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Summary

Background: The biliary system is in continuous contact
with the complex microbiota of the intestine. Microbial
products have recently been proposed as potential trig-
gers for biliary diseases. Methods: The aim of this re-
view is to provide a summary of the current knowledge
regarding the role of the biliary and intestinal microbi-
ome in biliary inflammatory diseases. Results: Previ-
ously, it was suggested that the healthy biliary system is
a sterile organ, while acute cholangitis and cholecystitis
may occur from ascending infections. Although non-in-
flammatory biliary colonization by certain bacteria such
as Salmonella spp. has been already recognized since
several decades, human and animal studies indicated
only very recently that the gallbladder harbors a com-
plex microbiota also under non-pathologic conditions.
Novel findings suggested that — similar to the situation
in the intestine — the biliary mucosa features a chemical,
mechanical, and immunological barrier, ensuring immu-
nological tolerance against commensals. However, mi-
crobial triggers might influence acute and chronic in-
flammatory disease of the biliary system and the whole
liver. Conclusion: Although yet undefined, dysbiosis of
the biliary or intestinal microbiota rather than a single
microorganism may influence disease progression.

Introduction

Inflammatory diseases of the biliary system encompass clinically
distinct conditions involving both genetic and environmental risk
factors. While genetic risk factors associated with inflammation of

the biliary duct indicate the importance of metabolite transport and
immune responses, major environmental factors are commonly
considered as microorganisms ascending from the intestinal tract
[1, 2]. However, the exact nature of microbes in the biliary tract in
physiological and pathological conditions as well as their role in bil-
iary diseases is only at the beginning of getting deciphered. Differ-
ent specific bacteria have been associated with biliary diseases but
their identification did not lead to major therapeutic improve-
ments. Similar to inflammatory bowel diseases (IBD) [3], it is pos-
sible that a local disequilibrium of microbial populations (dysbiosis)
may have an important role in biliary inflammation. Numerous
studies revealed the importance of the microbiota not only in the
gut but also in extraintestinal diseases [4], and pointed to an impor-
tant role of dysbiosis rather than a role for single microorganisms.
In this review, we will describe which microorganisms have been
proposed as etiologic agents in biliary inflammatory diseases and
discuss the general role of the biliary and intestinal microbiota.

Biliary Mucosal Barrier

The biliary tree is a network composed of intra- and extrahe-
patic ducts that drain into the duodenum. Bile ducts are lined by a
single layer of biliary epithelial cells, also called cholangiocytes.
These are polarized cells with apical and basal poles, joined by tight
junctions that limit paracellular transport, and contain microvilli
on their apical membrane that allow a 5-fold increase of their lumi-
nal surface [5]. Primary bile is produced in hepatocytes and exten-
sively modified by cholangiocytes during transport through the
bile ducts [6]. Similar to the intestinal epithelium cells, biliary epi-
thelial cells produce mucins forming a mucus layer and facilitate
transcellular immunoglobulin (Ig) A transport into the bile ducts
by the polymeric IgA receptor [6].

Human bile contains bacterial cell wall breakdown products in-
cluding lipopolysaccharides (LPS) and lipoteichoic acid [7, 8], both
detectable by innate immune receptors expressed in the biliary
tract. Biliary epithelial cells express a wide range of innate immune
receptors, including toll-like-receptor (TLR) 1 to TLR6 and TLR9,
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as well as cell surface and intracellular adaptors such as CD14,
MD2, and MyD88 that mediate the signalization pathways and the
initiation of inflammatory responses [9-11]. These immune path-
ways are functional in biliary epithelial cells, as stimulation by LPS
activates the transcription factor NF-kB and the subsequent pro-
duction of proinflammatory tumor necrosis factor (TNF) [12].
Along with a proinflammatory role, NF-kB mediates pro-survival
signals in cholangiocytes, as the complete disruption of canonical
NF-«B leads to biliary apoptosis and cholestatic liver disease [13].
In addition, antimicrobial peptides including cathelicidin and
human B-defensin-1 and -2 are diffusely expressed in the intrahe-
patic biliary tree [14, 15]. Collectively, the formation of a mucin
coat and a tight epithelial layer together with the expression of im-
mune receptors and the local production of antimicrobial peptides
indicate that the biliary system is programmed to face the possible
presence of bacteria. Furthermore, antigen-presenting cells of the
liver such as dendritic cells, Kupffer cells, liver sinusoidal endothe-
lial cells, hepatocytes, and stellate cells preferentially mediate toler-
izing immunity [16, 17].

It has been suggested that the tolerizing environment is re-
quired for maintaining immunological homeostasis towards intes-
tinal antigens that enter the liver through the enterohepatic circu-
lation. Whether this tolerogenicity supports non-pathological colo-
nization of microbiota in the biliary system is not known.

Biliary Microbiota

Bile acids (BAs) have antimicrobial properties by causing bacte-
rial membrane and DNA damage [18]. Hence, it has been assumed
that the biliary tract is sterile under non-pathogenic conditions.
However, bacteria have been cultured frequently from bile of pa-
tients with acute cholangitis or cholecystitis. These bacteria most
commonly include bacteria found in the intestinal tract, such as
Escherichia coli, Klebsiella, Enterobacter, Pseudomonas, and Citro-
bacter spp., and their detection has been associated with progres-
sion to severe cholangitis and higher mortality rates [19]. Notably,
multiple enteric bacteria have developed defense mechanisms con-
ferring BA resistance [18]. These mechanisms have been particu-
larly studied in pathogens that are known to asymptomatically
colonize the gallbladder, such as Salmonella spp. and Listeria
monocytogenes [18, 20]. Patients chronically carrying these bacteria
represent an important reservoir for new infections. In addition,
several studies employing electron microscopy, culturing, and de-
tection of bacterial DNA suggested already more than 20 years ago
that multiple bacteria, mainly Gram-negative enterobacteria but
also Gram-positives, are present in gallstones in non-inflammatory
conditions [21-23].

Only recently it became evident that the biliary system harbors a
complex microbiota, most likely also in non-pathogenic situations.
This progress was possible by applying more advanced molecular
approaches such as pyrosequencing of bacterial 16s rDNA. As
such, Wu et al. [24] studied bacterial communities in feces, bile,
and gallstones from 29 gallstone patients. Surprisingly, the bacte-
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rial diversity was higher in the biliary system than in the intestine.
On average, about 500 different species could be detected in the
bile and gallstones of each patient [24]. There was a large similarity
between the intestinal and biliary microbiome, although some sig-
nificant differences were present: The biliary tract contains relative
lower levels of Bacteroidetes (one of the two major gut phyla to-
gether with Firmicutes) but higher levels of Proteobacteria, TM?7,
Tenericutes, Actinobacteria, Thermi, and Cyanobacteria while no
differences are detectable for Firmicutes. Similar species richness
has been found in a study investigating the bile of 39 patients with
primary sclerosing cholangitis (PSC) [25]. However, the majority
of the bile samples of the latter study were collected via endoscopic
retrograde cholangiopancreatography (ERCP), making intestinal
contamination possible.

Other studies investigated the bile and gallbladder mucus of
healthy pigs [26] and hamsters infected with the liver fluke
Opisthorchis viverrini [27]. Although the diversity of the biliary mi-
crobiome was lower than within the intestinal tract in these stud-
ies, there were more than 200 [26] and 60 [27] different strains de-
tectable in the biliary system. As in the human study, high numbers
of Firmicutes and Proteobacteria but only low numbers of Bacte-
roidetes were found [26, 27]. It cannot be excluded that some of
the bacterial DNA detected by pyrosequencing resulted from intes-
tinal contamination of dead bacteria or debris that do not reflect
the presence of live microbiota. However, in the study of Jimenez
et al. [26], the presence of intact bacteria was confirmed by micros-
copy within the biliary mucosa and up to 4.8 x 10* bacteria/ml of
bile could be cultured from healthy pigs [26]. Considering the fact
that — similar to bacteria in feces — the majority of the biliary mi-
crobiota is presumably uncultivable, the bacterial density in the bil-
iary system might be comparable to the microbiota in the proximal
parts of the small intestine [28]. The presence of bacteria in bile
and gallstone may explain why bile leakage or gallstones lost in the
peritoneal cavity during cholecystectomy often cause severe infec-
tious complications [23]. It is important to mention that current
pyrosequencing studies described above exclusively studied bile,
mucus, or tissue obtained from gallbladders. To our knowledge, it

remains unclear whether a similar complex microbiota can be
found in the bile ducts.

Impact of Bile Acids on the Intestinal Microbiota

BAs and the gut microbiota mutually influence each other. Ex-
perimentally, mice fed with cholic acid display profound modifica-
tions of their gut microbiota [29], and germ-free animals (which
are born and raised in a sterile environment and are devoid of in-
testinal microbiota) have higher concentrations and a reduced di-
versity of intestinal BAs as compared to conventionally raised ani-
mals [30-32]. Gut dysbiosis in patient with liver cirrhosis may also
result from the reduced secretion of BAs in the intestine, estimated
to be five times less in cirrhosis compared to controls [33]. Due to
the metabolism of primary BAs into secondary BAs by intestinal
bacteria, the relative amount of secondary BAs in the intestine is
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also reduced in cirrhotic patients. Secondary BAs, notably deoxy-
cholic acid, have potent antimicrobial activity, and their reduction
can lead to the overgrowth of some bacteria in the large intestine at
the expense of otherwise protective bacteria [34]. A change in the
BA pool with a decrease in secondary BAs was also reported in pa-
tients with Crohn’s disease (CD). These changes were linked to in-
testinal dysbiosis reflected by a decreased ratio of Faecalibacterium
prausnitzii and E. coli. It has been proposed that the loss of the
anti-inflammatory effects of secondary BAs on intestinal epithelial
cells may enhance chronic inflammation [35].

The importance of secondary BAs in the intestine is reflected by
their role in the resistance against colitogenic bacteria. Clostridium
difficile are spore-forming bacteria that are a major cause of diar-
rhea in hospitalized patients treated with antibiotics, owing to i) the
broad antibiotic resistance of the spores and ii) the drastic elimina-
tion of intestinal bacteria induced by antibiotics. While primary
BAs promote the germination of C. difficile spores, secondary BAs
prevent this and are protective against C. difficile infections [36, 37].
Antibiotic treatment eliminates gut bacteria, resulting in higher lev-
els of non-processed intestinal primary BAs, notably taurocholic
acid, which directly promotes the germination of C. difficile [38]. In
contrast, colonization of mice with Clostridium scindens, which me-
tabolizes secondary BAs, protects against C. difficile infection [39].

Changes in diet may influence the intestinal microbiota via its
influence on BA production. Using mice prone to develop colitis,
Devkota et al. [40] demonstrated that a high-fat diet promotes coli-
tis through a mechanism involving the production of BAs. The
high-fat diet increased the production of taurocholic acid which
favored the expansion of the bacteria Bilophila wadsworthia that in
turn promoted colitis. Interestingly, animal-based diets increase
the abundance of bile-tolerant microorganisms, total fecal BA con-
centration, and levels of B. wadsworthia in humans [41], suggesting
that similar mechanisms could be clinically relevant.

Role of Microbiota in Biliary Pathologies

Gallstones

Gallstone formation is influenced by genetic and environmental
factors such as diet and metabolic processes [42, 43]. Gallstones
develop when the cholesterol concentration in bile exceeds the
solubilizing capacity or when there is an excess of crystallization
promoters. Inflammation-induced biliary mucin production rep-
resents an important factor in this context as mucin promotes
cholesterol crystallization [44]. In line with the hypothesis of mi-
crobial-dependent gallstone formation, genetically identical mice
fed with the same lithogenic diet showed different incidences of
gallstones when housed in different animal facilities in which ani-
mals develop distinct microbiota compositions [45].

Among bacteria associated with gallstones, Helicobacter spp. re-
ceived particular attention in numerous studies since they have
been detected in gallbladder tissue and gallstones [46, 47]. An in-
fluence of Helicobacter spp. has been shown in animal studies. As
such, in mice fed with a lithogenic diet, cholesterol gallstones oc-
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curred in 80% of mice orally gavaged with Helicobacter bilis but not
in mice gavaged with Helicobacter pylori or in control mice. How-
ever, H. bilis could be detected by polymerase chain reaction (PCR)
but could not be cultured from gallstones, suggesting an indirect
impact on lithogenesis, possibly through the induction of specific
immune responses [45, 48]. Salmonella enterica serovar Typhi can
colonize the gallbladder and has been classically associated with
gallstones. However, rather than promoting the formation of cho-
lesterol gallstones, there is a body of evidence suggesting that cho-
lesterol gallstones facilitate gallbladder carriage of Salmonella spp.
Accordingly, the presence of Salmonella typhi in the gallbladder is
significantly higher in mice fed a lithogenic diet than in those fed a
normal chow diet [49]. This is explained by the fact that Salmonella
spp. can replicate within gallbladder epithelial cells and forms bio-
films directly on gallstones [49, 50].

A recent study demonstrated that the intestinal microbiota of
gallstone patients is significantly different compared to healthy
controls [24]. Gallstone patients had higher levels of intestinal bac-
teria belonging to the phylum Proteobacteria, which includes Esch-
erichia, Salmonella, and Helicobacter spp., all of which were pre-
viously associated with gallstones. In contrast, intestines from gall-
stone patients contained lower levels of Faecalibacterium, Lachno-
spira, and Roseburia spp. To date it is not known whether these
changes are a cause for, a consequence of, or rather associated with
cholelithiasis [24].

Lower levels of Faecalibacterium spp. are particularly interest-
ing since F. prausnitzii are associated with a protective effect in CD
[51]. Of note, gallstones are more frequent in small CD than in
healthy controls (11-34 vs. 5.5-15%, respectively) [52], and bile
from patients with small bowel CD is more lithogenic than bile
from those with colonic CD or ulcerative colitis (UC) [53], hence
raising the possibility that development of gallstones may be pro-
moted by gut dysbiosis and/or BA malabsorption.

Primary Biliary Cirrhosis

Primary biliary cirrhosis (PBC) is an autoimmune disease af-
fecting the small bile ducts. Genetic risk factors largely point to a
role of the immune system as they include variants in the region of
the human leukocyte antigen (HLA) system as well as variants of
the genes encoding the IL(interleukin)-12 receptor and TNF [42].
Importantly, 95% of PBC patients produce antimitochondrial anti-
bodies, detectable years before the onset of the disease. These anti-
bodies target the pyruvate dehydrogenase complex E2 (PDC-E2)
expressed by biliary epithelial cells [54]. Interestingly, several stud-
ies detected cross-reactivity between PDC-E2 and bacterial pro-
teins such as the ATP(adenosine triphosphate)-dependent Clp
protease of E. coli [55], the B-galactosidase of Lactobacillus del-
brueckii, a member of the vaginal flora [56], and two yet undefined
lipoylated proteins of Novosphingobium aromaticivorans, an envi-
ronmental Alphaproteobacterium found in soil but also in 25% of
fecal human specimens [54, 57]. These data may suggest that pri-
mary antibody production against bacterial proteins and molecular
mimicry of these proteins towards PDC-E2 is responsible for PBC
development. This possible mechanism is supported by the clear
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association of PBC with recurrent urinary tract infections, com-
monly due to E. coli [58, 59], and by a study showing that infection
of mice with N. aromaticivorans induces the generation of antibod-
ies against the PDC-E2 and a natural killer T (NKT) cell-mediated
immune response against bile ducts evocative of what is observed
in PBC [60, 61].

A specific biliary microbiota in PBC patients has been suggested
in one study that analyzed bile of PBC patients undergoing liver
transplantation in comparison to bile from patients undergoing
cholecystectomy because of cholecystolithiasis, gastric cancer, or
donor operation of living donor liver transplantation [62]. The study
applied culture and PCR of bacterial 16s rDNA followed by cloning
and sequencing of 200 amplicons in total. Bacteria detected in PBC
patients were mainly Gram-positive cocci, whereas Gram-negative
bacteria were predominantly found in cholecystolithiasis patients. In
the patients without primary hepatobiliary disease, bile bacteria
were only detectable in 1 out of 12 patients. The latter result is in
disagreement with the above described study in healthy pigs in
which a complex biliary microbiota was found in all analyzed ani-
mals [26]. However, differences might be explained by the more ad-
vanced and possibly more sensitive methods used by Jimenez et al.
[26]. Whether changes in biliary microbiota are functionally linked
to PBC development or progression remains to be determined.

Primary Sclerosing Cholangitis

PSC is a chronic inflammatory disorder affecting small and
larger bile ducts causing structuring and malignant complications
at later stages of the disease. PSC is a heterogeneous disorder, en-
tailing genetic, immunologic, and environmental aspects. Impor-
tantly, about 70-80% of individuals with PSC also present with
IBD, mostly UC, while only about 5% of patients with UC have
PSC [63]. This association in particular led to multiple speculations
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about a putative gut-derived microbial trigger reaching the biliary
epithelium via a leaky gut’ and the enterohepatic circulation [64].
Indeed, experimental small bowel bacterial overgrowth in rats
caused hepatobiliary inflammation resembling histological and
cholangiographic features of PSC [65]. Improvement of biliary in-
flammation by treatment of these rats with mutanolysin, a pepti-
doglycan-degrading enzyme, suggested an involvement of mi-
crobe-associated molecular patterns (MAMPs) in the induction of
biliary disease [66]. Additional indications that microbial triggers
might be involved in PSC induction or progression come from
clinical trials and case reports describing an improvement of liver
enzyme serum levels upon antibiotic treatment of PSC patients
[64]. However, the strongest genetic risk loci associated with PSC
are found in the HLA complex, in regions that only partially over-
lap those associated with IBD and that are more evocative of auto-
immune diseases [42]. Autoantibodies against biliary epithelial
cells can be detected in 63% of patients with PSC [67]. Of note,
these autoantibodies include atypical perinuclear antineutrophil
cytoplasmic antibodies (p-ANCAs) that can recognize the autoan-
tigen beta-tubulin isotype 5 (TBB-5) and its bacterial homologue
FtsZ, which is expressed by almost all commensal bacteria [68]. In
IL-10-deficient animals that develop a spontaneous chronic enter-
ocolitis, p-ANCA, anti-TBB-5, and anti-FtsZ were detectable in
presence of the microbiota but not in germ-free animals, suggest-
ing an involvement of microbial triggers in the formation of these
antibodies [68]. Furthermore, binding of autoantibodies to biliary
epithelial cells results in an upregulation of TLR expression, which
in turn might sensitize the biliary tract to microbial products [69].
Recently, one genetic association has been reported that indi-
cates a possible involvement of the microbiota in PSC. A polymor-
phism that generates a dysfunctional fucusyltransferase-2 (FUT2)
protein is associated with PSC [25] and also CD [70]. FUT2 regu-
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lates protein glycosylation, namely fucosylation. Fucosylated pro-
teins are shed into the intestinal [71] and biliary [25] lumen. They
have a major influence on microbial metabolic pathways of intesti-
nal commensals and reduce the expression of bacterial virulence
genes [71]. The FUT2 genotype influences the microbiota composi-
tion of the intestine [70] and of the bile collected during ERCP of
PSC patients [25]. Increased abundance of Firmicutes and decreases
in Proteobacteria presence and overall species richness in the bile
have been associated with dysfunctional FUT2 [25]. Intestinal mi-
crobiota in PSC patients has been analyzed in a small cohort. Only
minor alterations, i.e. slightly reduced overall diversity and a 2-fold
decrease in Clostridiales II abundance, were found in PSC patients
compared to controls and to IBD patients without PSC [72]. Alto-
gether, although compelling evidence for specific microbes associ-
ated with PSC is still lacking, the examples described above provide
some evidence that microbial triggers influence PSC progression.

Conclusion

During the last years, multiple studies have suggested that bil-
iary diseases (as reviewed here) and chronic liver diseases [1, 2, 73]
are influenced by the microbiota. The intestinal microbiota re-
ceived major attention since it was demonstrated that proinflam-
matory MAMPs reach the liver via the enterohepatic circulation

and trigger hepatic inflammation. However, the notion that the
biliary system by itself may contain a complex microbiota opens
the discussion on possible links of biliary dysbiosis with inflamma-
tory diseases of the biliary as well as of the hepatocellular system
(fig. 1). Studies of the biliary microbiota are only beginning to
emerge, and already indicate that chronic diseases are associated
with broad modifications of the microbial content. The knowledge
of the impact of the gut and biliary microbiota in biliary disorders
is not only important to better understand the etiologies of these
diseases but may also provide therapeutic solutions in the future.
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