Mol. Sci. 2021, 22, 13578 22 of 28

110. Kim, K.W.; Ramaiya, N.H.; Krajewski, K.M.; Jagannathan, J.P.; Tirumani, S.H.; Srivastava, A.; Ibrahim, N. Ipilimumab associated
hepatitis: Imaging and clinicopathologic findings. Investig. New Drugs 2013, 31, 1071–1077. [CrossRef]

111. Fierabracci, A. Type 1 Diabetes in Autoimmune Polyendocrinopathy-Candidiasis-Ectodermal Dystrophy Syndrome (APECED):
A “Rare” Manifestation in a “Rare” Disease. Int. J. Mol. Sci. 2016, 17, 1106. [CrossRef] [PubMed]

112. Assis, D.N. Immunopathogenesis of Autoimmune Hepatitis. Clin. Liver Dis. 2020, 15, 129–132. [CrossRef] [PubMed]
113. Suzuki, E.; Kobayashi, Y.; Kawano, O.; Endo, K.; Haneda, H.; Yukiue, H.; Sasaki, H.; Yano, M.; Maeda, M.; Fujii, Y. Expression of

AIRE in Thymocytes and Peripheral Lymphocytes. Autoimmunity 2008, 41, 133–139. [CrossRef]
114. Ryan, K.R.; Lawson, C.A.; Lorenzi, A.R.; Arkwright, P.D.; Isaacs, J.D.; Lilic, D. CD4+CD25+ T-Regulatory Cells Are Decreased

in Patients with Autoimmune Polyendocrinopathy Candidiasis Ectodermal Dystrophy. J. Allergy Clin. Immunol. 2005, 116,
1158–1159. [CrossRef] [PubMed]

115. Bonito, A.J.; Aloman, C.; Fiel, M.I.; Danzl, N.M.; Cha, S.; Weinstein, E.G.; Jeong, S.; Choi, Y.; Walsh, M.C.; Alexandropoulos, K.
Medullary thymic epithelial cell depletion leads to autoimmune hepatitis. J. Clin. Investig. 2013, 123, 3510–3524. [CrossRef]

116. Ahonen, P.; Myllärniemi, S.; Sipilä, I.; Perheentupa, J. Clinical Variation of Autoimmune Polyendocrinopathy-Candidiasis-
Ectodermal Dystrophy (APECED) in a Series of 68 Patients. N. Engl. J. Med. 1990, 322, 1829–1836. [CrossRef]

117. Kisand, K.; Wolff, A.S.B.; Podkrajšek, K.T.; Tserel, L.; Link, M.; Kisand, K.V.; Ersvaer, E.; Perheentupa, J.; Erichsen, M.M.; Bratanic,
N.; et al. Chronic mucocutaneous candidiasis in APECED or thymoma patients correlates with autoimmunity to Th17-associated
cytokines. J. Exp. Med. 2010, 207, 299. [CrossRef]

118. Chascsa, D.M.; Ferré, E.M.N.; Hadjiyannis, Y.; Alao, H.; Natarajan, M.; Quinones, M.; Kleiner, D.E.; Simcox, T.L.; Chitsaz, E.; Rose,
S.R.; et al. APECED-Associated Hepatitis: Clinical, Biochemical, Histological and Treatment Data From a Large, Predominantly
American Cohort. Hepatology 2021, 73, 1088–1104. [CrossRef]

119. Obermayer–Straub, P.; Perheentupa, J.; Braun, S.; Kayser, A.; Barut, A.; Loges, S.; Harms, A.; Dalekos, G.; Strassburg, C.P.; Manns,
M.P. Hepatic autoantigens in patients with autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy. Gastroenterology
2001, 121, 668–677. [CrossRef]

120. Lankisch, T.O.; Strassburg, C.P.; Debray, D.; Manns, M.P.; Jacquemin, E. Detection of Autoimmune Regulator Gene Mutations
in Children with Type 2 Autoimmune Hepatitis and Extrahepatic Immune-Mediated Diseases. J. Pediatr. 2005, 146, 839–842.
[CrossRef] [PubMed]

121. Hardtke-Wolenski, M.; Taubert, R.; Noyan, F.; Sievers, M.; Dywicki, J.; Schlue, J.; Falk, C.S.; Lundgren, B.A.; Scott, H.S.; Pich,
A.; et al. Autoimmune hepatitis in a murine autoimmune polyendocrine syndrome type 1 model is directed against multiple
autoantigens. Hepatology 2015, 61, 1295–1305. [CrossRef]

122. Takaba, H.; Morishita, Y.; Tomofuji, Y.; Danks, L.; Nitta, T.; Komatsu, N.; Kodama, T.; Takayanagi, H. Fezf2 Orchestrates a Thymic
Program of Self-Antigen Expression for Immune Tolerance. Cell 2015, 163, 975–987. [CrossRef]

123. Tsai, F.-Y.; Keller, G.; Kuo, F.C.; Weiss, M.; Chen, J.; Rosenblatt, M.; Alt, F.W.; Orkin, S.H. An early haematopoietic defect in mice
lacking the transcription factor GATA-2. Nat. Cell Biol. 1994, 371, 221–226. [CrossRef] [PubMed]

124. Hsu, A.P.; Sampaio, E.P.; Khan, J.; Calvo, K.R.; Lemieux, J.E.; Patel, S.Y.; Frucht, D.M.; Vinh, D.C.; Auth, R.D.; Freeman, A.F.; et al.
Mutations in GATA2 Are Associated with the Autosomal Dominant and Sporadic Monocytopenia and Mycobacterial Infection
(MonoMAC) Syn-drome. Blood 2011, 118, 2653–2655. [CrossRef] [PubMed]

125. Webb, G.; Chen, Y.-Y.; Li, K.-K.; Neil, D.; Oo, Y.; Richter, A.; Bigley, V.; Collin, M.; Adams, D.; Hirschfield, G.M. Single-gene
association between GATA-2 and autoimmune hepatitis: A novel genetic insight highlighting immunologic pathways to disease.
J. Hepatol. 2016, 64, 1190–1193. [CrossRef]

126. Floreani, A.; Restrepo, P.; Secchi, M.F.; de Martin, S.; Leung, P.S.; Krawitt, E.; Bowlus, C.; Gershwin, M.E.; Anaya, J.M.
Etiopathogenesis of autoimmune hepatitis. J. Autoimmun. 2018, 95, 133–143. [CrossRef]

127. Fujinami, R.S.; von Herrath, M.G.; Christen, U.; Whitton, J.L. Molecular Mimicry, Bystander Activation, or Viral Persistence:
Infections and Autoimmune Disease. Clin. Microbiol. Rev. 2006, 19, 80–94. [CrossRef] [PubMed]

128. Gregorio, G.V.; Choudhuri, K.; Ma, Y.; Pensati, P.; Iorio, R.; Grant, P.; Garson, J.; Bogdanos, D.; Vegnente, A.; Mieli-Vergani, G.;
et al. Mimicry between the hepatitis C virus polyprotein and antigenic targets of nuclear and smooth muscle antibodies in chronic
hepatitis C virus infection. Clin. Exp. Immunol. 2003, 133, 404–413. [CrossRef]

129. Vegnente, G.; Mieli-Vergani, D.; Vergani, G.V.; Gregorio, K.; Choudhuri, Y.; Ma, A. Chronic Hepatitis B Virus Infection Nuclear
and Smooth Muscle Antibodies in Polymerase and the Antigenic Targets of Mimicry Between the Hepatitis B Virus DNA. J.
Immunol. Ref. 1999, 162, 1802–1810.

130. Nishiguchi, S.; Kuroki, T.; Ueda, T.; Fukuda, K.; Takeda, T.; Nakajima, S.; Shiomi, S.; Kobayashi, K.; Otani, S.; Hayashi, N.; et al.
Detection of Hepatitis C Virus Antibody in the Absence of Viral RNA in Patients with Autoimmune Hepatitis. Ann. Intern. Med.
1992, 116, 21–25. [CrossRef]

131. Fattovich, G.; Giustina, G.; Favarato, S.; Ruol, A. A survey of adverse events in 11,241 patients with chronic viral hepatitis treated
with alfa interferon. J. Hepatol. 1996, 24, 38–47. [CrossRef]

132. Păcurar, D.; Dijmărescu, I.; Dijmărescu, A.; Pavelescu, M.; Andronie, M.; Becheanu, C. Autoimmune phenomena in treated and
naive pediatric patients with chronic viral hepatitis. Exp. Ther. Med. 2019, 18, 5101–5104. [CrossRef] [PubMed]

133. García-Buey, L.; García-Monzón, C.; Rodriguez, S.; Borque, M.J.; García-Sánchez, A.; Iglesias, R.; DeCastro, M.; Mateos, F.G.;
Vicario, J.; Balas, A.; et al. Latent autoimmune hepatitis triggered during interferon therapy in patients with chronic hepatitis C.
Gastroenterology 1995, 108, 1770–1777. [CrossRef]

http://doi.org/10.1007/s10637-013-9939-6
http://doi.org/10.3390/ijms17071106
http://www.ncbi.nlm.nih.gov/pubmed/27420045
http://doi.org/10.1002/cld.873
http://www.ncbi.nlm.nih.gov/pubmed/32257125
http://doi.org/10.1080/08916930701773941
http://doi.org/10.1016/j.jaci.2005.08.036
http://www.ncbi.nlm.nih.gov/pubmed/16275391
http://doi.org/10.1172/JCI65414
http://doi.org/10.1056/NEJM199006283222601
http://doi.org/10.1084/jem.20091669
http://doi.org/10.1002/hep.31421
http://doi.org/10.1053/gast.2001.27103
http://doi.org/10.1016/j.jpeds.2005.01.050
http://www.ncbi.nlm.nih.gov/pubmed/15973329
http://doi.org/10.1002/hep.27639
http://doi.org/10.1016/j.cell.2015.10.013
http://doi.org/10.1038/371221a0
http://www.ncbi.nlm.nih.gov/pubmed/8078582
http://doi.org/10.1182/blood-2011-05-356352
http://www.ncbi.nlm.nih.gov/pubmed/21670465
http://doi.org/10.1016/j.jhep.2016.01.017
http://doi.org/10.1016/j.jaut.2018.10.020
http://doi.org/10.1128/CMR.19.1.80-94.2006
http://www.ncbi.nlm.nih.gov/pubmed/16418524
http://doi.org/10.1046/j.1365-2249.2003.02229.x
http://doi.org/10.7326/0003-4819-116-1-21
http://doi.org/10.1016/S0168-8278(96)80184-X
http://doi.org/10.3892/etm.2019.8144
http://www.ncbi.nlm.nih.gov/pubmed/31819772
http://doi.org/10.1016/0016-5085(95)90139-6


Int. J. Mol. Sci. 2021, 22, 13578 23 of 28
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