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ARTICLE INFO ABSTRACT

Autoimmune hepatitis is a chronic inflammatory liver disease characterized by hypergammaglobulinemia, the
presence of autoantibodies, and inflammation within the liver, including lymphocytic infiltrates and interface
hepatitis. Autoimmune hepatitis shows a female predominance and can present at any age and in any ethnicity.
The disease is thought to be a consequence of a break of immune tolerance leading to an autoimmune process
that induces liver injury. The self-attack is triggered by T-helper cell-mediated liver autoantigen recognition and
B-cell production of autoantibodies, and is sustained by impaired regulatory T cells number and function.
Superimposed on a genetic predisposition, infections and environmental factors have been studied as triggering
factors for the disease. Allelic variants in the HLA locus have been associated with susceptibility; associations
with single nucleotide polymorphisms within non-HLA genes have also been assessed. Several factors have been
described as triggers of autoimmune responses in predisposed individuals, including infections, alcohol, vitamin
D deficiency, and an altered composition of the intestinal microbiome. Importantly, drugs and herbal agents may
trigger classical autoimmune hepatitis, or may induce a liver disease with autoimmune features. Interactions
between female hormones and genetic factors have been hypothesized to play a role in autoimmunity, although
the exact role for these factors has not been fully established. Herein we present a review of the etiology of
autoimmune hepatitis including de novo autoimmune hepatitis post-liver transplantation as well as animal
models for its study.

Keywords:

Autoimmune hepatitis
Autoantibodies

Genome-wide association studies
Primary biliary cholangitis
Primary sclerosing cholangitis
Hormones

Microbiome

1. Introduction sixth decade of life [6] and can present across different ethnic groups
[3,5,6]. AIH may start as an episode of acute hepatitis or more in-
dolently and in some cases progresses to cirrhosis, hepatocellular car-

cinoma, or death [3,7,8].

Autoimmune hepatitis (AIH) is a progressive inflammatory liver
disease first described by Waldenstrom as a chronic hepatitis of young

women with hypergammaglobulineamia [1]. AIH is characterized his-
tologically by interface hepatitis and lymphocytic infiltration of the
liver and, serologically by high levels of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), immunoglobulin G (IgG), and
the presence of autoantibodies [2,3]. The association of AIH with the
presence of anti-nuclear antibodies (ANAs) led to coining the term
“lupoid hepatitis”, now obsolete [3,4]. AIH affects mainly women, al-
though 25-30% of patients are male [3,5,6]. AIH shows a bimodal age
of onset with a peak in children and teens and another in the fourth to

AIH occurs worldwide; however, as the diagnosis is often over-
looked, epidemiological data vary [9]. As reviewed by Czaja et al. [5],
the annual incidence in the adult general population ranges between
0.67 and 2 per 100,000 persons depending on the geographical loca-
tion. Among children, the annual incidence of AIH has been reported at
0.23 and 0.4 cases per 100,000 persons in Canadian and American
children, respectively [5]. Prevalence rates for AIH range from 2.4 cases
per 100,000 persons in children in Canada to 42.9 cases per 100,000
persons in native Alaskans. Similar rates of AIH have been noted in Asia
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Abbreviations
AD autoimmune disease
AIH autoimmune hepatitis
AIH-1 type 1 autoimmune hepatitis
AIH-2 type 2 autoimmune hepatitis
AIRE autoimmune regulator
AITD autoimmune thyroid disease
ALT alanine aminotransferase
AMAs anti-mitochondrial antibodies
ANAs antinuclear antibodies
ANCA  antineutrophil cytoplasmic antibodies
APC antigen-presenting cell
ASGPR  asialoglycoprotein receptor
AST aspartate aminotransferase
ConA concanavalin A
CTLA4  cytotoxic T lymphocyte antigen-4 gene
CYP2D6 cytochrome P4502D6
DAMPs damage-associated molecular patterns
DC dendritic cell
DILI drug-induced liver injury
EBV Epstein-Barr virus
ELISA  Enzyme-linked immunoabsorbent assay
FTCD formiminotransferase cyclodeaminase
GSTT1  glutathione-s-transferase T1
GWAS  genome-wide association study
HAV hepatitis A virus
HBV hepatitis B virus
HCV hepatitis C virus
HDV hepatitis D virus
HEV hepatitis E virus
HLA human leucocyte antigen
HSV-1  herpes simplex virus type 1
IAIHG International Autoimmune Hepatitis Group
LC1 anti-liver-cytosol type 1 antibody

LKM1 anti-liver-kidney microsomal antibody type 1
LKM2 anti-liver-kidney microsomal antibody type 2
LKM3 anti-liver-kidney microsomal antibody type 3
LPS lipopolysaccharides

LSP liver-specific membrane lipoprotein

MAPK  mitogen-activated protein kinase

MHC major histocompatibility complex

MIF macrophage migration inhibitory factor
miRNA  microRNAs

MMA malondialdehyde

MS multiple sclerosis

NASH  nonalcoholic steatohepatitis

NK natural killer cells

NKT natural killer T-cells

PAMPs pathogen-associated molecular patterns
PANNA peripheral anti-nuclear neutrophil antibody
PBC primary biliary cholangitis

PRMD1 PR domain zinc finger protein 1

RA rheumatoid arthritis

SLA/LP soluble liver antigen/liver-pancreas antibodies
SLE systemic lupus erythematosus

SMA smooth muscle antibodies

SS Sjogren's syndrome

SSc systemic sclerosis

TCR T-cell receptor

TGF-f1 transforming growth factor 1

Tho T-helper cells

TLR Toll-like receptor

TNFA tumor necrosis factor-a gene

TNFAIP3 TNFA-induced protein 3 gene

Tregs regulatory T-cells

TIDM  type 1 diabetes mellitus

VD vitamin D

VDBP vitamin D-binding protein

VDR vitamin D receptor

as well. In Singapore the prevalence was 4 per 100,000 [10], while in
Japan during 2014, the incidence was 2.23 with a prevalence of 23.4
per 100,000 [11]. In South Korea the incidence and prevalence are
reported as 1.07 per 100,000 person-years and 4.82 per 100,000, re-
spectively [12].

The etiology of AIH is unknown, however, genetic and environ-
mental factors are likely to play an important role [3]. Genes from the
human leucocyte antigen (HLA) have shown a strong association with
AIH [3]. According to the antibody profile, AIH can be classified in two
subtypes, type one AIH (AIH-1) is characterized by the presence of
ANAs and/or anti-smooth muscle antibodies (SMA) while in type two
AIH (AIH-2) anti-liver-kidney microsomal antibody type one (LKM1),
anti-LKM3 and/or anti-liver cytosol type 1 antibody (LCl) are the
markers of the disease [3].

Several factors, including genetic background, viruses, xenobiotics
and drugs have been associated with AIH [3,13]. Herein we review and
summarize them as they relate to the autoimmune etiology of AIH.

2. Autoimmune mechanisms

Due to its location and function, the liver is continually exposed to
pathogenic antigens, toxins, malignant cells and food antigens to which
the hepatic immune system must be tolerant or able to respond [14,15].
In the liver, immunosuppressive cells, cytokines and ligands provide
tolerance. The hepatic sinusoids allow the transmigration of these cells
and immune mediators towards the hepatic parenchyma [14,15].
Chronic inflammation in the liver is a consequence of the retention of
lymphocytes, macrophages and stromal cells that secrete IFNy, TNFa
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and other pro-inflammatory cytokines. The process of recruitment of
effector and regulatory T-cells (Tregs) is mediated by the interaction of
lymphocytes with endothelial cell surface molecules [16]. Chemokines
play a critical role in the process of retention of lymphocytes as they
trigger integrin-mediated stable adhesions and direct migration
[16,17]. Antigenic uptake by resident immature dendritic cells (DC) of
the liver promotes their maturation and migration to peripheral lymph
nodes where they act as antigen-presenting cells (APC) [14,16]. In the
liver, Tregs secrete immunosuppressive cytokines, IL-10 and TGFf, to
suppress proliferation and function of effector cells [14]. DCs secrete IL-
12, IL-18 and IL-23 that promote the differentiation of effector cells
[14]. The interaction between APC and natural Kkiller T-cells (NKT)
mediates the expression of regulatory cytokines from a Th2 response
and a pro-inflammatory cytokine profile characterized by IFNy, TNFa
and IL-4 secreted by NKT cells [16]. Besides DC, hepatocytes, Kupffer
cells and liver sinusoidal endothelial cells can present antigens to CD8 *
T-cells [15,16].

The pathophysiology of autoimmune liver diseases is thought to be
based on T-lymphocyte-mediated cell destruction, imbalance in the
regulation of immune cells, and a defective immune response to foreign
antigens caused by the loss of tolerance to immune stimulants [18-22].
As discussed by Arndtz et al. [18], evidence of loss of central tolerance
in murine models and predominance of T-lymphocytes in areas of in-
terface hepatitis has been described as a pathophysiological pathway in
ATH.

The inflammatory process in the liver is thought to be initiated by
the presentation of self-antigenic peptides to the T-cell receptor (TCR)
of T-helper cells (ThO) by APC, DC and other cells capable of presenting
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antigens. Antigen presentation may take place in the liver as well,
which is a peculiar feature of liver immunology [23]. This event leads
to the recruitment of Th1l, Th2 and Th17 cells to the tissue [18,24,25].
These effector cells initiate a cascade of immune reactions depending
on the cytokines they release. Thl cells secrete IL-2 and IFNy stimu-
lating CD8 ™ cells, expression of HLA class I, expression of HLA class II
on hepatocytes and mediating the activation of macrophages which
release IL-1 and TNFa [6,24,25]. Th2 cells produce IL-4, IL-10 and IL-
13 inducing maturation of B-cells into plasma cells responsible for the
production of autoantibodies that are involved in antibody-mediated
cellular cytotoxicity and complement activation [24,25]. Th17 cells
produce IL-17, IL-22, TNFa and a chemokine ligand (CCL-20)
[6,18,25]. Localized T reg cells in the liver control the effector cells
limiting hepatic injury as they mediate the action of cytotoxic T-lym-
phocytes, Th1, Th17, macrophages, natural killer (NK) cells and com-
plement activation [18,25]. As in other autoimmune liver diseases, ATH
has been linked to abnormalities in the Th17 pathway finding higher
frequency of Th17, IL-17 and IL-23 in liver and serum [18,25]. As re-
viewed by Liberal et al. [25], the hypothesis of numerically defective
Tregs in AIH patients has been assessed and it is thought that this could
be associated with lower expression of forkhead box P3 (FOXP3). Other
differences have been described between Tregs from healthy subjects
and treated and untreated AIH patients, interpreted as an impaired
ability to suppress the proliferation of certain cell populations and the
inability to suppress the production of IFNy by CD8* T-cells [25]. One
additional mechanism is the response of effector T cells to Tregs which
is probably impaired in AIH [26].

Several autoantibodies have been postulated as contributing to the
pathogenesis of AIH. Titers of anti-liver-specific membrane lipoprotein
(LSP), and anti-asialoglycoprotein receptor (ASGPR) have been corre-
lated with disease severity [27]. Anti-soluble liver antigen/liver-pan-
creas antibodies (SLA/LP) are present in around 50% of AIH-1 and AIH-
2 patients and anti-LKM1 are frequent in AIH-2 which recognize au-
toepitopes of cytochrome P4502D6 (CYP2D6) of hepatocytes [27].

Molecular mimicry has been implicated in the pathogenesis of many
autoimmune diseases (AD) and is hypothesized as a possible mechanism
behind AIH [6,28,29]. Initially, T-cell recognition was thought to be
highly specific but further studies found that the structure of peptide
binding by major histocompatibility complex (MHC) class II molecules
was based on amino acid properties [30]. Amino acids sharing similar
chemical structures were able to bind at the same place in the MHC
showing that cross reactivity is not as rare as previously thought, and
that TCRs showed polyspecificity [30]. It has been hypothesized that,
besides similarities of the amino acid sequence, self-reactive immune
cells are primed by molecular mimicry and bystander activation,
thereby opening the possibility for environmental insults to induce
these sensitized autoreactive cells to generate an AD [30]. Molecular
mimicry presumably initiates the immune process and sustains the
autoreactive response [31].

A study evaluating the role of molecular mimicry in a murine model
of AIH, found that transfection with adenovirus delivering the major
human autoantigen CYP2D6 into the mouse liver resulted in the de-
velopment of AIH [28]. Molecular mimicry, rather than identity, was
thought to induce a greater T-cell response [28].

Cross-reactivity between hepatitis C virus (HCV) components and
AIH-2 autoantigens has been described [28]. During chronic hepatitis B
virus (HBV) infection and HCV infection, around 50% of patients de-
velop autoantibodies such as ANA and SMA, and about 10% of the
patients with chronic HCV are positive for LKM1, suggesting that mo-
lecular mimicry could be an important factor [27]. Multiple viruses
have been implicated in the pathogenesis of AIH, including hepatitis A
virus (HAV), HBV, HCV, measles virus, varicella zoster virus (VZV),
cytomegalovirus (CMV) and Epstein-Barr virus (EBV) [6,31]. Fig. 1
outlines the natural history of the disease.
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3. Genetic factors

The understanding of the genes that may predispose to ADs has
increased over the last years [32,33]. Genome-wide association studies
have been implemented, demonstrating that most of the associations
are specifically with the HLA region, although several non-HLA loci
have been identified [32]. Autoimmune liver diseases have shown a
clear genetic component based on the observations made on twin pairs,
family studies and population-based studies [34,35]. As reviewed by
Webb and Hirschfield [34], no genetic concordance has been found
between twins, and, although the estimates of familial risk for AIH are
lacking, about 40% of AIH patients have a family history of auto-
immunity. Furthermore, extrahepatic autoimmune conditions are often
observed in AIH patients [36].

3.1. HLA genes

Genetic predisposition to AIH has been linked to genes within the

Clinical
Stage

Pre-clinical
Stage

Predisposing
Factors

Precipitating
Factors

Fig. 1. Natural history of autoimmune hepatitis. HLA: human leucocyte an-
tigen; MIF: macrophage migration inhibitory factor; CTLA4: cytotoxic T lym-
phocyte antigen-4 gene: TNFA: tumor necrosis factor; APC: antigen-presenting
cell; MHC: major histocompatibility complex; TH: T-helper cell; Treg: T-reg-
ulatory cell; NKT: natural killer T-cell; NK: natural killer cell; SMA: smooth
muscle antibody; ANA: anti-nuclear antibody; LC1: liver-cytosol-1 antibody;
LKM1: anti liver-kidney antibody; SLA/LP: soluble-liver antigen/liver-pancreas
antibody. The figure shows the natural history of AIH. Although the exact
etiology of AIH is still unknown, genetic and environmental factors are sup-
posed to play a role in the pathogenesis of the disease. Among the predisposing
factors, the figure shows the influence of gender on the development of AIH,
which presents a female-to-male ratio of 4:1 and the influence of HLA and non-
HLA genes in the pathogenesis of the disease (the most important HLA genes
have been noted, however others have been associated with AIH). The pre-
cipitating factors include several environmental exposures that are described as
either protective factors, as tobacco, alcohol and vitamin D, or as risk factors as
exposure to drugs, hormones, diet and pathogens as viruses, parasites and
bacteria. The influence of precipitating factors on susceptible individuals
(predisposing factors) leads to the pre-clinical stage in which APCs recognizing
antigens or self-antigens activate ThO cells who give rise to Thl, Th2 or
Th17 cells depending on the cytokine environment. Th2 cells secrete IL-4, IL-10
and IL-13 which stimulate the maturation of B-cells into antibody producing
plasma cells which produce autoantibodies SMA, ANA, LC1, LKM1 or SLA/LP
depending on the subtype of AIH. Antibodies bind to liver cells and contribute
to NK and complement-mediated cytotoxicity. Thl cells secrete IL-2 and IFNy
stimulating CD8™ cells, expression of HLA class I, expression of HLA class II on
hepatocytes. Th17 cells secrete proinflammatory cytokines. ThO cells differ-
entiate into Treg cells under the stimulus of TGF-B, this process is mediated by
IL-21 secreted by NKT cells. The histological plaque shows an inflammatory cell
infiltrate, mainly cytotoxic T-cells and plasma cells, around the portal tracts
characteristic of interface hepatitis in AIH [16].
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HLA region on the short arm of chromosome 6, particularly to allelic
variants of DRB1, and most of the confirmed associations come from
candidate gene approaches in small study populations [9,37,38]. Type
1 AIH has a strong association within the HLA loci, Table 1 [37-48]
shows the frequency of HLA alleles in American, European and Asiatic
studies. In Northern and Central America, an association with
DRB1*0301 and DRB1*0401 alleles has been described, while in Bra-
zilians, DRB1*13 and DRB1*03 seem to be the more prevalent [37]. In
Northern Europe there is a strong association with the ancestral 8.1
haplotype (HLA A1-B8-DR3-DQ2) [43-45]. In Asiatic studies, both
DRB1*0405 and DRB1*0401 have been described to increase the sus-
ceptibility of AIH [46-48]. Some studies have also analyzed the pro-
tective role associated with some alleles. For example, DRB1*1501 has
been described as a protective factor against AIH in North America and
Japan [39,48]. De Boer et al. [38] performed the first genome-wide
association study (GWAS) in AIH in the Netherlands. In their study they
found a strong association between DRBI*0301 and DRBI*0401 with
AIH-1, similar to previous reports in Caucasian patients. In addition,
they found an association with the rs3184504*A allele in the non-HLA
gene SH2B3, and, although it did not exceed the stringent threshold for
genome-wide significance, they suggest a possible true association due
to the consistent results they obtained in their replication analysis in
German cases and controls [38].

A meta-analysis in the Latin American population including 694
cases and 1769 controls found that in this region of the world the
serological group DQ2 is associated with an increased risk of AIH,
whereas DR5 and DQ3 are protective factors [49]. As far as the allelic
analysis is concerned, DQBI*02, DQB1*0603, DRB1*0405, and
DRB1*1301 are risk factors, whereas DRB1*1302 and DQB1*0301 are
protective [49]. Besides some geographical variations, it should be
noted that GWAS have been performed in a few cohort studies [38,50].

The association between AIH-2 and HLA genes has been studied
only partially because of its low prevalence. However, an association
with HLA-DRB1*0701, -DRB1*0301, and -DQBI1*0201 has been sug-
gested [51,52]. Moreover, a more aggressive disease with severe
prognosis has been associated with DRB1*0701 and DRB1*03-DRB1 *04
[18,52].

3.2. Non-HLA genes

Genetic studies performed looking outside the HLA have found
polymorphisms of cytotoxic T lymphocyte antigen-4 gene (CTLA4),
TNFa gene (TNFA) and FAS as potential susceptibility genes for AIH-1
[53]. The TNFA-induced protein 3 (TNFAIP3) gene encodes for an
ubiquitin-modifying enzyme that has been associated with the devel-
opment of autoimmune disorders [53]. A study in Chinese population
evaluating five TNFAIP3 polymorphisms found that rs10499194 T allele
and CT genotype were significantly associated with an increased risk of
developing AIH [53]. This association has been found positive for other
ADs such as rheumatoid arthritis (RA), systemic lupus erythematosus
(SLE) and multiple sclerosis (MS) [53]. The association between CTLA4
and AIH-1 was assessed in a meta-analysis that included seven studies
with a total of 1270 patients and 1614 controls [54]. Of the included
studies, only one showed a positive association between CTLA4 and
AIH-1, however, the meta-analysis showed no significant association.

Macrophage migration inhibitory factor (MIF) is a pro-inflammatory
cytokine that mediates both innate and adaptive immunity and has
been associated with disease severity in ADs such as SLE, RA, systemic
sclerosis (SSc) and inflammatory bowel disease (IBD) [55]. The MIF
gene has been associated with an earlier onset and an increased severity
of ADs as well as with higher steroid requirements [55]. A recent study
suggested that MIF polymorphism (173C) in AIH patients might be a
biomarker of increased disease activity [55].

A study comparing the serum profile of microRNAs (miRNA) among
liver diseases found significant differences between healthy individuals
and subjects with HBV, HCV, AIH, PBC, drug-induced liver injury (DILI)
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and nonalcoholic steatohepatitis (NASH) [56]. The principal compo-
nent analysis demonstrated that the profiling of 37 miRNAs in sera
could be used to help in the diagnosis of various liver diseases [56]. In
summary, there are HLA and non-HLA polymorphisms associated with
AIH, most of them shared with others ADs as part of the common
mechanisms of these conditions (i.e., the autoimmune tautology) [57].

4. Autoimmune ecology

Autoimmune diseases represent a heterogeneous group of disorders
that affect specific target organs or multiple organ systems. As men-
tioned, these conditions share common immunopathogenic mechan-
isms (i.e., the autoimmune tautology), which explain the clinical si-
milarities they have among them as well as their familial clustering
(i.e., coaggregation). As part of the autoimmune tautology, the influ-
ence of environmental exposure on the risk of developing ADs is
paramount (i.e., the autoimmune ecology) [58,59]. In fact, environ-
ment, more than genetics, shapes immune system. Autoimmune
ecology is akin to exposome, which is all the exposures - internal and
external — across the lifespan, interacting with hereditary factors (both
genetics and epigenetics) to favor or protect against autoimmunity and
its outcomes. Next, we discuss the main environmental factors asso-
ciated with AIH.

4.1. Viruses

Several viruses, such as HAV, HCV, HBV, measles virus, VZV, CMV
and EBV have been linked to the development of AIH, supporting the
hypothesis of molecular mimicry between components of these viruses
and components of the host [6,27,28,31,60-62]. Molecular mimicry
contributes to humoral and cellular manifestations of the disease, and
sustains and extends the autoreactive process [31]. Viruses with hepatic
tropism have a great potential to induce liver ADs due to the local in-
flammatory reaction and, in most cases, the generated cytotoxic im-
mune response to eradicate a pathogen [63]. A significant proportion of
patients infected with HBV or HCV become autoantibody-positive and,
in some cases, the level of autoantibodies correlates with the severity of
the disease [64]. Cross-reaction of anti-LKM1 antibodies with homo-
logous regions of HCV, HSV-1 and CMV has been described [64], and

Table 1
HLA alleles frequency in type 1 AIH.

Author Year  Country Associated risk  Protection risk
American studies
Strettell MD [39] 1997 North America DRB1%0301 DRB5*001
DRB1*0401 DRB1*1501
Czaja AJ [40] 1997 US DRB1*0301 -
DRB1+%0401
Vazquez-Garcia 1998 Mexico DRB1*0404 -
MN [41]
Bittencourt PL 1999 Brazil DRB1*13 DRB1*0301
[37] DRB1%03
Fortes Mdel P 2007 Venezuela (Mestizo DRB1*0301 DQB1*04
[42] population) DRB1*1301
European studies
Muratori P [43] 2005 Italy B8-DR3-DQ2 -
Teufel A [44] 2006 Germany B8-DR3-DQ2 -
Al-Chalabi T [45] 2006 UK B8-DR3/DR4 -
de Boer YS [38] 2014 The Netherland DRB1*0301 -
DRB1*0401
Asiatic studies
Lim YS [46] 2008 Korea DRB1*0405 -
DQB1*0401
Umemura T [47] 2014 Japan DRB1*0405 DRB1*1501
DQB1*0401 DQB2*0602
Oka S [48] 2017 Japan DRB1*0401 DRB1*1302
DRB1*0405
DQB1*0401
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LKM1 antibodies against CYP2D6 have been found in HCV infection
[65,66].

Organ and non-organ specific autoantibodies have been described in
chronic HCV infection [66]. The most frequent autoantibody en-
countered is anti-SMA in around 66% of patients, followed by ANAs and
anti-LKM1 in 41% and 11% of patients, respectively [66]. As reviewed
by Vergani et al. [66], the development of autoantibodies with HCV
infection has been associated to the genetic background of the subject.
ANA, identified in immunofluorescence, usually gives a speckled pat-
tern in HCV infection, whereas SMA is usually limited to the vessels
[65]. The presence of SMA and ANAs has been described for HBV and
hepatitis D virus (HDV) infections with a similar immunofluorescent
pattern to that of HCV infection, but at a lower frequency [66]. Anti-
LKM1 appears to act as a danger marker and should be measured in all
HCV-positive patients, while LKM1-positive subjects without HCV
markers probably represent a true autoimmune group, including chil-
dren who respond to immunosuppressive treatment [65].

The first observation on the role of HAV triggering AIH came from
Vento et al. [67] who followed-up three cases of subclinical acute HAV
infection. Two of the three subjects had a defect in suppressor-inducer T
lymphocytes specifically controlling immune responses to the ASGPR,
an antigen expressed on the hepatocyte surface, before the HAV in-
fection. These subjects developed AIH-1 within 5 months after the acute
episode of HAV infection [67]. Table 2 [68-75] shows four further
cases of AIH triggered by an acute episode of HAV infection.

A recent review described the results of a Brazilian study that
evaluated the frequency of AIH in patients with chronic HCV infection
[63]. Biopsies from 1759 patients were analyzed; 92 of them showed
interface hepatitis compatible with AIH. Other reports indicate that
around 66% and 41% of patients with HCV develop SMA and LKM
antibodies, respectively, in conjunction with positive ANAs [63]. HCV
infection has been associated epidemiologically With AIH and has been
considered a triggering factor as well [63].

Another viral candidate, EBV, has been associated with the devel-
opment of various ADs such as SLE, MS, autoimmune thyroid disease
(AITD), RA, IBD, type 1 diabetes mellitus (T1IDM) and Sjogren's syn-
drome (SS), among others [63]. The authors described studies that
showed a temporal association between EBV infection and the devel-
opment of AIH indicating that EBV infection could promote a pre-ex-
isting autoimmune process that could progress to an AD [63]. In fact,
EBV is a common environmental factor for several ADs as part of the
autoimmune tautology [57]. Finally, hepatitis E virus (HEV) might
trigger AIH. In fact, non specific autoantibodies are frequently present
during acute HEV infection, thus clinicians should exclude acute HEV
infection before diagnosing and treating AIH [76].

4.2. Bacteria

The hypothesis of molecular mimicry between a protein from
Rickettsia spp. and SLA/LP was evaluated in a recent study [77]. The
results suggest that a highly significant sequence similarity between
SLA/LP and a non-homologous protein from Rickettsia spp. might drive
an autoimmune response mediated by CD4™ T-cell recognizing self-
antigens with the concomitant humoral response. HLA-DRB1*0301 al-
lele confers a high risk for this cross reaction contrary to the protective
role observed in the presence of HLA-DRB1*1501 [77]. However, more
studies are needed to make strong conclusions and to evaluate other
possible bacteria that may be associated with AIH.

4.3. Parasites

Christen and Hintermann [63] reviewed pathogen infections as
possible causes of AIH and described a case report of a female who
presented with anorexia, malaise, weight loss, joint swelling and fever.
Her serum aminotransferases were elevated and she was positive for
ANA, SMA and anti-mitochondrial antibodies (AMA) and negative for
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LKM. The liver biopsy showed an infiltrate of plasma cells and lym-
phocytes in an interface hepatitis pattern. Fina Leishmania were de-
tected and she received specific treatment for this parasite. They con-
cluded that the observed features of AIH could have been caused by the
release of auto-antigens during the tissue destruction caused by Leish-
mania [63].

4.4. Alcohol

Products of alcohol metabolism, acetaldehyde, alcohol dehy-
drogenase, and malondialdehyde (MMA), can induce autoantibodies in
either humans or experimental models [78,79]. Additionally, alcohol-
fed rats have generated antibodies that respond to unmodified liver-self
proteins, suggesting that MMA adducts induce an anti-self-immune
response [80]. MMA adducts have been shown to contribute to the
onset of an autoimmune-like disease in murine models [81].

A population-based case-control study performed in New Zealand
evaluated the role of environmental exposures on the risk of developing
AIH [82]. Results from the univariate analysis showed that alcohol
consumption lowered the risk of being diagnosed with AIH (OR: 0.34,
95%CI: 0.19-0.61); when they graded alcohol consumption in less than
50 g per week, 51-100 g per week or more than 100 g per week, results
maintained statistical significance [82]. This results coincide with ob-
servations in other ADs where low-to-moderate alcohol consumption is
a protective factor for the development of the diseases [59].

In the univariate analysis of the New Zealand study, positive sig-
nificant associations were found for a vegetarian diet and antibiotic use
prior to the diagnosis of AIH [82]. Results for tobacco use showed no
significant association for risk reduction of AIH [82] even though it has
been proposed as a risk factor for PBC [82] and other ADs [59,82].
Although a vegetarian diet was shown to be a risk factor for AIH, the
results could have been confounded by a lower alcohol intake in ve-
getarians [82].

4.5. Vitamin D

The effect of vitamin D (VD) has been evaluated in various ADs. A
recent literature review describes evidence suggesting that VD defi-
ciency is associated with a higher risk of developing T1DM, SS, MS, SLE
and RA among others [59,83]. High levels of VD have also been asso-
ciated as a protective factor for MS [59].

Vitamin D is produced as a result of cholesterol metabolism that
leads to the production of pro-vitamin D which is transformed into pre-
vitamin D after UV-B radiation exposure in the skin [84]. Pre-vitamin D
sustains reorganization of its double bonds and converts into inactive
vitamin D. This molecule is transported to the liver by the vitamin D-
binding protein (VDBP) where the first hydroxylation occurs resulting
in 25-hydroxyvitamin D,m which is transported to the kidney where a
second hydroxylation occurs producing 1,25 dihydroxyvitamin D, the
bioactive form of VD [84]. Vitamin D plays an important role in the

Table 2
AIH triggered by HAV infection.

Author Year  Country Gender Age Time onset from acute
hepatitis
Huppertz H 1995 Germany F 45 6 months
[68]
Hilzenrat N 1999 Israel F 55 Convalescence
[69]
Skoog SM [70] 2002 USA F 24 3 weeks
Grunhage F 2004 Germany F 75 2 weeks
[71]
Tanaka H [72] 2005 Japan F 57 concomitant
Tabak F [73] 2008 Turkey F 21 19 months
Kim YD [74] 2011 Korea F 57 15 months
Hussain S [75] 2013 India F 45 6 months
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regulation of the immune system as it induces downregulation of Thl
and Th17 lymphocytes and upregulation of Th2 and Tregs, stimulates
the production of cathelicidin in monocytes, pulmonary, intestinal and
epithelial cells and increases the production of reactive oxygen species
[59,84]. The immunomodulatory effect of VD is mediated by the ex-
pression of vitamin D receptors (VDR) on immune cells and the reg-
ulation it exerts over these immune cells [59,85,86].

The immunomodulatory effect of VD in the liver is attributed to the
locally produced 1,25 dihydroxyvitamin D that creates a negative
feedback for liver inflammation and the expression of VDR in bile duct
cells [85]. Two gene polymorphisms of VDR have been associated with
autoimmune liver diseases, Bsml and Tagql; these and the FokI poly-
morphism have been associated with AIH, as reviewed by Luong and
Nguyen [86]. The non-genetic role of VD in AIH is related to the mi-
togen-activated protein kinase (MAPK) pathway, which is upregulated
by the inhibition that VD exerts over cytokine production in monocytes
and macrophages by lipopolysaccharide (LPS) and to the regulatory
effect of VD on the production of IFNy and reactive oxygen species [86].

A case-control study of 68 patients and 34 age-and-sex matched
controls evaluated the association of low VD levels with histological
features and poor response to therapy in patients with AIH [87]. The
results showed significantly lower VD levels in AIH when compared to
controls. Interface hepatitis and fibrosis scores showed a positive as-
sociation with low VD levels, and patients with low VD levels were
more likely to have a poor response to treatment [87].

4.6. Microbiome

The composition of a microbiome is influenced by diverse en-
vironmental factors including water sources, sanitation, pollution and
exposure to residues, and by host-related variables such as genetic
background, delivery method, age, diet, personal habits and antibiotic
exposure [88,89]. The intestinal microbiome is a key factor for the
development of intestinal immune responses and it is thought to in-
fluence systemic immune responses. Molecular mimicry is posed as a
possible mechanism for the induction of autoimmunity in the re-
lationship of the microbiome and immunity [88,89]. Toll-like receptors
(TLR) in the intestine are key to identifying molecular patterns of pa-
thogens, microbes and damaging stimulants. Inflammasomes are mul-
timeric protein complexes that assemble in the cytosol in response to
the stimulus by pathogen-associated molecular patterns (PAMPs) or
damage-associated molecular patterns (DAMPs) and are responsible of
driving the inflammatory response through active caspase-1 that
cleaves precursor cytokines into active pro-inflammatory cytokines
[90]. In AIH, the interaction of TLRs and the inflammasome has not
been clearly defined [88]. Variations in intestinal microbiomes have
been associated with the development of some ADs and, vice-versa,
certain autoimmune and non-autoimmune diseases have been asso-
ciated with changes in gut microbiomes [88]. Other variations in the
microbiome have been associated with sex-related differences, attrib-
uted to habits, and the effect of sex hormones, and may be responsible,
in part, for the increased female propensity for ADs [88]. Disruption of
the gut barrier is a key event in the role of microbiomes on the devel-
opment of autoimmunity [91]. The mechanisms proposed for this event
are translocation of gut derived products by weakened tight junctions,
increased intestinal permeability or paracellular migration and in-
creased mucosal permeability in the intestine or active transport of
bacterial antigens across the intestinal barrier [88]. Any of the men-
tioned pathways can lead bacteria or bacterial products into the portal
circulation in the liver where they generate an immune stimulus that
initiates liver inflammation [91]. A case control study evaluating 24
AIH patients and 6 healthy controls [91] found altered intestinal tight
junctions with inflammatory infiltrates in the lamina propria in a group
of patients, while normal structures were observed in healthy controls
[91]. Evaluation of the intestinal microbiome found a reduced number
of anaerobes, Bifidobacterium and Lactobacillus, with normal counts of
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aerobes, Escherichia coli and Enterococcus, when compared to healthy
controls. Compared to healthy controls, AIH patients also had higher
serum levels of LPS suggesting bacterial translocation [91]. The authors
concluded that an association might exist between a “leaky gut” and
dysbiosis, with the development of AIH [91]. A recent study in HLA-
DR3 mouse models of AIH found that gut microbiota differed from
those in healthy mice [92].

AlH is a progressive disease but generally an adequate response to
conventional treatment with corticosteroids [16]. Around 90% of
treated patients achieve remission after treatment with prednisolone
and/or azathioprine [16]. The intestinal microbiome is thought to serve
as a continuous reservoir of antigens that can initiate, maintain and/or
perpetuate the autoimmune response in AIH [88]. Additional in-
tegrative studies on the microbiome and epigenomics are probably re-
quired to unveil the role of the microbiome on the pathogenesis of
autoimmunity [93].

4.7. Sex and hormones

One hallmark of autoimmunity is the dominance of female gender
for most ADs [90]. AIH has a strong female predominance; AIH-1 has a
female to male ratio of 3-4:1; AIH-2 affecting mainly children has a
female to male ratio of 9:1 [24,94]. However, it is uncertain if this
effect is due to regulatory mechanisms due to sex-linked genes or if it is
attributable to gender-specific hormones [95]. Higher serum levels of
immunoglobulins after antigenic exposures, more frequent expression
of autoantibodies and a more marked cell-mediated immunity after
immunizations characterize the immune response of women [95,96].
Estrogens play an important role in immunologic behavior and high
estrogen levels have been shown to inhibit a Th1 response and promote
a Th2 response, favoring antibody production and antibody-dependent
pathways. [95,96]; low estrogen levels favor the Thl response thus
promoting cell-mediated pathways [90,95,96]. Other hormones such as
prolactin, growth hormone, progesterone and testosterone regulate the
immune response by altering the cytokine secretion and the expression
of the estrogen receptor [95,96]. Prolactin stimulates both cellular and
humoral immune responses [90]. Various transcription factors have
been shown to regulate immune tolerance mechanisms, including the
immune regulator (AIRE) which displays gender-biased thymic ex-
pression [97]. The consequence is that females show a lower expression
of transcription modulators than males in mice and humans [97]. In
addition, estrogens and androgens modulate the expression rate of AIRE
and PR domain zinc finger protein 1 (PRMD1) [97]; women with AIH
are more frequently HLA-DRB1*04 than men, and also a greater di-
versity of HLA-DRB1*04 alleles than men [95]. The effect of sex hor-
mones cannot solely explain the predominance of AIH in women as this
predominance is observed among children and elderly populations The
female predominance of AIH may be also explained by gender-related
characteristics in antigenic presentation and T-cell activation [95].

Other mechanisms proposed to explain the susceptibility of women
to ADs are the interactions between sex hormones and genetic factors as
in the hypotheses of the skewed X chromosome activation, X monosomy
and microchimerism [90,95,98-100]. The X inactivation process occurs
in early embryonic development and leads to females being mosaics for
two different lines of cells: cells with the maternal and cells with the
paternal X chromosome as the active X [90,98]. The frequency of
skewed X inactivation varies and increases with advancing age. This
inactivation process is a potential mechanism whereby X-linked self-
antigens may escape presentation in the thymus or in peripheral sites
involved in tolerance induction [98]. Studies have assessed the asso-
ciation between ADs and defects in X chromosome and several reports
have found the rate of X monosomy to be significantly increased in
peripheral blood cells in patients with PBC and SSc [99] as well as a
higher prevalence of skewed inactivation in patients with ADs [90]. It
has been suggested that X monosomy may cause haploinsufficiency in
X-linked genes that escape X chromosome inactivation [100].
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Consequently, autoreactive T-cells are not exposed to self-antigens en-
coded by one of the two X chromosomes, perpetuating the autoimmune
response [100]. Fetal-maternal microchimerism is defined as the
movement of hematopoietic stem cells from fetal to maternal circula-
tion during pregnancy [90,95]. These cells have been proposed to in-
fluence the pathogenesis of ADs if they are targeted as foreign [90].
Microchimerism can persist for years and can compromise self-toler-
ance, however, the exact role in AIH has not been fully established [95].

4.8. Drugs

Acute liver failure attributed to drugs, one of the primary causes of
liver failure, can show autoimmune manifestations similar to idiopathic
AIH [31,101]. Drug-induced AIH is classified separately from idiopathic
AIH, however, drugs cannot be completely ruled out as possible cau-
sative agents of AIH even in the absence of a clear relationship with
drug intake [31]. Unrecognized previous exposure and sensitization to
drugs could be responsible for the initiation or maintenance of liver
disease based on the hypothesis of genetic predisposition and molecular
mimicry as factors contributing to the development of AIH [31].
However, it is important to take into account that drugs implicated in
triggering AIH may also be causative agents of DILI with autoimmune
features and that old case-reports in the literature are described as AIH
without distinguishing the pathogenic mechanism [101]. Several drug
compounds are being studied to determine possible associations with
drug-induced AIH, among them, minocycline and nitrofurantoin have
been proved to be associated with the disease [31].

Assessment of the role and interaction of drugs and autoimmune
features in the development of liver disease is complex [102]. Drug-
induced autoimmune liver disease can be classified as: a) AIH with DILI,
in patients with known AIH in whom reactivation of AIH occurs after
the introduction of a new drug; b) drug-induced AIH, in patients with
no previously diagnosed low grade AIH or predisposition to AIH in
whom a drug produces an autoimmune chronic process; ¢) immune-
mediated-DILI, in patients who present with symptoms of an auto-
immune hypersensitivity that remits after drug cessation; d) mixed
autoimmune type DILI with positive autoantibodies [102].

The mechanisms by which drugs may induce AIH include the pro-
duction of drug metabolites that bind to proteins and act as antigenic
complexes stimulating the production of autoantibodies, principally
CYP1A2 and CYP2A6, and the sensitization of lymphocytes [31].
Weiler-Normann and Schramm established a classification of DILI with
autoimmune features and AIH [101]. They suggest that the main
characteristics that favor the diagnosis of drug-induced AIH are genetic
predisposition with the presence of haplotype HLA-B8-DR3, hy-
pergammaglobulinemia, severe fibrosis or cirrhosis on liver histology,
need for immunosuppression without withdrawal after remission and
frequent association with another extra-hepatic autoimmune condition
[101]. DILI is a different entity from drug-induced AIH however, the
fact that a second episode of liver injury can occur in cases of re-ex-
posure to proven drugs suggests an immune-mediated response
[101,103].

DILI with autoimmune features is a syndrome characterized by
biochemical and histological features of AIH following the ingestion of
a drug or a herbal product [104]. Compared to drug-induced AIH, DILI
with autoimmune features has a short incubation process and usually
presents with jaundice and symptoms of liver injury; the liver biopsy
shows inflammatory changes with predominance of lymphocytic and/
or eosinophilic infiltrates. Improvement after drug withdrawal is often
slow and recurrence is common if the drug is re-administered [104].
Metabolic and immunological factors have been identified as re-
sponsible for DILI with autoimmune features. It has been hypothesized
that toxic agents are metabolized leading to the formation of a
neoantigen and presented to T-cells with consequent immune activation
process involving binding to T-cell receptors or the MHC which med-
iates the antigenic presentation [104].
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DILI with autoimmune features has been described for nitrofur-
antoin, minocycline, hydralazine, procainamide, methyldopa, statins,
interferons and anti-TNF agents (infliximab, adalimumab, etanercept)
[103-105]. The anti-TNF agents are thus suggested as agents both
capable of inducing AIH as well as immunosuppressing AIH in re-
fractory disease. A cohort study in Holland [103] analyzed 88 cases of
DILI attributed to nitrofurantoin, minocycline, methyldopa or hy-
dralazine found an autoimmune phenotype in 72% of cases. The ana-
lysis of HLA alleles showed no association between HLA-DRB1*03:01 or
DRB1*04:01 with an increased risk of developing autoimmune features
[103].

The status of checkpoint inhibitors in use in cancer therapy today,
which are reported as causing hepatitis with immune features, is not
clear at this time.

5. Autoimmune hepatitis post-liver transplantation

Autoimmune hepatitis can recur or appear de novo after liver
transplantation [16,106]. Around 8-12% of patients develop AIH one
year after transplantation with an increasing incidence reaching
36-68% at five years [106]. In patients who were transplanted because
of AIH, recurrence may be asymptomatic and is usually characterized
by similar features as the initial presentation of the disease with ele-
vated transaminases, positive autoantibodies, hypergammaglobuli-
nemia including elevated IgG levels and similar histologic findings
[16]. The term “de novo AIH” was first used to describe pediatric pa-
tients, and later adult patients, who developed AIH after liver trans-
plantation for other diseases [106,107].

Although the exact pathophysiology of de novo AIH remains un-
known, the possible mechanisms include damage to the graft by
ischemia-reperfusion injury, infections and exposure to antigens, si-
milar mechanisms to those proposed for AIH [106,107]. Presentation of
antigens or autoantigens by APCs, either from the donor or the re-
cipient, stimulates the memory T-cells from the host's immune system
leading to a self-directed immune response [106,107]. It is thought that
calcineurin inhibitors have an important role as they reduce the pro-
duction of IL-2, a cytokine needed for the proliferation and survival of
Tregs [106]. Additionally the role of molecular mimicry between in-
fectious agents and the host supports the possibility that previous viral
infections could be a potential cause of de novo AIH [106,107].

Glutathione-s-transferase T1 (GSTT1) which has been identified as a
risk factor for de novo AIH [106,108], although other reports suggest
that de novo AIH occurs in the absence of these antibodies [109]. As
reviewed by Vukotic et al. [107], epidemiological data on de novo AIH
describes an incidence of 5-10% in pediatric patients and around 1-2%
in adult patients. Viral molecular mimicry is thought to participate in
the pathogenesis of this condition, especially viruses such as CMV, EBV
and parvovirus that often affect immunosuppressed individuals [107].

As reviewed by Faisal et al. [110] and Kerkar et al. [106], patients
with recurrent AIH have a good prognosis; survival rates are around
90% and 86% at 1 and 5 years, respectively. Recurrence of AIH after
liver transplantation ranges from 15% to 40% [106,110]. Although
AIH-2 is known to have a more aggressive course, AIH-1 has a higher
rate of recurrence after liver transplantation [111]. Recurrence is di-
agnosed based on the reappearance of symptoms and clinical signs of
AlH, elevated transaminases, positive autoantibodies, elevated IgG le-
vels, a biopsy showing interface hepatitis and a response to corticos-
teroid therapy with exclusion of graft rejection [110,111]. The patho-
genic mechanisms of recurrence are not fully understood but cellular
and antibody-mediated cytotoxicity are thought to be involved [106].
Evidence of the role of HLA DR3 and DR4 as risk factors for the re-
currence of AIH is controversial [110,112] as well as is the role of an
HLA-DR3-negative donor and HLA-DR3 or DR4-positive recipient. Ta-
crolimus therapy and severe initial disease have been suggested as
possible prognostic factors [106,108,110,111]. High levels of transa-
minases and IgG as well as necroinflammatory activity in the liver
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appear to increase the risk for AIH recurrence [110]. The pathophy-
siological mechanism of the disease is similar to that of de novo AIH in
relation to the antigenic presentation by APCs that mediate re-stimu-
lation and re-expansion of sensitized cells to species-specific antigens
that invade the graft and start an autoimmune process [106].

6. Animal models for autoimmune hepatitis

The search for appropriate animal models which mirror human AIH,
in order to better understand the complex mechanisms that underlie the
onset and the pathophysiology of the disease, and to identify new,
specific and efficient therapeutic agents has been sought over many
years [113]. Several strategies have been used to reproduce an immune-
mediated hepatitis in mice, which comprise concanavalin A (ConA)
treatment, immunization approaches and transgenic and knock-out
mice models. Detailed reviews of the experimental AIH models de-
scribed over time have been published in the last decade [113,114].

6.1. ConA-induced hepatitis

A single intravenous injection of the plant lectin ConA is a reliable
strategy to induce an acute and severe liver injury in mice [115,116].
ConA, by cross-linking TCRs with surface glycoproteins on sinusoidal
endothelial cells and MHC-II on Kupffer cells, drives the recruitment of
CD4% T-cells and NKT cells in the liver leading to their activation and
to a massive cytokine release. IFNy and TNF-a are the major cytokines
responsible for ConA-induced liver damage [115,116]. Although cir-
culating autoantibodies are not produced, parenchymal cell apoptosis,
together with the increase of serum transaminases, are rapidly induced
within few hours upon a single-dose injection of ConA [117]. The de-
velopment of tolerance mechanisms to ConA-mediated damage impairs
reproduction of chronic hepatitis in mice [118]. Genetic background
influences the outcome of the treatment as Thl-biased C57BL/6 and
C3H mice are most susceptible to ConA-induced liver injury [115].

6.2. TGF-f;~/~ and NTx-PD-1~/~ knock-out mouse models

The depletion of genes associated with anti-inflammatory activity
and self-tolerance is one of the strategies aimed at inducing an immune-
mediated hepatitis in mice [119]. The significant role of transforming
growth factor f1 (TGF-B1) in immune homeostasis has been widely
described since gene disruption in mice results in multi-organ in-
flammatory lesions and early death [119]. Balb/c TGF-f; ~/~ mice are
particularly prone to spontaneously develop extensive liver inflamma-
tion and hepatocyte necrosis associated with elevated plasma ALT le-
vels [120]. Necroinflammatory liver disease in Balb/c TGF-f3; ~/~ mice
has been attributed to CD4" Thl cells and its IFNy-mediated immune
modulation, which seems to resemble human conditions [120,121].

Spontaneous and fatal fulminant hepatitis was observed in pro-
grammed death (PD-1) deficient mice subjected to neonatal thy-
mectomy (NTx-PD-1 /7). In these mice, immunological tolerance
failure occurred through the loss of PD-1 signaling and the deficit in T-
cells [122]. Mice showed progressive mononuclear cell infiltration and
massive hepatocyte degeneration in the histopathology and an increase
in serum aminotransferases and total bilirubin. Notably, circulating
antinuclear antibodies were also detectable [122]. Although both TGF-
B17/~ and NTx-PD-1~/~ mice mirror features of acute human AIH,
their shortened postnatal survival limits their potential use as pre-
clinical models [122].

6.3. Immunization with liver homogenates

During the course of 1980, immunization protocols through injec-
tion of syngeneic liver homogenates were developed to induce the loss
of hepatic tolerance in mice [123-125]. Syngeneic homogenates or
their supernatant fraction S-100, administered together with complete
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Freund's adjuvant or LPS, developed persistent hepatitis with auto-
antibodies production, mild to severe periportal inflammatory cell in-
filtration and focal necrosis. The grade of injury varied according to the
protocol of immunization and the mouse strain used [123-125].

6.4. Transgenic mouse models

Over the years, researchers aimed at replacing the use of undefined
antigens of hepatic homogenates with a stable expression of specific
neoantigens in the liver through transgenic technology [125,126].
However, as transgenic mice need to be infected with liver-specific
pathogens or with antigen-specific T-cells, this strategy failed to es-
tablish a chronic hepatitis although it induced a short-lived hepatitis,
due to central host tolerance. Detailed descriptions of the evolution of
such tempted models were recently reviewed [125,126]. In 2010, the
group of Zierden et al. [127] generated the Alb-HA/CL4-TCR double
transgenic Balb/c mice that spontaneously developed chronic auto-
immune-mediated liver inflammation. The fusion of influenza virus
hemagglutinin (HA) gene under the control of albumin promoter (Alb-
HA) directed liver-specific neoantigen expression in addition to an HA-
specific CL4-TCR expression on CD8" T-cells. From the histological
point of view, Alb-HA/CL4-TCR mice liver tissues displayed necro-in-
flammatory lesions, fibrosis and increased serum ALT although severe
disease was prevented by peripheral tolerance mechanisms [127].

6.5. Humanized mouse models

The identification of CYP2D6 and FTCD as the targets of anti-LKM1
and anti LC1, respectively, has led to the generation of AIH-2 models
through cross-species immunization with human liver antigens. This
strategy exploits the viral mechanism of molecular mimicry [114].
Adenovirus-vector expressing human CYP2D6 or FTCD and plasmids
containing ¢cDNA for a human CYP2D6/FTCD chimeric protein have
been used to infect mice and induce a break in immune tolerance
[128,129]. FVB/N mice injected with human CYP2D6-adenovirus de-
veloped chronic hepatitis with subcapsular and/or parenchymal fi-
brosis, circulating anti-CYP2D6 antibodies and increased serum ami-
notransferase [128,129]. Similarly, intravenous injection of NOD mice
with human FTDC-adenoviral vector induced chronic AIH-2 with hy-
pergammaglobulinemia, anti- FTCD and ANAs antibodies and, in some
cases, portal and lobular fibrosis [130]. Through DNA vaccination of
C57BL/6 female mice with CYP2D67/FTCD-plasmid, Lapierre et al.
[131] generated a murine model of AIH-2 characterized by a mild in-
crease in serum ALT and circulating anti-LKM1 and anti-LC1 auto-
antibodies. Histologically, the livers had periportal and portal in-
flammatory infiltrates (predominantly CD4 " T cells), interface hepatitis
and necrosis, but no signs of fibrosis [131] Using the same xe-
noimmunization protocol, Yuksel et al. [92] were recently able to
mirror human AIH in HLA-DR3 transgenic NOD mice. Immunization
with autoantigens triggered a sustained ALT elevation, production of
anti-LKM1 and anti-LC1 autoantibodies as well as ANA and chronic
immune cell infiltration. In addition, half the mice developed F1/F2
mild liver fibrosis [92].

In conclusion, the feasibility of animal models of AIH is somewhat
questionable. Several models aim to investigate the immune mechan-
isms, or to assay new treatments. The novel humanized mouse models
are similar to the human AIH, displaying autoantibodies, hy-
pergammaglobulinemia, and lymphocytic infiltrate in the liver, re-
presenting a powerful tool for the study of autoimmune-mediated liver
inflammation and fibrogenesis and for the preclinical testing of new
immunotherapies [92].

7. Conclusions

Although the etiology of AIH is not fully understood, several studies
have addressed the importance of genetics and environmental factors in
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the pathophysiology of this condition. Genetic studies have found
strong associations with HLA genes, and weaker associations with non-

HLA

genes for predisposition, severity and response to therapy.

Presumed triggering agents, particularly infectious agents with hepatic
tropism including viruses, bacteria and parasites have been proposed to
function in the immunopathophysiological paradigm of AIH. Moreover,
data for the roles of alcohol and its metabolites, vitamin D, the mi-
crobiome, gender, estrogens, drugs and vaccines as environmental
factors contributing to the development of AIH-1, AIH-2 and post-
transplant AIH have accumulated. An animal model which faithfully
recapitulates human AIH is still being sought.

References

[1]
[2]
[31
[4]
[5]

[6]

[71

[8]

[91

[10]

[11]

[12]
[13]
[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

[24]
[25]

[26]

[27]

J. Waldenstrom, Liver, blood proteins and food proteins, Dtsch. Z. Verdauungs
Stoffwechselkrankheiten 12 (1952) 113-121.

G. Mieli-Vergani, D. Vergani, A.J. Czaja, M.P. Manns, E.L. Krawitt, J.M. Vierling,
et al., Autoimmune hepatitis, Nat. Rev. Dis. Primers 4 (2018) 18017.

M.P. Manns, A.W. Lohse, D. Vergani, Autoimmune hepatitis-update 2015, J.
Hepatol. 62 (2015) S100-S111.

LR. Mackay, L.I. Taft, D.C. Cowling, Lupoid hepatitis and the hepatic lesions of
systemic lupus erythematosus, Lancet (Lond. Engl.) 1 (1959) 65-69.

A.J. Czaja, Global disparities and their implications in the occurrence and outcome
of autoimmune hepatitis, Dig. Dis. Sci. 62 (2017) 2277-2292.

N.K. Gatselis, K. Zachou, G.K. Koukoulis, G.N. Dalekos, Autoimmune hepatitis, one
disease with many faces: etiopathogenetic, clinico-laboratory and histological
characteristics, World J. Gastroenterol. 21 (2015) 60-83.

R. Liberal, E.L. Krawitt, J.M. Vierling, M.P. Manns, G. Mieli-Vergani, D. Vergani,
Cutting edge issues in autoimmune hepatitis, J. Autoimmun. 75 (2016) 6-19.

Q. Wang, F. Yang, Q. Miao, E.L. Krawitt, M.E. Gershwin, X. Ma, The clinical
phenotypes of autoimmune hepatitis: a comprehensive review, J. Autoimmun. 66
(2016) 98-107.

G. Mieli-Vergani, D. Vergani, Autoimmune hepatitis, Nat. Rev. Gastroenterol.
Hepatol. 8 (2011) 320-329.

Y.M. Lee, E.K. Teo, T.M. Ng, C. Khor, K.M. Fock, Autoimmune hepatitis in
Singapore: a rare syndrome affecting middle-aged women, J. Gastroenterol.
Hepatol. 16 (2001) 1384-1389.

K. Yoshizawa, S. Joshita, A. Matsumoto, T. Umemura, E. Tanaka, S. Morita, et al.,
Incidence and prevalence of autoimmune hepatitis in the Ueda area, Jpn. Hepatol.
Res. Off. J. Jpn. Soc. Hepatol. 46 (2016) 878-883.

S.H. Jeong, Current epidemiology and clinical characteristics of autoimmune liver
diseases in South Korea, Clin. Mol. Hepatol. 24 (2018) 10-19.

Y.H. Oo, S.G. Hubscher, D.H. Adams, Autoimmune hepatitis: new paradigms in the
pathogenesis, diagnosis, and management, Hepatol. Int. 4 (2010) 475-493.

D.G. Doherty, Immunity, tolerance and autoimmunity in the liver: a comprehen-
sive review, J. Autoimmun. 66 (2016) 60-75.

D.P. Bogdanos, B. Gao, M.E. Gershwin, Liver immunology, Compr. Physiol. 3
(2013) 567-598.

A. Riaz, N. Ilan, I. Vlodavsky, J.P. Li, S. Johansson, Characterization of hepar-
anase-induced phosphatidylinositol 3-kinase-AKT activation and its integrin de-
pendence, J. Biol. Chem. 288 (2013) 12366-12375.

J. Choi, C. Selmi, P.S. Leung, T.P. Kenny, T. Roskams, M.E. Gershwin, Chemokine
and chemokine receptors in autoimmunity: the case of primary biliary cholangitis,
Expet Rev. Clin. Immunol. 12 (2016) 661-672.

K. Arndtz, G.M. Hirschfield, The pathogenesis of autoimmune liver disease, Dig.
Dis. (Basel Switz.) 34 (2016) 327-333.

O. Herbin, A.J. Bonito, S. Jeong, E.G. Weinstein, A.H. Rahman, H. Xiong, et al.,
Medullary thymic epithelial cells and CD8alpha(+) dendritic cells coordinately
regulate central tolerance but CD8alpha(+) cells are dispensable for thymic reg-
ulatory T cell production, J. Autoimmun. 75 (2016) 141-149.

M. Riemann, N. Andreas, M. Fedoseeva, E. Meier, D. Weih, H. Freytag, et al.,
Central immune tolerance depends on crosstalk between the classical and alter-
native NF-kappaB pathways in medullary thymic epithelial cells, J. Autoimmun.
81 (2017) 56-67.

S. Sozzani, A. Del Prete, D. Bosisio, Dendritic cell recruitment and activation in
autoimmunity, J. Autoimmun. 85 (2017) 126-140.

C. Zhang, Z. Tian, NK cell subsets in autoimmune diseases, J. Autoimmun. 83
(2017) 22-30.

C. Mehrfeld, S. Zenner, M. Kornek, V. Lukacs-Kornek, The contribution of non-
professional antigen-presenting cells to immunity and tolerance in the liver, Front.
Immunol. 9 (2018) 635.

L. Moy, J. Levine, Autoimmune hepatitis: a classic autoimmune liver disease, Curr.
Probl. Pediatr. Adolesc. Health Care 44 (2014) 341-346.

R. Liberal, D. Vergani, G. Mieli-Vergani, Update on autoimmune hepatitis, J. Clin.
Translat. Hepatol. 3 (2015) 42-52.

R. Liberal, C.R. Grant, B.S. Holder, J. Cardone, M. Martinez-Llordella, Y. Ma, et al.,
In autoimmune hepatitis type 1 or the autoimmune hepatitis-sclerosing cholangitis
variant defective regulatory T-cell responsiveness to IL-2 results in low IL-10
production and impaired suppression, Hepatology 62 (2015) 863-875.

R. Liberal, M.S. Longhi, G. Mieli-Vergani, D. Vergani, Pathogenesis of autoimmune
hepatitis, Best Pract. Res. Clin. Gastroenterol. 25 (2011) 653-664.

141

[28]

[29]
[30]
[31]
[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Journal of Autoimmunity 95 (2018) 133-143

J. Ehser, M. Holdener, S. Christen, M. Bayer, J.M. Pfeilschifter, E. Hintermann,
et al., Molecular mimicry rather than identity breaks T-cell tolerance in the
CYP2D6 mouse model for human autoimmune hepatitis, J. Autoimmun. 42 (2013)
39-49.

M.S. Longhi, Y. Ma, G. Mieli-Vergani, D. Vergani, Adaptive immunity in auto-
immune hepatitis, Dig. Dis. (Basel Switz.) 28 (2010) 63-69.

M.F. Cusick, J.E. Libbey, R.S. Fujinami, Molecular mimicry as a mechanism of
autoimmune disease, Clin. Rev. Allergy Immunol. 42 (2012) 102-111.

A.J. Czaja, Transitioning from idiopathic to explainable autoimmune hepatitis,
Dig. Dis. Sci. 60 (2015) 2881-2900.

M.F. Seldin, The genetics of human autoimmune disease: a perspective on progress
in the field and future directions, J. Autoimmun. 64 (2015) 1-12.

M. Hardtke-Wolenski, J. Dywicki, K. Fischer, M. Hapke, M. Sievers, J. Schlue,

et al., The influence of genetic predisposition and autoimmune hepatitis inducing
antigens in disease development, J. Autoimmun. 78 (2017) 39-45.

G.J. Webb, G.M. Hirschfield, Using GWAS to identify genetic predisposition in
hepatic autoimmunity, J. Autoimmun. 66 (2016) 25-39.

E. Generali, A. Ceribelli, M.A. Stazi, C. Selmi, Lessons learned from twins in au-
toimmune and chronic inflammatory diseases, J. Autoimmun. 83 (2017) 51-61.
A. Teufel, A. Weinmann, G.J. Kahaly, C. Centner, A. Piendl, M. Worns, et al.,
Concurrent autoimmune diseases in patients with autoimmune hepatitis, J. Clin.
Gastroenterol. 44 (2010) 208-213.

P.L. Bittencourt, A.C. Goldberg, E.L. Cancado, G. Porta, F.J. Carrilho, A.Q. Farias,
et al., Genetic heterogeneity in susceptibility to autoimmune hepatitis types 1 and
2, Am. J. Gastroenterol. 94 (1999) 1906-1913.

Y.S. de Boer, N.M. van Gerven, A. Zwiers, B.J. Verwer, B. van Hoek, K.J. van
Erpecum, et al., Genome-wide association study identifies variants associated with
autoimmune hepatitis type 1, Gastroenterology 147 (2014) 443-452 e5.

M.D. Strettell, P.T. Donaldson, L.J. Thomson, P.J. Santrach, S.B. Moore, A.J. Czaja,
et al., Allelic basis for HLA-encoded susceptibility to type 1 autoimmune hepatitis,
Gastroenterology 112 (1997) 2028-2035.

A.J. Czaja, M.D. Strettell, L.J. Thomson, P.J. Santrach, S.B. Moore, P.T. Donaldson,
et al., Associations between alleles of the major histocompatibility complex and
type 1 autoimmune hepatitis, Hepatology (Baltim. Md) 25 (1997) 317-323.
M.N. Vazquez-Garcia, C. Alaez, A. Olivo, H. Debaz, E. Perez-Luque, A. Burguete,
et al., MHC class II sequences of susceptibility and protection in Mexicans with
autoimmune hepatitis, J. Hepatol. 28 (1998) 985-990.

P. Fortes Mdel, 1.V. Machado, G. Gil, M. Fernandez-Mestre, L. Dagher, R.V. Leon,
et al., Genetic contribution of major histocompatibility complex class II region to
type 1 autoimmune hepatitis susceptibility in Venezuela, Liver Int. Off. J. Int.
Assoc. Study Liver 27 (2007) 1409-1416.

P. Muratori, A.J. Czaja, L. Muratori, G. Pappas, S. Maccariello, F. Cassani, et al.,
Genetic distinctions between autoimmune hepatitis in Italy and North America,
World J. Gastroenterol. 11 (2005) 1862-1866.

A. Teufel, M. Worns, A. Weinmann, C. Centner, A. Piendl, A.W. Lohse, et al.,
Genetic association of autoimmune hepatitis and human leucocyte antigen in
German patients, World J. Gastroenterol. 12 (2006) 5513-5516.

T. Al-Chalabi, S. Boccato, B.C. Portmann, I.G. McFarlane, M.A. Heneghan,
Autoimmune hepatitis (AIH) in the elderly: a systematic retrospective analysis of a
large group of consecutive patients with definite AIH followed at a tertiary referral
centre, J. Hepatol. 45 (2006) 575-583.

Y.S. Lim, H.B. Oh, S.E. Choi, O.J. Kwon, Y.S. Heo, H.C. Lee, et al., Susceptibility to
type 1 autoimmune hepatitis is associated with shared amino acid sequences at
positions 70-74 of the HLA-DRB1 molecule, J. Hepatol. 48 (2008) 133-139.

T. Umemura, Y. Katsuyama, K. Yoshizawa, T. Kimura, S. Joshita, M. Komatsu,
et al., Human leukocyte antigen class II haplotypes affect clinical characteristics
and progression of type 1 autoimmune hepatitis in Japan, PloS One 9 (2014)
e100565.

S. Oka, H. Furukawa, M. Yasunami, A. Kawasaki, H. Nakamura, M. Nakamura,
et al., HLA-DRB1 and DQBI alleles in Japanese type 1 autoimmune hepatitis: the
predisposing role of the DR4/DR8 heterozygous genotype, PloS One 12 (2017)
e0187325.

C. Duarte-Rey, A.L. Pardo, Y. Rodriguez-Velosa, R.D. Mantilla, J.M. Anaya,

A. Rojas-Villarraga, HLA class II association with autoimmune hepatitis in Latin
America: a meta-analysis, Autoimmun. Rev. 8 (2009) 325-331.

C.R. Grant, R. Liberal, Liver immunology: how to reconcile tolerance with auto-
immunity, Clin. Res. Hepatol. Gastroenterol. 41 (2017) 6-16.

Y. Ma, D.P. Bogdanos, M.J. Hussain, J. Underhill, S. Bansal, M.S. Longhi, et al.,
Polyclonal T-cell responses to cytochrome P450IID6 are associated with disease
activity in autoimmune hepatitis type 2, Gastroenterology 130 (2006) 868-882.
1. Djilali-Saiah, A. Fakhfakh, H. Louafi, S. Caillat-Zucman, D. Debray, F. Alvarez,
HLA class II influences humoral autoimmunity in patients with type 2 autoimmune
hepatitis, J. Hepatol. 45 (2006) 844-850.

E. Xu, H. Cao, L. Lin, H. Liu, Polymorphism in the tumor necrosis factor-alpha
inducible protein 3 (TNFAIP3) gene is associated with type-1 autoimmune hepa-
titis risk in Chinese Han population, rs10499194, PloS One 12 (2017) e0176471.
E. Eskandari-Nasab, A. Tahmasebi, M. Hashemi, Meta-analysis: the relationship
between CTLA-4 +49 A/G polymorphism and primary biliary cirrhosis and type I
autoimmune hepatitis, Immunol. Invest. 44 (2015) 331-348.

D.N. Assis, H. Takahashi, L. Leng, M. Zeniya, J.L. Boyer, R. Bucala, A macrophage
migration inhibitory factor polymorphism is associated with autoimmune hepatitis
severity in US and Japanese patients, Dig. Dis. Sci. 61 (2016) 3506-3512.

Y. Yamaura, N. Tatsumi, S. Takagi, S. Tokumitsu, T. Fukami, K. Tajiri, et al., Serum
microRNA profiles in patients with chronic hepatitis B, chronic hepatitis C, pri-
mary biliary cirrhosis, autoimmune hepatitis, nonalcoholic steatohepatitis, or
drug-induced liver injury, Clin. Biochem. 50 (2017) 1034-1039.


http://refhub.elsevier.com/S0896-8411(18)30522-5/sref1
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref1
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref2
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref2
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref3
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref3
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref4
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref4
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref5
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref5
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref6
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref6
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref6
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref7
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref7
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref8
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref8
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref8
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref9
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref9
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref10
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref10
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref10
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref11
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref11
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref11
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref12
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref12
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref13
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref13
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref14
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref14
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref15
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref15
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref16
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref16
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref16
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref17
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref17
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref17
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref18
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref18
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref19
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref19
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref19
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref19
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref20
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref20
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref20
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref20
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref21
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref21
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref22
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref22
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref23
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref23
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref23
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref24
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref24
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref25
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref25
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref26
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref26
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref26
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref26
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref27
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref27
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref28
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref28
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref28
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref28
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref29
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref29
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref30
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref30
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref31
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref31
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref32
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref32
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref33
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref33
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref33
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref34
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref34
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref35
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref35
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref36
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref36
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref36
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref37
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref37
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref37
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref38
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref38
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref38
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref39
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref39
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref39
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref40
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref40
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref40
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref41
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref41
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref41
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref42
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref42
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref42
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref42
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref43
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref43
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref43
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref44
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref44
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref44
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref45
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref45
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref45
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref45
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref46
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref46
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref46
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref47
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref47
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref47
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref47
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref48
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref48
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref48
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref48
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref49
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref49
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref49
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref50
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref50
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref51
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref51
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref51
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref52
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref52
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref52
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref53
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref53
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref53
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref54
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref54
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref54
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref55
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref55
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref55
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref56
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref56
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref56
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref56

A. Floreani et al.

[57]
[58]
[59]

[60]

[61]
[62]
[63]
[64]

[65]

[66]

671

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

771

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]
[86]

[87]

[88]

[89]

J.M. Anaya, The autoimmune tautology. A summary of evidence, Joint Bone Spine
revue du rhumatisme 84 (2017) 251-253.

J.M. Anaya, C. Ramirez-Santana, M.A. Alzate, N. Molano-Gonzalez, A. Rojas-
Villarraga, The autoimmune ecology, Front. Immunol. 7 (2016) 139.

J.M. Anaya, P. Restrepo-Jimenez, C. Ramirez-Santana, The autoimmune ecology:
an update, Curr. Opin. Rheumatol. 30 (2018) 350-360.

P. Le Cann, M.J. Tong, J. Werneke, P. Coursaget, Detection of antibodies to he-
patitis E virus in patients with autoimmune chronic active hepatitis and primary
biliary cirrhosis, Scand. J. Gastroenterol. 32 (1997) 387-389.

S. Vento, F. Cainelli, T. Ferraro, E. Concia, Autoimmune hepatitis type 1 after
measles, Am. J. Gastroenterol. 91 (1996) 2618-2620.

M.P. Manns, Viruses and autoimmune liver disease, Intervirology 35 (1993)
108-115.

U. Christen, E. Hintermann, Pathogen infection as a possible cause for auto-
immune hepatitis, Int. Rev. Immunol. 33 (2014) 296-313.

R. Liberal, G. Mieli-Vergani, D. Vergani, Contemporary issues and future directions
in autoimmune hepatitis, Expet Rev. Gastroenterol. Hepatol. (2016) 1-12.

G. Marceau, P. Lapierre, K. Beland, H. Soudeyns, F. Alvarez, LKM1 autoantibodies
in chronic hepatitis C infection: a case of molecular mimicry? Hepatology (Baltim.
Md) 42 (2005) 675-682.

D. Vergani, G. Mieli-Vergani, Autoimmune manifestations in viral hepatitis,
Semin. Immunopathol. 35 (2013) 73-85.

S. Vento, T. Garofano, G. Di Perri, L. Dolci, E. Concia, D. Bassetti, Identification of
hepatitis A virus as a trigger for autoimmune chronic hepatitis type 1 in suscep-
tible individuals, Lancet (Lond. Engl.) 337 (1991) 1183-1187.

H.I. Huppertz, U. Treichel, A.M. Gassel, R. Jeschke, K.H. Meyer zum Buschenfelde,
Autoimmune hepatitis following hepatitis A virus infection, J. Hepatol. 23 (1995)
204-208.

N. Hilzenrat, D. Zilberman, T. Klein, B. Zur, E. Sikuler, Autoimmune hepatitis in a
genetically susceptible patient: is it triggered by acute viral hepatitis A? Dig. Dis.
Sci. 44 (1999) 1950-1952.

S.M. Skoog, R.E. Rivard, K.P. Batts, C.I. Smith, Autoimmune hepatitis preceded by
acute hepatitis A infection, Am. J. Gastroenterol. 97 (2002) 1568-1569.

F. Grunhage, U. Spengler, H.P. Fischer, T. Sauerbruch, Autoimmune hepatitis—
sequel of a relapsing hepatitis A in a 75-year-old woman, Digestion 70 (2004)
187-191.

H. Tanaka, H. Tujioka, H. Ueda, H. Hamagami, Y. Kida, M. Ichinose, Autoimmune
hepatitis triggered by acute hepatitis A, World J. Gastroenterol. 11 (2005)
6069-6071.

F. Tabak, F. Ozdemir, O. Tabak, B. Erer, V. Tahan, R. Ozaras, Autoimmune he-
patitis induced by the prolonged hepatitis A virus infection, Ann. Hepatol. 7
(2008) 177-179.

Y.D. Kim, K.A. Kim, W.S. Rou, J.S. Lee, T.J. Song, W.K. Bae, et al., A case of
autoimmune hepatitis following acute hepatitis A, Kor. J. Gastroenterol. = Taehan
Sohwagi Hakhoe chi 57 (2011) 315-318.

T.S. Hussain, G. Aniruddha, W. Mahendra, Q. Umar, S. Rahul, D. Shreyas,
Autoimmune hepatitis triggered by hepatitis A viral infection (A case report), IOSR
J. Dent. Med. Sci. 7 (2013) 49-52.

B. Terziroli Beretta-Piccoli, P. Ripellino, C. Gobbi, A. Cerny, A. Baserga, C. Di
Bartolomeo, et al., Autoimmune liver disease serology in acute hepatitis E virus
infection, J. Autoimmun. 94 (2018) 1-6.

A. Paiardini, S. Pascarella, Structural mimicry between SLA/LP and Rickettsia
surface antigens as a driver of autoimmune hepatitis: insights from an in silico
study, Theor. Biol. Med. Model. 10 (2013) 25.

F. Paronetto, Immunologic reactions in alcoholic liver disease, Semin. Liver Dis. 13
(1993) 183-195.

Y. Ma, J. Gaken, B.M. McFarlane, Y. Foss, F. Farzaneh, I.G. McFarlane, et al.,
Alcohol dehydrogenase: a target of humoral autoimmune response in liver disease,
Gastroenterology 112 (1997) 483-492.

D. Xu, G.M. Thiele, J.L. Beckenhauer, L.W. Klassen, M.F. Sorrell, D.J. Tuma,
Detection of circulating antibodies to malondialdehyde-acetaldehyde adducts in
ethanol-fed rats, Gastroenterology 115 (1998) 686-692.

G.M. Thiele, M.J. Duryee, M.S. Willis, D.J. Tuma, S.J. Radio, C.D. Hunter, et al.,
Autoimmune hepatitis induced by syngeneic liver cytosolic proteins bio-
transformed by alcohol metabolites, Alcohol Clin. Exp. Res. 34 (2010) 2126-2136.
J.H. Ngu, R.B. Gearry, C.M. Frampton, C.A. Stedman, Autoimmune hepatitis: the
role of environmental risk factors: a population-based study, Hepatol. Int. 7 (2013)
869-875.

F. Colotta, B. Jansson, F. Bonelli, Modulation of inflammatory and immune re-
sponses by vitamin D, J. Autoimmun. 85 (2017) 78-97.

M. Garcia-Carrasco, E.A. Jimenez-Herrera, J.L. Galvez-Romero, L.V. de Lara,

C. Mendoza-Pinto, I. Etchegaray-Morales, et al., Vitamin D and Sjogren syndrome,
Autoimmun. Rev. 16 (2017) 587-593.

E.Q. Chen, Y. Shi, H. Tang, New insight of vitamin D in chronic liver diseases,
Hepatobiliary Pancreat. Dis. Int. HBPD INT 13 (2014) 580-585.

K.V. Luong, L.T. Nguyen, The role of vitamin d in autoimmune hepatitis, J. Clin.
Med. Res. 5 (2013) 407-415.

C. Efe, T. Kav, C. Aydin, M. Cengiz, N.N. Imga, T. Purnak, et al., Low serum vi-
tamin D levels are associated with severe histological features and poor response
to therapy in patients with autoimmune hepatitis, Dig. Dis. Sci. 59 (2014)
3035-3042.

A.J. Czaja, Factoring the intestinal microbiome into the pathogenesis of auto-
immune hepatitis, World J. Gastroenterol. 22 (2016) 9257-9278.

W. Cai, Y. Ran, Y. Li, B. Wang, L. Zhou, Intestinal microbiome and permeability in
patients with autoimmune hepatitis, Best Pract. Res. Clin. Gastroenterol. 31
(2017) 669-673.

142

[90]

[91]

[92]

[93]
[94]
[95]
[96]
[97]
[98]
[99]

[100]

[101]

[102]

[103]

[104]

[105]
[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]
[114]
[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

Journal of Autoimmunity 95 (2018) 133-143

O.L. Quintero, M.J. Amador-Patarroyo, G. Montoya-Ortiz, A. Rojas-Villarraga,
J.M. Anaya, Autoimmune disease and gender: plausible mechanisms for the female
predominance of autoimmunity, J. Autoimmun. 38 (2012) J109-J119.

R. Lin, L. Zhou, J. Zhang, B. Wang, Abnormal intestinal permeability and micro-
biota in patients with autoimmune hepatitis, Int. J. Clin. Exp. Pathol. 8 (2015)
5153-5160.

M. Yuksel, Y. Wang, N. Tai, J. Peng, J. Guo, K. Beland, et al., A novel “humanized
mouse” model for autoimmune hepatitis and the association of gut microbiota
with liver inflammation, Hepatology (Baltim. Md) 62 (2015) 1536-1550.

B. Chen, L. Sun, X. Zhang, Integration of microbiome and epigenome to decipher
the pathogenesis of autoimmune diseases, J. Autoimmun. 83 (2017) 31-42.

K. Beland, P. Lapierre, F. Alvarez, Influence of genes, sex, age and environment on
the onset of autoimmune hepatitis, World J. Gastroenterol. 15 (2009) 1025-1034.
A.J. Czaja, Autoimmune hepatitis. Part A: pathogenesis, Expet Rev. Gastroenterol.
Hepatol. 1 (2007) 113-128.

M. McCarthy, The “gender gap” in autoimmune disease, Lancet 356 (2000) 1088
London, England.

S. Berrih-Aknin, R.L. Panse, N. Dragin, AIRE: a missing link to explain female
susceptibility to autoimmune diseases, Ann. N. Y. Acad. Sci. 1412 (2018) 21-32.
G.P. Knudsen, Gender bias in autoimmune diseases: X chromosome inactivation in
women with multiple sclerosis, J. Neurol. Sci. 286 (2009) 43-46.

1. Bianchi, A. Lleo, M.E. Gershwin, P. Invernizzi, The X chromosome and immune
associated genes, J. Autoimmun. 38 (2012) J187-J192.

P. Invernizzi, S. Pasini, C. Selmi, M.E. Gershwin, M. Podda, Female predominance
and X chromosome defects in autoimmune diseases, J. Autoimmun. 33 (2009)
12-16.

C. Weiler-Normann, C. Schramm, Drug induced liver injury and its relationship to
autoimmune hepatitis, J. Hepatol. 55 (2011) 747-749.

A. Castiella, E. Zapata, M.I. Lucena, R.J. Andrade, Drug-induced autoimmune liver
disease: a diagnostic dilemma of an increasingly reported disease, World J.
Hepatol. 6 (2014) 160-168.

Y.S. de Boer, A.S. Kosinski, T.J. Urban, Z. Zhao, N. Long, N. Chalasani, et al.,
Features of autoimmune hepatitis in patients with drug-induced liver injury, Clin.
Gastroenterol. Hepatol. Off. Clin. Pract. J. Am. Gastroenterol. Assoc. 15 (2017)
103-112 e2.

A.S. deLemos, D.M. Foureau, C. Jacobs, W. Ahrens, M.W. Russo, H.L. Bonkovsky,
Drug-induced liver injury with autoimmune features, Semin. Liver Dis. 34 (2014)
194-204.

U. Katz, G. Zandman-Goddard, Drug-induced lupus: an update, Autoimmun. Rev.
10 (2010) 46-50.

N. Kerkar, G. Yanni, 'De novo' and 'recurrent' autoimmune hepatitis after liver
transplantation: a comprehensive review, J. Autoimmun. 66 (2016) 17-24.

R. Vukotic, G. Vitale, A. D'Errico-Grigioni, L. Muratori, P. Andreone, De novo
autoimmune hepatitis in liver transplant: state-of-the-art review, World J.
Gastroenterol. 22 (2016) 2906-2914.

C. Edmunds, U.D. Ekong, Autoimmune liver disease post-liver transplantation: a
summary and proposed areas for future research, Transplantation 100 (2016)
515-524.

K. Yoshizawa, H. Shirakawa, T. Ichijo, T. Umemura, E. Tanaka, K. Kiyosawa, et al.,
De novo autoimmune hepatitis following living-donor liver transplantation for
primary biliary cirrhosis, Clin. Transplant. 22 (2008) 385-390.

N. Faisal, E.L. Renner, Recurrence of autoimmune liver diseases after liver trans-
plantation, World J. Hepatol. 7 (2015) 2896-2905.

R. Liberal, M.S. Longhi, C.R. Grant, G. Mieli-Vergani, D. Vergani, Autoimmune
hepatitis after liver transplantation, Clin. Gastroenterol. Hepatol. Off. Clin. Pract.
J. Am. Gastroenterol. Assoc. 10 (2012) 346-353.

T. Visseren, S. Darwish Murad, Recurrence of primary sclerosing cholangitis,
primary biliary cholangitis and auto-immune hepatitis after liver transplantation,
Best Pract. Res. Clin. Gastroenterol. 31 (2017) 187-198.

E. Jaeckel, M. Hardtke-Wolenski, K. Fischer, The benefit of animal models for
autoimmune hepatitis, Best Pract. Res. Clin. Gastroenterol. 25 (2011) 643-651.
U. Christen, E. Hintermann, E. Jaeckel, New animal models for autoimmune he-
patitis, Semin. Liver Dis. 29 (2009) 262-272.

F. Heymann, K. Hamesch, R. Weiskirchen, F. Tacke, The concanavalin A model of
acute hepatitis in mice, Lab. Anim 49 (2015) 12-20.

H.X. Wang, M. Liu, S.Y. Weng, J.J. Li, C. Xie, H.L. He, et al., Inmune mechanisms
of Concanavalin A model of autoimmune hepatitis, World J. Gastroenterol. 18
(2012) 119-125.

G. Tiegs, J. Hentschel, A. Wendel, A T cell-dependent experimental liver injury in
mice inducible by concanavalin A, J. Clin. Invest. 90 (1992) 196-203.

A. Erhardt, M. Biburger, T. Papadopoulos, G. Tiegs, IL-10, regulatory T cells, and
Kupffer cells mediate tolerance in concanavalin A-induced liver injury in mice,
Hepatology (Baltim. Md) 45 (2007) 475-485.

M.M. Shull, I. Ormsby, A.B. Kier, S. Pawlowski, R.J. Diebold, M. Yin, et al.,
Targeted disruption of the mouse transforming growth factor-beta 1 gene results in
multifocal inflammatory disease, Nature 359 (1992) 693-699.

J.D. Gorham, J.T. Lin, J.L. Sung, L.A. Rudner, M.A. French, Genetic regulation of
autoimmune disease: BALB/c background TGF-beta 1-deficient mice develop ne-
croinflammatory IFN-gamma-dependent hepatitis, J. Immunol. (Baltim. Md 1950)
166 (2001) 6413-6422.

L.A. Rudner, J.T. Lin, L.K. Park, J.M. Cates, D.A. Dyer, D.M. Franz, et al.,
Necroinflammatory liver disease in BALB/c background, TGF-beta 1-deficient
mice requires CD4+ T cells, J. Immunol. (Baltim. Md 1950) 170 (2003)
4785-4792.

M. Kido, N. Watanabe, T. Okazaki, T. Akamatsu, J. Tanaka, K. Saga, et al., Fatal
autoimmune hepatitis induced by concurrent loss of naturally arising regulatory T


http://refhub.elsevier.com/S0896-8411(18)30522-5/sref57
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref57
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref58
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref58
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref59
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref59
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref60
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref60
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref60
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref61
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref61
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref62
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref62
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref63
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref63
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref64
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref64
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref65
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref65
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref65
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref66
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref66
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref67
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref67
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref67
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref68
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref68
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref68
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref69
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref69
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref69
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref70
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref70
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref71
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref71
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref71
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref72
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref72
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref72
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref73
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref73
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref73
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref74
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref74
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref74
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref75
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref75
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref75
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref76
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref76
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref76
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref77
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref77
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref77
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref78
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref78
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref79
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref79
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref79
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref80
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref80
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref80
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref81
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref81
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref81
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref82
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref82
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref82
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref83
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref83
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref84
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref84
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref84
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref85
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref85
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref86
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref86
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref87
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref87
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref87
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref87
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref88
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref88
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref89
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref89
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref89
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref90
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref90
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref90
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref91
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref91
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref91
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref92
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref92
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref92
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref93
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref93
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref94
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref94
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref95
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref95
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref96
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref96
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref97
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref97
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref98
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref98
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref99
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref99
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref100
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref100
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref100
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref101
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref101
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref102
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref102
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref102
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref103
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref103
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref103
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref103
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref104
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref104
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref104
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref105
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref105
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref106
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref106
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref107
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref107
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref107
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref108
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref108
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref108
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref109
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref109
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref109
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref110
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref110
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref111
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref111
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref111
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref112
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref112
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref112
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref113
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref113
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref114
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref114
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref115
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref115
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref116
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref116
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref116
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref117
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref117
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref118
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref118
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref118
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref119
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref119
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref119
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref120
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref120
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref120
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref120
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref121
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref121
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref121
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref121
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref122
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref122

A. Floreani et al.

[123]

[124]

[125]

[126]

[127]

cells and PD-1-mediated signaling, Gastroenterology 135 (2008) 1333-1343.

J. Kuriki, H. Murakami, S. Kakumu, N. Sakamoto, T. Yokochi, I. Nakashima, et al.,
Experimental autoimmune hepatitis in mice after immunization with syngeneic
liver proteins together with the polysaccharide of Klebsiella pneumoniae,
Gastroenterology 84 (1983) 596-603.

AW. Lohse, M. Manns, H.P. Dienes, K.H. Meyer zum Buschenfelde, I.R. Cohen,
Experimental autoimmune hepatitis: disease induction, time course and T-cell
reactivity, Hepatology 11 (1990) 24-30.

M. Yuksel, D. Laukens, F. Heindryckx, H. Van Vlierberghe, A. Geerts, F.S. Wong,
et al., Hepatitis mouse models: from acute-to-chronic autoimmune hepatitis, Int. J.
Exp. Pathol. 95 (2014) 309-320.

M. Hardtke-Wolenski, E. Jaeckel, Mouse models for experimental autoimmune
hepatitis: limits and chances, Dig. Dis. (Basel Switz.) 28 (2010) 70-79.

M. Zierden, E. Kuhnen, M. Odenthal, H.P. Dienes, Effects and regulation of

143

[128]

[129]

[130]

[131]

Journal of Autoimmunity 95 (2018) 133-143

autoreactive CD8+ T cells in a transgenic mouse model of autoimmune hepatitis,
Gastroenterology 139 (2010) 975-986 86 el-3.

M. Holdener, E. Hintermann, M. Bayer, A. Rhode, E. Rodrigo, G. Hintereder, et al.,
Breaking tolerance to the natural human liver autoantigen cytochrome P450 2D6
by virus infection, J. Exp. Med. 205 (2008) 1409-1422.

E. Hintermann, J. Ehser, M. Bayer, J.M. Pfeilschifter, U. Christen, Mechanism of
autoimmune hepatic fibrogenesis induced by an adenovirus encoding the human
liver autoantigen cytochrome P450 2D6, J. Autoimmun. 44 (2013) 49-60.

M. Hardtke-Wolenski, K. Fischer, F. Noyan, J. Schlue, C.S. Falk, M. Stahlhut, et al.,
Genetic predisposition and environmental danger signals initiate chronic auto-
immune hepatitis driven by CD4 + T cells, Hepatology 58 (2013) 718-728.

P. Lapierre, 1. Djilali-Saiah, S. Vitozzi, F. Alvarez, A murine model of type 2 au-
toimmune hepatitis: xenoimmunization with human antigens, Hepatology (Baltim.
Md) 39 (2004) 1066-1074.


http://refhub.elsevier.com/S0896-8411(18)30522-5/sref122
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref123
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref123
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref123
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref123
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref124
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref124
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref124
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref125
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref125
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref125
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref126
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref126
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref127
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref127
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref127
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref128
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref128
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref128
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref129
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref129
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref129
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref130
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref130
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref130
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref131
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref131
http://refhub.elsevier.com/S0896-8411(18)30522-5/sref131

	Etiopathogenesis of autoimmune hepatitis
	Introduction
	Autoimmune mechanisms
	Genetic factors
	HLA genes
	Non-HLA genes

	Autoimmune ecology
	Viruses
	Bacteria
	Parasites
	Alcohol
	Vitamin D
	Microbiome
	Sex and hormones
	Drugs

	Autoimmune hepatitis post-liver transplantation
	Animal models for autoimmune hepatitis
	ConA-induced hepatitis
	TGF-β1−/− and NTx-PD-1−/− knock-out mouse models
	Immunization with liver homogenates
	Transgenic mouse models
	Humanized mouse models

	Conclusions
	References




