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Abstract Autoimmune and autoinflammatory diseases arise
as a consequence of complex interactions of environmental
factors with genetic traits. Although specific allelic variations
cluster in predisposed individuals and promote the generation
and/or expansion of autoreactive T and B lymphocytes, auto-
immunity appears in various disease phenotypes and localizes to
diverging tissues. Furthermore, the discovery that allelic varia-
tions within genes encoding components of the innate immune
system drive self-reactive immune responses as well, led to the
distinction of immune responses against host tissues into auto-
immune and autoinflammatory diseases. In both categories of
disorders, different pathogenic mechanisms and/or subsequent
orders of tissue assaults may underlie the target cell specificity of
the respective autoimmune attack. Furthermore, the transition
from the initial tissue assault to the development of full-blown
disease is likely driven by several factors. Thus, the develop-
ment of specific forms of autoimmunity and autoinflammation
reflects a multi-factorial process. The delineation of the specific
factors involved in the pathogenic process is hampered by the
fact that certain symptoms are assembled under the umbrella of a
specific disease, although they might originate from diverging
pathogenic pathways. These multi-factorial triggers and patho-
genic pathways may also explain the inter-individual divergent
courses and outcomes of diseases among humans. Here, we will
discuss the impact of different environmental factors in general
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and microbial pathogens in particular on the regulation/
expression of genes encoded within susceptibility alleles, and its
consequences on subsequent autoimmune and/or autoinflam-
matory tissue damage utilizing primarily the chronic cholestatic
liver disease primary biliary cirrhosis as model.
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Pathogenic Mechanisms Underlying the Induction
of Self-Reactive Immune Responses

It is well established that defects in the selection of T and B
cells lead to aberrant lymphocyte activation and subsequent
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autoimmune tissue damage (Davidson and Diamond 2001).
The recent elucidation of mechanisms underlying self-
directed tissue inflammation mediated through the innate
immune response independent of abnormalities of the
adaptive immune system led to the distinction of autoim-
mune from autoinflammatory disorders (McGonagle and
McDermott 2006). Although several diseases have been
labeled as autoimmune, not all of them have been firmly
associated with the major histocompatibility complex and/
or specific autoantibodies (Rose and Bona 1993). Thus, the
categorization and definition of several disease entities
might need to be revised.

The complex interactions between multiple genetic
traits underlying the generation of autoreactive and tissue-
destructive immune responses in autoimmune diseases
have been difficult to elucidate (Bjorses et al. 1998; Rioux
and Abbas 2005; Walker and Abbas 2002). The complexity
of these polygenic interactions and the fact that the inci-
dence and prevalence of some of these autoimmune and/or
autoinflammatory diseases are very rare complicate the
definition of the interplay between gene variations encod-
ing disease-promoting allelic polymorphisms and the
consequences for the immune response.

Genetic susceptibility alone might not be sufficient to
drive autoimmunity and/or autoinflammation. Nowadays,
the induction of immune-mediated disease is considered to
be the result of complex interactions between environ-
mental factors and genetic traits (He et al. 2006) (Fig. 1).
Although common tolerance mechanisms appear to be
affected in several autoimmune diseases (Gregersen and
Olsson 2009), the mechanisms leading to a tissue-specific
autoimmune damage in the respective disorder have
remained unknown. The fact that the autoimmune and/or
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Fig. 1 PBC is driven by complex interactions between environmen-
tal factors and genetic traits. Environmental factors trigger complex
cellular networks and molecular circuits during the immune response
of the host. Naturally occurring genetic polymorphisms of the host
determine the immune response to these environmental triggers and
subsequently the susceptibility of an individual to immune-mediated
diseases such as PBC. Thus, the genetic background defines whether
the interaction of the host with the environmental factor results in the
tolerogenic resolution of the immune response and/or the elimination
of the trigger in resistant individuals or contrarily leads to tissue
damage and inflammation and/or persistence of the trigger in
susceptible individuals
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autoinflammatory attack targets distinct organs and defined
tissue sites becomes even more puzzling, as many of the
autoantigens detected in autoimmune diseases are ubiqui-
tously expressed (Rosen and Casciola-Rosen 2009).

Infection Triggered Autoimmunity and/
or Autoinflammation

The immune system has the difficult duty to distinguish
between self- and foreign antigen patterns in order to fight
infections without harming host cells. Autoimmune dis-
eases arise as a consequence of impaired tolerance against
self-antigens and the subsequent immune-mediated
destruction of host tissues. Although inflammatory
responses are primarily initiated to prevent or suspend
tissue damage caused by invading pathogens, an exagger-
ated inflammation in response to infection can also cause
tissue damage in genetically susceptible individuals
(Janssen and Henson 2012).

Infections have been suggested as one of the factors that
elicit immune responses against self-antigens. Two mech-
anisms promoting tissue damage by pathogens have been
discussed in this context (Munz et al. 2009):

First, microbial pathogens create an inflammatory
environment resulting in cellular damage and tissue
destruction. Subsequently, increased numbers of self-anti-
gens are presented to autoreactive lymphocytes that
become activated in a pathogen-induced inflammatory
environment.

Second, molecular mimicry has been implicated in the
pathogenesis of several diseases that have been associated
with specific bacteria including Guillain—Barre syndrome
(Shahrizaila and Yuki 2011), rheumatic fever (Cunning-
ham 2000), autoimmune gastritis (Amedei et al. 2003) and
primary biliary cirrhosis (PBC) (Bogdanos et al. 2003,
2004a, b; Fussey et al. 1990; Mattner et al. 2008; Selmi
et al. 2003). Structural homology between microbial and
self-antigens is suspected to drive host tissue damage under
these conditions.

Next to the growing body of evidence, that autoimmune
diseases might be triggered by infections, both genetic
susceptibility (Suzuki et al. 2011) and female predisposi-
tion (Fairweather and Rose 2004) are also commonly found
in multiple autoimmune diseases. Although some distinct
risk factors have been associated with defined autoimmune
disorders, they may not be sufficient to drive on their own
the complete pathogenesis of the respective disease. Thus,
full-blown autoimmunity likely evolves in a multi-factorial
process. Nonetheless, the initial tissue damage is likely the
trigger that initiates the detrimental sequelae of pathogenic
events in susceptible individuals. However, the identifica-
tion of these factors has remained a challenge.
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Primary Biliary Cirrhosis

PBC is a chronic cholestatic liver disease (Kaplan 1996)
characterized by the immune-mediated destruction of small
intrahepatic bile ducts and T and B cells that recognize the
E2 subunit of the mitochondrial pyruvate dehydrogenase
complex (PDC-E2) (Coppel et al. 1988; Gershwin et al.
1987; Shimoda et al. 1995; Van de Water et al. 1995;
Yeaman et al. 1988). These E2 subunits are also found
within other mitochondrial enzymes like the branched
chain 2-oxo acid dehydrogenase complex, and the 2-oxo-
glutarate dehydrogenase complex and form the dominant
antigenic epitope for T and B cells in PBC patients (Fussey
et al. 1988).

Although PBC is referred to as autoimmune disease,
PBC patients poorly respond to immune suppressants.
Furthermore, the involvement of multiple components
belonging to the innate immune system in the pathogenic
processes suggests an important autoinflammatory disease
component.

Histopathologic lesions in PBC present with a mixed
lymphoid/mononuclear infiltrate around the bile ducts and
an enhanced inflammatory cytokine profile while interleu-
kin (IL)-10 levels are reduced (Baba et al. 2006; Honda
et al. 2005; Shackel et al. 2001). Although B cells represent
the cellular source for the signature anti-PDC-E2 autoan-
tibodies, the clinical hallmark of PBC and are abundantly
found within the periportal infiltrates, their role in the
pathogenic process has remained unclear.

In contrast, T cells have been implicated in the patho-
genesis of PBC (Invernizzi et al. 2010; Yeaman et al.
2000). Both CD4- and CD8-positive T cells have been
shown to contribute to biliary damage. The pathogenicity
of T cells that promote or inhibit disease is strongly
influenced by the cytokines they secrete and requires
antigen presentation by activated antigen-presenting cells
(APC) and costimulatory interactions. From the three
polarized disease-promoting CD4-positive T cell subsets, T
helper (Th)l and Thl7 cells have been implicated in the
pathogenesis of PBC (Lan et al. 2009; Mohammed et al.
2011). Thus, the interaction of the APC with the respective
T cell needs to be tightly controlled.

Another T cell subset that has been implicated in the
pathogenesis of PBC is the natural killer T (NKT) cells.
NKT cells recognize glycosphingolipid (GSL) antigens
presented by CD1d on dendritic cells (DCs), macrophages
and B cells and release immediately various copies of
cytokines upon T cell receptor (TCR) engagement. The
numbers of NKT cells are increased in the livers of PBC
patients (Harada et al. 2003; Kita et al. 2002). Furthermore,
an increased expression of CD1d was observed in the livers
of PBC patients (Tsuneyama et al. 1998). As the deletion of
NKT cells in mouse models of PBC ameliorated the

development of liver lesions (Chuang et al. 2008; Mattner
et al. 2008), NKT cells appear to play a dominant role in
the promotion of inflammatory processes leading to biliary
bile duct destruction.

PBC as Infection Triggered Disease

The pathogenic mechanisms of biliary injury in PBC are
poorly defined. The specific stimuli that trigger autoreac-
tivity are unknown but include both genetic and
environmental factors (He et al. 2006). Some bacteria and
viruses have been suggested to trigger PBC (Abdulkarim
et al. 2004; Burroughs et al. 1984; Hopf et al. 1989; Nilsson
et al. 2000; Xu et al. 2003). In addition, patients with
repeated urinary tract infections bear an increased risk to
develop PBC (Bogdanos et al. 2003; Butler et al. 1993;
Gershwin et al. 2005). These observations and the fact that
PBC patients exhibit frequently a polyclonal hyper-
immunoglobulin (Ig)M syndrome (Daniels et al. 2009;
Feizi 1968; Moreira et al. 2010) that can also be observed
during chronic infections support the hypothesis of a
microbe being a likely causative agent. On the other hand,
the antigen specificity of these antibody responses needs to
be carefully examined as these polyclonal IgMs might react
with many unrelated epitopes only by chance.

Molecular mimicry has been proposed as mechanism for
the development of autoimmunity in PBC (Rieger and
Gershwin 2007). Serum antibodies of PBC patients cross-
react to conserved bacterial PDC-E2 homologs of Esche-
richia coli, Mpycobacteria, and Lactobacilli species
(Bogdanos et al. 2004a, b, 2005; Fussey et al. 1990).
Among the infectious agents reported, lipoproteins of the
ubiquitous alpha proteobacterium Novosphingobium aro-
maticivorans had the highest homology to the mammalian
mitochondrial PDC-E2 epitopes, the signature antigens in
PBC (Padgett et al. 2005; Selmi et al. 2003).

Novosphingobium aromaticivorans is a Gram-negative
alpha proteobacterium (Takeuchi et al. 2001) that is ubiqui-
tously found in the environment like other Novosphingobium/
Sphingomonas spp. Novosphingobium/Sphingomonas spp.
have also been detected on human mucosal surfaces (Selmi
et al. 2003), and several reports described opportunistic
infections in immunocompromised patients (summarized in
Ryan and Adley 2010). Novosphingobium/Sphingomonas
spp. utilize GSLs instead of lipopolysaccharides to build their
cell wall (Kawahara et al. 2000; Takeuchi et al. 2001). NKT
cells recognize these GSL antigens and form the major innate
recognition pathway for these bacteria in the absence of Toll-
like receptor 4 signaling (Kinjo et al. 2005; Mattner et al.
2005). This observation and the fact that PBC patients exhibit
a striking redistribution of NKT cells from the blood to the
liver (Kita et al. 2002) support the idea that PBC patients may
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have experienced an infection with GSL-antigen bearing
bacteria in the past.

Novosphingobium/Sphingomonas spp. also exhibit a
capability to metabolize xenobiotics and to degrade poly-
cyclic aromatics by utilizing them as the sole carbon source
(Fredrickson et al. 1991; Habe and Omori 2003; Shi et al.
2001; Shuttleworth et al. 2000). Therefore, they could also
interfere with the human hormone metabolism. Novo-
sphingobium/Sphingomonas spp. are regularly isolated
from terrestrial sites which are polluted with polycyclic
aromatic hydrocarbons (Gupta et al. 2009; Suzuki and
Hiraishi 2007). Thus, Novosphingobium/Sphingomonas
spp. have even been used to detoxify industrial polluted
soils (Notomista et al. 2011; Tiirola et al. 2002).

Based on these associations, we speculate that anti-
PDC-E2 responses might reflect a chronic immune reaction
against a latent bacterial infection rather than a detrimental
autoimmune response. Reports suggesting that antimitoc-
hondrial antibodies (AMA)-negative PBC patients exhibit
greater biliary pathology than AMA-positive patients (Jin
et al. 2012) and that there is no correlation between anti-
body titers and disease activity (Benson et al. 2004; Van
Norstrand et al. 1997) support the notion that B cell
responses per se may not be pathogenic and/or not pri-
marily target mammalian autoantigens. As anti-PDC-E2
antibody responses proceed the induction of liver pathol-
ogy (Metcalf et al. 1996), the period between the detection
of antibody responses and the onset of biliary pathology
may mark a time frame in which the application of anti-
biotics may halt the development of full-blown PBC,
assuming that the underlying pathogenic mechanisms are
triggered by a bacterial infection.

Although bacteria expressing conserved homologous
epitopes to the signature antigens of PBC have been
associated with the initiation of biliary inflammation and
the propagation of autoreactive T and B cells in this par-
ticular disease, additional trigger(s) and/or interactions
with genetic susceptibility alleles contribute to the pro-
gression to liver fibrosis/cirrhosis, while other individuals
expressing protective alleles may cope with the bacterial
pathogen and/or autoreactive immune cells without causing
tissue damage. Thus, our study not only suggests a critical
role of infection in the initiation of autoimmune tissue
damage, but also addresses the complex network of inter-
actions that has to follow this initial assault in order to
trigger full-blown disease.

Despite being the diagnostic hallmark of PBC, anti-
PDC-E2 antibodies can occur in patients that do not have a
florid liver disease (Mattalia et al. 1998; Metcalf et al.
1996). However, it remains unclear what triggers the
development of biliary pathology as patients can remain
asymptomatic besides being positive for AMAs. Unfortu-
nately, a systematic analysis of these individuals has not
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been performed so far. Thus, one might speculate that these
individuals may carry genetic resistance factors that allow
the control of infection and/or prevent infection-induced
liver damage, or they may not have experienced additional
assaults that drive the subsequent development of full-blown
disease and/or the transition to liver fibrosis/cirrhosis. In
addition, it is likely that several steps are critical from the
initial tissue assault to the induction of biliary inflammation,
fibrosis, cirrhosis, and liver failure. Thus, it needs to be
determined if a single tissue assault is sufficient to drive
pathology or if a sequence of different events is required.

Genetic Susceptibility to Autoimmune Diseases

Allelic variations within defined genetic regions have been
associated with increased susceptibility or resistance to
autoimmunity (Gregersen and Olsson 2009). Single
nucleotide polymorphisms (SNPs) often underlie these
allelic variations and affect the function and/or expression
of the respective encoded proteins. The defect of a single
gene and/or altered interactions between several defective
alleles are considered as one(s) of the most important
underlying mechanisms for driving irregular immune
responses and subsequent autoimmune tissue damage. As
immune responses need to be tightly regulated, these allelic
variations may affect the control over invading pathogens
on the one hand and/or the limitation of exaggerated
inflammatory processes on the other hand. Both are
essential processes for the integrity of the host.

The mechanisms underlying the evolution of allelic
variations are unknown, but it is suspected that environ-
mental pressure elicited, for example, by microbial
pathogens drives the development of SNPs. The best
described example for a genetic mutation conferring pro-
tection from a pathogen is the HBB gene in B-thalassemia
(summarized in Weatherall 2008): while the subsequent
reduced or abolished synthesis of the B-globin chain of
hemoglobin causes severe anemia and hepatosplenomegaly
(Galanello and Origa 2010), the characteristic clinical
symptoms of thalassemia, it enhances the resistance to
malaria in endemic areas when expressed in heterozygous
carriers (Hill et al. 1988; Willcox et al. 1983).

Nowadays, mechanisms that initiate, regulate, and ter-
minate the immune response are distinguished. Particularly,
an aberrant regulation of lymphocyte activation is consid-
ered as critical for the susceptibility to autoimmune disease
and the initiation of autoimmune tissue damage. Here, we
describe the regulation of lymphocyte activation by
costimulatory molecules and cytokine signaling, but also
address the impact of the hormone metabolism on different
functions of the immune system and the predominance of
autoimmune diseases in women.
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Genetic Susceptibility to PBC

Several candidate genes have been described as genetic
susceptibility factors for PBC. Among those there are
susceptibility genes encoding costimulatory molecules like
Cd80 (Mells et al. 2011) or Ctla-4 (Agarwal et al. 2000;
Fan et al. 2004; Joshita et al. 2010; Juran et al. 2008a, b;
Oertelt et al. 2005; Poupon et al. 2008; Walker et al. 2009);
another group is represented by genes that have been
implicated in the initiation of the innate immune response
like the /I-12 (Hirschfield et al. 2009) pathway or Irf-5
(Hirschfield et al. 2010). While the two latter candidate
pathways support the hypothesis that an inappropriate
innate immune response toward infection may contribute to
the initiation of PBC, the first ones hint to dysregulated
adaptive immune responses.

Costimulatory Molecules

Costimulatory molecules are expressed on various (sub-
)populations of APCs and lymphocytes (Leitner et al.
2010). The interaction of costimulatory molecules with
their respective ligands enhances or suppresses the antigen-
driven activation of T and B cells through their TCR and B
cell receptor. Thus, positive and negative costimulatory
molecules can be distinguished.

One potential candidate gene that may underlie this
inadequate accumulation of serum IgM is the cytotoxic T
lymphocyte antigen (CTLA)-4. SNP analyses identified
Ctla-4 as a susceptibility gene for PBC (Agarwal et al.
2000; Fan et al. 2004; Joshita et al. 2010; Juran et al.
2008a, b; Oertelt et al. 2005; Poupon et al. 2008; Walker
et al. 2009). CTLA-4 protein competes with CD28 for
binding CD80 and CD86 (Masteller et al. 2000; Rudd
2008). While CTLA-4 is a negative costimulatory molecule
that limits T cell activation (Tivol et al. 1995; Walunas
et al. 1994; Waterhouse et al. 1995) and is a key regulator
of self-tolerance (Takahashi et al. 2000; Wing et al. 2008),
CD28 is a positive costimulatory molecule that augments
signals transmitted through the TCR (Bluestone 1995;
Jenkins et al. 1991; Linsley et al. 1991; Thompson et al.
1989). Most T cells, with the exception of FoxP3-positive
regulatory T cells (Takahashi et al. 2000), express CTLA-4
only upon activation (Linsley et al. 1992) in contrast to
CD28 that is constitutively expressed on naive T cells
(summarized in Lenschow et al. 1996). As one of the
mechanisms described for the suppressive action of CTLA-
4, engagement of CTLA-4 on T cells with CD80 and CD86
on APCs results in the reduced expression of the latter
ones, making them less available for the interaction with
CD28 (Qureshi et al. 2011).

Ctla-4 polymorphisms belong to the leading examples
of genetic variants that confer strong associations with

multiple autoimmune diseases (summarized in Gough et al.
2005; Holmberg et al. 2005; Scalapino and Daikh 2008).
Two SNPs within Ctla-4 associated with PBC correlate
with enhanced T cell activation and autoantibody produc-
tion (Agarwal et al. 2000; Fan et al. 2004; Juran et al.
2008b; Maurer et al. 2002; Oertelt et al. 2005; Zaletel et al.
2010), although this appears to be restricted to defined
populations of PBC patients (Bittencourt et al. 2003).
Furthermore, it needs to be elucidated, if polymorphisms
within Ctla-4 are also involved in the promotion of these
polyclonal IgM responses. Nonetheless, microbial patho-
gens may alter the functions of CTLA-4, either by
inhibiting or enhancing its expression on T cells or by
modulating the expression of its interaction partners, the
B7 molecules (CD80/CD86) on APCs. Thus, one could
speculate that an enhanced activation of CTLA-4 may
disrupt the interaction of T with B cells subsequently
impairing a proper isotype switch to IgG on the one hand.

As SNPs within Cd80 have been identified as genetic
susceptibility factors for PBC as well (Mells et al. 2011),
one could speculate that the interaction of CTLA-4 and
CD80 might be disturbed resulting in augmented T cell
activation and subsequent T cell-driven tissue damage on
the other hand. Accordingly, aberrant T cell activation
might result from a decreased function and/or expression of
CTLA-4, while CD80 expression/function could be even
enhanced despite interacting with CTLA-4. Both mecha-
nisms are suitable for promoting the interaction of CD80/
CD86 with CD28 on T cells resulting in subsequent T cell
activation. Thus, disease-associated SNPs have to be
carefully examined in the respective disease circumstances
and the critical cell populations involved in the patholog-
ical process.

Both types of costimulatory molecules are tightly con-
trolled as they are critical for an appropriate response to
different antigens. If a self-antigen, due to the uptake of
materials released from apoptotic cells, is presented to the
TCR (Bellone et al. 1997), the APC presenting that antigen
likely creates a tolerizing environment by upregulating
negative costimulatory molecules (Getts et al. 2011) and
releasing immune suppressive cytokines such as IL-10
(Gray et al. 2007; Voll et al. 1997) or transforming growth
factor B (Fadok et al. 1998). In order to mount a protective
immune response to foreign antigenic material, in example
during a microbial infection, an inflammatory response has
to be created. Thus, T cells require positive costimulatory
signals (Leitner et al. 2010) and inflammatory cytokines for
their activation (Curtsinger et al. 1999). Both the expres-
sion of positive costimulatory signals and the release of
inflammatory cytokines are induced by APCs after
engagement of innate immune receptors through defined
microbial antigen patterns (Banchereau and Steinman
1998; Iwasaki and Medzhitov 2004; Jakob et al. 1998;
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Sparwasser et al. 1998; Verhasselt et al. 1997). Thus, these
additional signals likely evolved together with T cells in
order to help the immune system to distinguish between
self- and foreign antigens. SNPs within these signal-pro-
moting molecules might be the consequence of microbial
pressure increasing the survival of populations under
infectious thread, but lowering the threshold for T cell
activation in inflammatory responses not related to fighting
microbial infection.

Cytokine Signaling

Similar to costimulatory molecules, which positively or
negatively regulate interactions between APCs and T cells,
cytokines are important to activate or inhibit the immune
response. Not surprisingly, several cytokines or mediators
of their downstream signaling cascades have been associ-
ated with a number of autoimmune diseases. Recently, the
association of a SNP within the tyrosine kinase 2 (Tyk?2)
encoding gene with PBC was reported (Liu et al. 2012).
Previously, this locus has also been associated with other
autoimmune diseases such as multiple sclerosis (MS) (Ban
et al. 2009), type 1 diabetes (Wallace et al. 2010), and
systemic lupus erythematosus (SLE) (Suarez-Gestal et al.
2009). As a member of the Janus kinase family, Tyk2
transmits signals of activated cytokine receptors via phos-
phorylation of signal transducer and activator of
transcription (STATs) (Ghoreschi et al. 2009; Krolewski
et al. 1990). One important cytokine that activates Tyk2 is
IL-12 (Bacon et al. 1995a), which is produced by APCs
upon pathogen encounter (Del Vecchio et al. 2007). The
IL-12 signal is mainly transmitted by STAT-4 (Bacon et al.
1995b; Jacobson et al. 1995) and drives the Thl differen-
tiation of naive CD4-positive T cells and the interferon y
production by T cells and NK cells (Chan et al. 1991;
Manetti et al. 1993; Shimoda et al. 2000). Accordingly,
Tyk2-deficient mice are more susceptible to viral and
bacterial infections (Aizu et al. 2006; Karaghiosoff et al.
2000). Due to the reduced inhibitory effects of Thl signals
on Th2 immunity, Tyk2-deficient mice show increased
antigen-induced allergic inflammation (Seto et al. 2003).
With respect to autoimmune diseases, Tyk2-mutant mice
are resistant to collagen-induced arthritis and experimental
autoimmune encephalomyelitis (Ortmann et al. 2001;
Oyamada et al. 2009; Spach et al. 2009). The risk allele of
the PBC-associated SNP rs34536443 was shown to confer
an enhanced enzyme activity in comparison with the pro-
tective allele (Couturier et al. 2011). Further analysis
revealed that the reduced activity of Tyk2 expressed by the
protective C allele enforces a shift toward Th2 immune
responses (Couturier et al. 2011). Hence, an elevated Tyk2
activity in susceptible PBC patients might be responsible
for an increased Thl cytokine milieu that drives biliary
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tissue damage. Considering PBC as a microbe-driven dis-
ease, acute or chronic infections might even further
amplify this Thl prone status.

Hormone Metabolism and Female Predisposition

Females appear to benefit from some differences in their
immune response compared to men: (a) female newborns
are less vulnerable to some microbial pathogens; (b) during
later stages of life, women also reveal improved clinical
outcome and survival rates from infectious diseases,
trauma or injury (reviewed in Libert et al. 2010). Females
exhibit higher levels of serum IgM (Butterworth et al.
1967; Stoop et al. 1969), increased numbers of CD4-
positive T cells (Amadori et al. 1995; Lee et al. 1996;
Tollerud et al. 1989), and enhanced cytokine production in
response to infections (Nalbandian and Kovats 2005;
Rubtsov et al. 2010). On the other hand, these differences
in the immune response may contribute to the elevated
incidence rates of autoimmune diseases like Sjogren’s
syndrome, SLE, PBC, autoimmune thyroid diseases, RA
and MS among women (Beeson 1994).

Sex hormones likely contribute to these different clinical
outcomes, as they have been reported to impact different
immunological functions (Bouman et al. 2005; Cunning-
ham and Gilkeson 2011): Both innate and adaptive immune
cells express estrogen receptors, including B cells, CD8-
positive T cells, monocytes, and neutrophils (Cohen et al.
1983; Molero et al. 2002; Stimson 1988; Suenaga et al.
1998). Estrogen also contributes to the differentiation of
DCs (Paharkova-Vatchkova et al. 2004) and increases 1gG
production by B cells (Kanda and Tamaki 1999; Kanda
et al. 1999) as well as cytokine secretion by CD4-positive
T cells (Gilmore et al. 1997). As sex hormones are also
involved in the modulation of the hypothalamic—pituitary—
adrenal axis, they can affect the immune system indirectly
through the regulation of other hormones (Wilder 1995).
Another indication for the important role of sex hormones
in autoimmune diseases emerges from observations
obtained during pregnancy: during the third trimester,
when estrogen and progesterone levels are massively
increased, an amelioration of the disease phenotypes in MS
and RA patients is monitored (Confavreux et al. 1998;
Nelson and Ostensen 1997). The hormones presumably
suppress Thl signaling by peripheral T lymphocytes
(Forger et al. 2008; Munoz-Suano et al. 2012). In contrast,
pregnancy tends to worsen clinical symptoms in patients
with SLE, a Th2-related disease, in which autoantibodies
and B cells are responsible for the disease phenotype,
which are also aberrantly activated under Th2 conditions
(Rubtsov et al. 2010; Wegmann et al. 1993).

Similar in many other autoimmune diseases, there exists
a strong female predominance (gender ratio up to 10:1) in
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PBC. However, it remains speculative if this is due to an
X-chromosome-linked locus of susceptibility (Invernizzi
et al. 2004; Miozzo et al. 2007; Mitchell et al. 2011).
Furthermore, it has been suggested that estrogen is
involved in the homeostatic proliferation of cholangiocytes
in the early stages of PBC (Alvaro et al. 2004; Fouassier
et al. 2009) and that polymorphisms in estrogen receptor
genes are associated with disease (Lakatos et al. 2002). In
addition, it has been shown that bacteria can interfere with
the hormone metabolism as outlined below.

Interference of Sphingomonas/Novosphingobium spp.
with Xenobiotic Materials and the Hormone
Metabolism

As described before, Sphingomonas/Novosphingobium spp.
have the unique capability to interfere with xenobiotics and
the hormone metabolism (Stolz 2009). Although our ani-
mal studies provided evidence that Sphingomonas/
Novosphingobium spp. have the potential to initiate liver
damage and to promote severe biliary inflammation
dependent on the genetic background of the mice, none of
the infected mouse strains progressed to liver fibrosis or
cirrhosis (Mattner et al. 2008; Mohammed et al. 2011).
Despite the technical difficulties to induce liver fibrosis/
cirrthosis in mouse models, a second signal might be
required to initiate the progression from inflammation to
fibrosis/cirrhosis. As the incidence of PBC is higher in
polluted areas, chemicals might be involved in the patho-
logic process (Ala et al. 2006). Chemical xenobiotics like
6-bromohexanoate have been reported to induce anti-PDC-
E2 responses and liver pathology as well (Leung et al.
2003, 2007). Thus, a combination of a bacterium and a
chemical substance might be critical for the induction of a
complete histopathologic PBC picture in the mouse model.
As Sphingomonas/Novosphingobium spp. can metabolize
xenobiotic compounds, the interference with the bacterial
metabolism may create a biological toxic substance for the
promotion of liver damage with subsequent fibrosis.
Among the xenobiotic compounds degraded by Novo-
sphingobium/Sphingomonas strains biphenyl, carbazole
(chlorinated) dibenzo-p-dioxins, (chlorinated) furans, fluo-
rene, (substituted) naphthalenes, (substituted) phenanthrenes,
chlorinated phenols and pyrene as well as different herbicides
and pesticides can be found (Basta et al. 2004; Fredrickson
et al. 1991, 1995; Habe et al. 2002; Sohn et al. 2004; Stolz
2009; Suzuki and Hiraishi 2007; Tiirola et al. 2002; Yan et al.
2007; Yuan et al. 2009). Of particular, interest is the capacity
of Novosphingobium/Sphingomonas spp. to interfere with the
estradiol metabolism (Fujii et al. 2002), especially with
respect to the fact that PBC is characterized by a striking
female predominance, similarly as many other autoimmune

diseases (Beeson 1994). Studies evaluating the presence of
putative endocrine disruptors in natural sources described the
isolation of Novosphingobium/Sphingomonas strains from
various environmental samples (Corvini et al. 2006; Fujii et al.
2002, 2003; Gabriel et al. 2005; Kang et al. 2007; Porter and
Hay 2007; Tanghe et al. 1999; Ternes et al. 1999).

Summary and Outlook

The etiology of PBC has remained largely unknown. Only
one single drug, ursodeoxycholic acid, has been approved
to date for treating this devastating liver disease (Heathcote
2000; Ishibashi et al. 2007; Poupon et al. 1987), although
its first description dates back to 1851 (Heathcote 2003).
While animal models provided valuable insights into the
genetic susceptibility to PBC (Leung et al. 2012; Tsuney-
ama et al. 2012), the trigger(s) driving the inflammatory
and tissue-destructive cellular network have not been
identified. Although recent reports suggested that bacteria
initiate biliary damage and promote the expansion of
autoreactive T and B lymphocytes, the inflammatory liver
lesions initiated in those models do not progress to liver
fibrosis and/or cirrhosis. Thus, at least a second environ-
mental and/or genetic factor might be required for the
induction of full-blown disease. Complementary to these
studies, it needs to be addressed if appropriate antibiotic
treatment is sufficient to prevent the progression to biliary
liver disease in AMA-positive individuals.
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