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Intestinal homeostasis in autoimmune liver diseases
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Abstract

Intestinal homeostasis depends on complex interactions between the gut microbiota and host immune system. Emerging CVidQ
indicates that the intestinal microbiota is a key player in autoimmune liver disease (AILD). Autoimmune hepatitis, primary biliary
cholangitis, primary sclerosing cholangitis, and IgG4-related sclerosing cholangitis have been linked to gut dysbiosis. Diverse
mechanisms contribute to disturbances in intestinal homeostasis in AILD. Bacterial translocation and molecular mimicry can lead
to hepatic inflammation and immune activation. Additionally, the gut and liver are continuously exposed to microbial metabolic
products, mediating variable effects on liver immune pathologies. Importantly, microbiota-specific or associated immune
responses, either hepatic or systemic, are abnormal in AILD. Comprehensive knowledge about host-microbiota interactions,
included but not limited to this review, facilitates novel clinical practice from a microbiome-based perspective. However, many
challenges and controversies remain in the microbiota field of AILD, and there is an urgent need for future investigations.
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Introduction

The human gut microbiota, which refers to a collection of
microorganisms residing in the host intestinal tract, has
long been recognized to be closely involved in health
maintenance and disease development, modulating almost
every aspect of physiological processes, including i immy.
nity, metabolism, and endocrine and neural activity.'~*!
The microbial community architecture is shaped by
various factors, such as diet, lifestyle, geographic location,
and health status.>! On the one hand, as the first line of
defense against pathogenic mlcrobes, the intestinal
immune system can sustain tolerance to innocuous and
commensal flora and affect both the composition and
function of gut microbiota. On the other hand, gut-
colonizing microorganisms facilitate the establishment of
a mature host immune milieu, leading to skewed immune
responses under certain conditions.”! The dynamic
crosstalk between microbiota and the immune system
has implications for their role in immune-mediated
diseases.

Through the portal veins, the liver is the first organ to
encounter gut-derived products such as microbial com-
ponents, metabolites, toxins, and dietary nutrients,
making it susceptible to intestinal changes. Anatomically
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and physiologically, the liver communicates with the gut
via the enterohepatic circulation of bile, consisting mainly
of bile acids and 1mmun0globuhns actlvely interacting
with the gut microbial community.!! Disturbances along
this complex and highly regulated gut-liver axis contrib-
ute to the pathogenesis of a wide range of liver diseases,
including non-alcoholic fatty liver disease, hepatocellular
carcinoma, chronic viral hepatitis, and autoimmune liver
diseases (AILDS) (5.6l

A growing body of preclinical and clinical studies have
provided evidence that gut microbiota is closely related to
the development of AILDs, including autoimmune
hepatitis (AIH), primary biliary cholangitis (PBC),
primary sclerosing cholangitis (PSC) and IgG4-related
sclerosing cholangitis (IgG4- SC) °I'For instance, non-
obese diabetic (NOD).c3c4 mice developed spontaneous
cholangitis in a normal environment, whereas the
phenotype diminished in a germ-free environment.!'”!
Additionally, a mouse model of AIH, established by
immunizing leukocyte antigen (HLA)-DR3-transgenic
mice with a DNA plasmid coding for human cytochrome
P4502D6/formiminotransferase cyclodeaminase fusion
protein, demonstrated reduced gut bacterial load and
diversity."" In this review, we summarize current
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Figure 1: The understanding of host—microbiota interactions in AILDs. The compositional and functional alterations in intestinal microbiota lead to increased intestinal barrier
permeability. The inflammatory microbes then translocate to the liver, where they can elicit or promote hepatic inflammation, as exemplified by Enterococcus gallinarum in autoimmune
hepatitis and Klebsiella pneumoniae in primary sclerosing cholangitis. The cross-reactive antigens in certain microbial organisms contribute to loss of immune tolerance to autoantigens
and trigger non-infectious inflammation in genetically predisposed subjects. Additionally, the altered levels of microbiome-related metabolites (eg, succinic acid in IgG4-related sclerosing
cholangitis) or microbial components profoundly affect host immune system, establishing a proinflammatory immune milieu. These changed microbiome features are predictive of the
disease status and the prognosis of patients with autoimmune liver disease, and therapeutic strategies targeting the human gut microbiome from various aspects have been shown great

clinical potential. FMT: Fecal microbiota transplantation.

evidence supporting the importance of gut microbiota in
the pathogenesis of AILD and highlight the potential of
microbiota-based clinical applications, including diagnos-
tic and prognostic biomarkers and therapeutic interven-
tions [Figure 1].

Altered Gut Microbiota in AILDs

With the advancement of high-throughput sequencing
technology, microbial profiles of AILD were distinguished
from those of healthy controls (HCs), indicative of the
presence of an abnormal gut ecosystem. Reduced bacterial
diversity, which evaluates taxa richness and evenness, is a
generic feature of AILD gut dysbiosis.[”! Indeed, higher
microbial diversity suggests competition among coloniz-
ing taxa and enables resistance to environmental dis-
turbances, typically reflecting a healthy gut ecosystem.
Notably, decreased alpha diversity in patients with AITH
and PBC was partially reversed after standard thera-
py.!®12 However, longitudinal assessments of microbiota
alterations were lacking in PSC and IgG4-SC cohorts.

Sequencing of the members of the gut microbiota in AILD
has also prompted the identification of individual bacterial
taxa with potential immunomodulatory effects [Table 1].
For example, Veillonella, a gram-negative bacterium
involved in lactate fermentation, was enriched in several
inflammatory diseases and AILDs, although its underlying
mechanisms remain to be studied. Klebsiella pneumoniae, a
pore-forming bacterial strain with validated proinflamma-
tory influences, was highly abundant in 1patients with PSC
and inflammatory bowel disease (IBD).""*! Another obser-
vation revealed the flourishment of Klebsiella genera in the

feces of patients with AIH and PBC, using 16S rRNA
amplicon sequencing.!”>®! In contrast to the abundance of
pathogenic microorganisms, bacteria depleted in patients
can be beneficial. For instance, the abundance of Faecali-
bacterium prausnitzii, which contributes to gut health
maintenance through the production of short-chain fatty
acids (SCFAs), was reduced in PBC, PSC, and IgG4-
SC.3%14 particularly, a decrease in F. prausnitzii was
observed in the treatment non-responder group of patients
with PBC; therefore, F. prausnitzii may have a predictive
capacity for long-term prognosis.l"*! Although many taxa
were consistently altered in several AILDs, some alterations
were unique to a particular disease type. For example,
Liwinski et al''* identified a specific decline in Bifidobacte-
rium abundance in AIH, but not in PBC or ulcerative
cholangitis. In addition, disease-specific taxonomic changes
were detected in PSC and IgG4-SC, including increased
abundance of Ruminicoccus gnavus in PSC and reduced
abundance of Blautia in IgG4-SC."! Nevertheless, individ-
ual taxonomic changes are inconsistent across different
studies. This can be attributed to variable determinants,
including study design, such as stratified disease stage and
medication history of enrolled patients, as well as the race
and geographic location of the investigated subjects

[Table 1].

Notably, microbial members belonging to fungi, viruses,
archaea, and eukaryotes, such as protozoa, also contribute
considerably to the overall gut microbiome community.
All of these taxa, together with bacteria, form a complex
community and tightly interact with each other via diverse
mechanisms, including cross-feeding and niche competi-
tion. A higher prevalence of anti-Saccharomyces cerevisiae
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Table 1: Summary of key gut microbiota studies in AILDs.

Microbiome Metabolites
assessment assessment
Studies Cohort description Sample technique technique Main findings
Lin et al'*’) China; AIH (24), HC (8) Fecal sample Targeted 16S rDNA  NA AIH (vs. HC): Bifidobacteriuml; Lactobacillus|
Wei et al”! China; Explorative cohort:  Fecal sample 16S rDNA NA AIH (vs. HC): Alpha diversityl; Ruminococcaceael;
AIH (91), HC (98); Oscillospiral; Coprococcusl; Clostridialesl;
Validation cohort: AIH Rikenellaceae|; Parabacteroides|; Lactobacillust;
(28), HC (34) Streptococcusts Klebsiellat; Veillonellat
Liwinski Germany; AIH (72), PBC Fecal sample 16S rRNA NA AIH (vs. HC): Alpha diversityl, Faecalibacterium,
et all'?! (99), ulcerative colitis Bifidobacterium), Streptococcus?t, Klebsiellat; ATH
(81), HC (95) (vs. PBC): Facalibacterium?, Bifidobacterium|; AIH
(vs. UC): Bifidobacterium|
Elsherbiny Egypt; AIH (15), HC (10)  Fecal sample 16S rRNA NA AIH (vs. HC): Alpha diversity|, Faecalibacterium?,
et alt®¥ Blautia?, Streptococcust, Haemophilust,
Bacteroides?t, Veillonellat, Eubacterium?,
Lachnospiraceae?t, Butyricicoccus?, Prevotellal,
Parabacteroides), Dilaster|
Tang et al'® China; Explorative cohort: ~ Fecal sample 16S rRNA NA PBC (vs. HC): Alpha diversityl, Oscillospiral,
PBC (60), HC (80); Faecalibacterium), Sutterella), Bacteroides),
Validating cohort: PBC Lactobacillus?t, Streptococcust, Klebsiellat,
(19), HC (34); Veillonellat, Clostridium?, Pseudomonas?,
Longitudinal cohort: Haemophilus?, Enterobacteriaceaet; PBC (before
PBC before and after vs. after UDCA): partially restored dysbiosis
UDCA (37)
Chen et al*!! China, Cross-sectional Fecal and 16S rRNA UPLC-MS/MS, PBC (vs. HC): unconjugated/conjugated BAs],
cohort: PBC (65), HC serum targeted bile secondary/primary BAs|, Veillonellat, Klebsiellat,
(109); longitudinal sample acids Faecalibacterium), Oscillospiral, association
cohort: PBC before and quantification between altered bile acids and gut microbes; PBC
after UDCA (28) after UDCA (vs. before UDCA): unconjugated/
conjugated BAs?, Bilophila spp.1
Furukawa Japan; PBC (76), HC (23)  Fecal sample 16S rRNA NA PBC (vs. HC): Alpha diversityl, Clostridiales),
et all™ Bifidobacterium?, Streptococcus?t, Lactobacillust,
Enterococcus?ty; PBC UDCA responders (vs. UDCA
non-responder): Faecalibacterium?
Lammert USA, PBC with non- Fecal sample 16S rRNA NMR, targeted PBC with advanced fibrosis (vs. non-advanced): Alpha
et all®®! advanced fibrosis (15), SCFAs diversity|, Weisellat, SCFAs?, acetatet
PBC with advanced quantification
fibrosis (8)
Sabino et al'®®’  Belgium; Explorative Fecal sample 16S rRNA NA PSC (vs. HC): Alpha diversity|, Enterococcus?,
cohort: PSC (52), UC Fusobacterium?, Lactobacillust
(13), Crohn’s disease
(30), HC (52);
Validating cohort: PSC
(14), HC (14)
Kummen Norwegian; PSC-IBD (55), Fecal sample 16S rRNA NA PSC (vs. HC): Alpha diversityl, Veillonellat,
et all'¥ PSC alone (30), UC Coprococcus|., Clostridiales. sppl,
(36), HC (263) Phascolarctobacterium), Chrisensenellaceae. sppl
Quraishi UK; PSC-IBD (11), IBD Pan-colonic 16S rRNA NA PSC-IBD (vs. HC): Escherichiat, Lachnospiraceae?,
et all® (10), HC (9) biopsies Megasphera?, Prevotellal, Roseburial, Bacteroides)
Vieira-Silva Belgium; PSC (18), CD Fecal sample Quantitative 16S NA PSC-IBD: Bacteroides 2 enterotypet, Fusobacterium?
et al®® (29), UC (13), PSC-CD rRNA (inflammation associated), Enterococcus?
(20), PSC-UC (26), HC (cholangitis associated)
(66)
Lemoinne France; PSC-IBD (27), PSC  Fecal sample 16S rRNA and ITS2 NA PSC (vs. other groups): Bacterial alpha diversityl,
et al'®! alone (22), IBD alone Veillonellat, Ruminococcus|, Blautial,
(33), HC (30) Faecalibacterium|; Fungal biodiversity?, Exophilat,
Saccharomyces cerevisiae,
Kummen Norwegian and Germany;  Fecal and Metagenomics Targeted LC-MS/  PSC (vs. HC): Microbial genes|, Clostridium species?,
et al?! PSC (136), IBD alone plasma MS Eubacterium spp.|, Ruminococuus obeum), genes
(93), HC (158) samples related to vitamin B6 synthesis and BCAAs synthesis|;
Plasma concentrations of vitamin B6 and BCAAs|
Liu et al'”! China; IgG4-SC (34), PSC  Fecal sample 16S rRNA Untargeted LC-MS/  IgG4-SC/PSC (vs. HC): Alpha diversity|, Coprococcusl,

(37), HC (64)

MS

Faecalibacterium), Phascolarctobacterium),,
Lactobacillust, Fusobacterium?, Veillonellat; L-
palmitoylcarnitinet; IgG4-SC (vs. HC): Blautial,
succinic acidt; PSC (vs. HC): Eubacteriumy,
secondary BAs|

ATH: Autoimmune hepatitis; AILDs: Autoimmune liver diseases; BCAAs: Branched chain amino acids; HCs: Healthy controls; [gG4-SC: IgG4-related
sclerosing cholangitis; IBD: Inflammatory bowel disease; PBC: Primary biliary cholangitis; PSC: Primary sclerosing cholangitis; SCFAs: Short-chain
fatty acids; UDCA: Ursodeoxycholic acid; UC: Ulcerative colitis; UPLC-MS/MS: Ultra performance liquid chromatography tandem mass spectrometry;
BAs: Bile acids; NMR: Nuclear magnetic resonance spectroscopy; ITS2: Internal transcribed spacer 2; LC-MS/MS: Liquid chromatography with
tandem mass spectrometry; NA: Not applicable.
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antibodies was found in AILD, particularly in PSC and
antimitochondrial antibody (AMA)-negative PBC.!'%!7)
In agreement with this finding, gut fungal dysbiosis,
characterized by altered composition, increased fungal
biodiversity, and a disrupted correlation network with
bacteria, was reported in PSC.!'8!

In addition to taxonomic composition, functional changes
in the microbiota have great implications for host health,
given the robust modulatory effects of microbial-derived
metabolic products on host immunity.!"®! First, metage-
nomic shotgun sequencing provides insights into microbi-
al encoding genes and pathways, which assist in
determining dysregulated microbial functional capacities.
The functions related to vitamin B6 synthesis and
branched-chain fatty acid synthesis were reduced in
patients with PSC, and these findings were further
corroborated using circulating targeted metabolite analy-
sis.[*°! Furthermore, the fecal metabolome represents a
functional readout of the gut microbiome, making it a
novel tool for examining the links among microbiota
composition, microbial metabolites, and host pheno-
type.l*!! For instance, succinic acid, a potential microbial-
derived metabolite, was elevated in the feces of patients
with IgG4-SC.! However, metagenomics or untargeted
metabolomics exploring metabolic changes in microbiota
remain uninvestigated in AIH and PBC, and future in-
depth multi-omics integrative studies are also required to
gain deeper insights into the underlying causative
mechanisms.

Potential Mechanisms of Microbiota Contributing to AILD

We cannot yet determine whether dysbiosis of the gut
microbiome occurs in response to disease status or
whether it actively engages in the development and
progression of disease pathogenesis. However, emerging
evidence from murine models sheds light on how micro-
biota-derived and microbiota-modified metabolites con-
tribute to AILD."*>?3 As immune-mediated inflammation
is an essential aspect of AILD pathology, excessive
exposure to gut microbes, associated products, and
ensuing hyperactivation of intestinal, hepatic, and possi-
bly systemic immunity involving innate and adaptive
components underlies the mechanistic framework of liver-
microbiota crosstalk in AILD [Figure 1]. The current
understanding of how the microbiota is involved in AILD
pathogenesis is discussed below.

Bacterial translocation

The integrity of the gut epithelium is required to establish
equilibrium between host immunity and the microbiome.
Impairment of the gut barrier and the subsequent
translocation of microbial organisms have long been
correlated with various acute and chronic liver diseases. In
support of this hypothesis, increased intestinal permeabil-
ity and translocation of the cytolytic Enterococcus faecalis
to the[214iver were detected after ethanol administration in
mice.

In AILD, studies have provided more evidence to reveal
the fundamental role of aberrant translocation of micro-
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biota-derived products in disease development. Reduced
expression of tight junction proteins and higher serum
levels of bacterial lipopolysaccharides have been observed
in ATH.!**! A recent study elegantly proposed a direct link
between breaches of the epithelial barrier and the
consequent liver and systemic autoimmune pathologie-
s.12'Enterococcus gallinarum DNA was found in the AIH
liver, and the levels of serum IgG antibodies against
E. gallinarum RNA were elevated in most of the recruited
patients with AIH. Importantly, the detection of higher
cellular autoantigens expressed on primary human
hepatocytes activated by E. gallinarum is likely to
establish a causal effect of microbiota aberrancies in
AIH.*®) Nakamoto et al'"¥ reported that a strain of
K. pneumoniae isolated from the feces of patients with
PSC-IBD disrupted intestinal epithelial integrity, triggered
bacterial translocation, and promoted hepatic Th17
immune responses in response to 3,5-diethoxycarbonyl-
1,4-dihydrocollidine feeding, ultimately leading to aggra-
vation of cholangitis. Consistently, a higher presence of
enteric bacteria was detected in bile duct samples of
patients with PSC, particularly those with more severe
stenosis.!?”! Deficiency of toll-like receptor 2 (TLR-2), a
vital receptor facilitating the expression of tight junction
proteins, exacerbates gut leakiness and leads to subse-
quent bacterial translocation to the liver in dnTGFBRII
mice, a well-characterized murine model of PBC.
Importantly, the cholangiopathies could in part be
mitigated after microbiota clearance with antibiotic
treatment.>®!

In addition to the disruption of the intestinal physical
barrier, antibody deficiency is also a primary contributor
to the abnormal localization of intestinal flora. Among all
antibody isotypes, IgA antibodies represent a key aspect of
immune defense at the mucosal barrier.l"! As a case in
point, many studies argued that secretory IgA antibodies
(sIgA) within the intestinal lumen controlled the coloni-
zation and motility of pathogenic bacteria while mediating
host immune tolerance against certain commensal
taxa.””) Patients with PBC exhibited a marked reduction
in duodenal sIgA levels relative to non-disease controls,
which may alter mucosal immunity and serve as a portal
for bacterial access to the hepatobiliary system.*°

Overall, these findings suggest that the gut microbiota of
patients with AILD exhibits abnormal contact with the
host immune system and is capable of triggering
immunopathology within the liver via various approaches.

Molecular mimicry

Previous epidemiological studies of large cohorts have
established a link between prior bacterial infection and
subsequent development of AILD, highlighting the
possibility of an infectious etiology." 1 Molecular mimicry
was proposed early as a possible mechanism for elucidat-
ing microbial effects on immune-mediated inflammation.
Supporting this hypothesis, serum antibodies in patients
with PBC have been reported to react with various
microbial components, such as beta-galactosidase of
Lactobacillus delbrueckii®*' and lipoylated E2 subunits
of the pyruvate dehydrogenase complex (PDC-E2) epitope
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from Novosphingobium aromaticivorans.*¥! Immune
cells can be cross-activated by microbial antigens and
thus become autoreactive. The autoantigen of PBC, which
is PDC-E2, has been identified. Accordingly, researchers
have revealed that Escherichia coli infection in genetically
predisposed PBC mice (NOD.B6 1dd10/Idd18 mice
harboring loci essential for bile duct injury) disrupted
immune tolerance against PDC-E2 and led to biliary
pathology.®*  Similarly, infection of mice with
N. aromaticivorans induced signature AMA in serum
and infiltration of natural killer T (NKT) cells in the liver
that 1n1t1ated immune responses against small bile
ducts.l*?

Molecular mimicry has also been observed in other
diseases. Atypical perinuclear anti-neutrophil cytoplasmic
antibodies (p-ANCA), present in the sera of patients with
AIH and PSC, recognize both B- tubulm isq _Xpe 5 (TBB-5)

and bacterial cell division protein FtsZ.1® Intrlgumgly,
exposure to gut microbiota is an important prerequisite
for thls cross-reactivity, reinforced by the observation that
IL-107~ mice with normal gut microbiota developed p-
ANCA with dual react1v1t1es, but not wild-type mice in a
germ-free context.l*®! Collectively, these findings indicate
that abnormal immune responses against enteric bacteria-
derived antigens with structural resemblance to host
antigens play a pivotal role in AILD pathogenesis.

Microbiota-derived metabolites

In addition to cross-reactivation with foreign antigens,
host immune responses are also controlled by various
microbial metabolic products, such as bile acids, indole
derivatives, SCFAs, and sex hormone derivatives.*®!
Among them, bile acids are produced in the liver, modified
by gut microbiota, and reabsorbed into the blood via
enterohepatic circulation and significantly influence local
and systemic immunity.l**! Well-known receptors medi-
ating bile acid signaling are the nuclear receptor farnesoid
X receptor (FXR) and transmembrane receptor G protein-
coupled BA receptor (TGRS), both of Wthh are closely
involved in host immunity and metabolism.**! Bile acids
with distinct molecular structures differentially activate
these bile acid receptors and various downstream
signaling pathways.[**! The altered profiles of bile acids
have been delineated in AILD, particularly in PBC and
PSC. In general, reduced secondary bile acid levels and
elevated prlmary bile acid levels are features of cholestatic
AILD.”*11 In accordance with these observations, the
anti-inflammatory effects of secondary bile acids were
elucidated, as exemplified by the finding that deficiency of
secondary bile acids following gut dysbiosis, mostly
lithocholic acid (LCA) and deoxychohc acid (DCA),
aggravated intestinal inflammation.!** Addltlonally, the
conjugation pattern of bile acids also differs in AILD,
although the potential mechanism merits further investi-
gation. As a case in pomt the con]ugated/uncon]ugated
ratio increased in PBC.[*! Overall, intestinal dysbiosis is
partially responsible for the above changes, mediated by
variations in encoded bile acid metabolism enzymes
particularly 7a-dehydroxylase and bile salt hydrolase." o1
Further validation of the effect of bacterial bile acid
metabolism on AILD has been conducted. Microbiota

WWW.CIj.org

depletion via antibiotic treatment exacerbated the chole-
static phenotype in multidrug resistance gene 2 knockout
(Mdr2™") mice via reduced FXR signaling activated b;r
secondary bile acids, such as LCA and DCA.l
Importantly, the crosstalk between bile acids and gut
microbiome is a two-way interaction. Bile acids can also
regulate the composition and function of gut microbiota
through intrinsic detergent antimicrobial properties, as
well as indirect effects on immunity modulated by bile acid
receptor signaling.!”! Reduced levels of bile acids,
particularly secondary bile acids, are associated with
bacterial overgrowth, which has also been observed in
PBC and other advanced liver diseases.!**+*¢!

Moreover, the microbiota is implicated in the observed
sexual bias in autoimmunity, which is particularly
intriguing given the female predominance in ATH and
PBC and their abnormal gut microbiota.*”! The gut
microbiota deconjugates host estrogen through secretion
of B- glucuronidase and produces estrogenic metabolites
such as equol and enterodiol from dietary phytoestro-
gens.*8 Such changes in relevant metabolic pathways are
consequently manifested by changes in sex hormone
profiles. Fecal microbiota transplantation (FMT) from
adult male mice to immature females led to microbiota
community alteration and robust autoimmunity protec-
tion in a NOD-mouse model of type 1 diabetes;
particularly, these protective effects were reliant on
androgen receptor activation.!**! Interestingly, increased
androgen levels in NOD mice were observed with the
enrichment of particular bacterial consortia, which were
capable of eliciting higher androgen production; thereby,
a positive feedback loop may exist between gut microbiota
and host sex hormones.[*”! For example, testosterone
treatment completely suppressed liver inflammation in
female mice, whereas male mlce became susceptible to
liver injury ‘after castration.’®] These findings provide
intriguing insights into AILD, where sex hormones are
closely related to disease pathogenesis.

Immune Crosstalk Between Gut and Liver

The gut and liver immune systems are constantly exposed
to variable proinflammatory insults from the intestinal
content, poised for rapid responses mainly involving
innate immune responses. The innate immune system is
generally tolerant to microbial presence under steady-state
conditions, coordinated by several redundant innate
immune cell subsets and intracellular pathways with
polyreactive specificities. In the context of AILD, innate
immune tolerance is gradually lost, and the host innate
immune system reacts to the deleterious antigenic load.
PAMP receptors, including TLRs and NOD-like receptors
(NLRs), are broadly expressed in liver parenchymal and
stromal cells such as Kupffer cells. Their activation and
propagation mediate a proinflammatory program in AILD
pathogenesis.

The role of the gut microbiota in unconventional T cell
modulation is indispensable. Mucosal-associated invari-
ant T (MAIT) cells, a novel subset of innate-like T cells
restricted by MHC class I (MR 1), are markedly activated
and expand in response to commensal-derived riboflavin
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derivatives.®?! Growing evidence also reveals that MAIT
cells contribute to antimicrobial responses and are
considered the “firewall” against pathogens lining the
enterohepatic epithelial barrier.!®? Mechanlstically, liver
MAIT cells can upregulate the expression of CD40L and
IFN-v in response to E. coli- exposed liver macrophages, B
cells, and biliary epithelial cells.’*" Consistently, the
frequency and anti-bacterial program of MAIT cells were
downregulated in the liver and blood of patients with
PBCP**>3! and the peripheral blood of patients with
PSC®! compared with those in non-diseased controls.
Notably, these defects were per51stent in PBC even in the
biochemical remission phase,**! indicating the persistence
of impaired defense against pathogens and related toxic
products. In contrast, MAIT cells can adopt a proin-
flammatory fate in AIH. Increased MAIT cells were
recruited from the periphery to the liver in AIH and
exhibited enhanced granzyme B act1v1t¥ a possible
contributing factor to hepatocyte injury."””! Interestingly,
abnormal MAIT cell distribution in AIH remained
unchan%ed after the standard immunosuppressive re-
gime.””! The failure of standard treatment to reverse
abnormal immune milieu in AIH and PBC underscores the
importance and necessity of identifying other novel
microbiome-based therapeutic targets. Furthermore, the
different changes in MAIT cell responses among PBC,
PSC, and AIH showed a contextual influence on the
functional outcome of specific immune cell subsets.

Unconventional T cells, such as y3 T cells, also participate
in liver pathogenesis via immunomodulatory programs,
particularly in response to bacterial stimulation. For
example accumulation of y8 T cells in the liver of Mdr27~
mice produces high levels of IL-17 to perpetuate biliary
duct lesions after exposure to translocated Lactobacillus
gasseri from the gut.’® Notably, unconventional T cells
generally function synergistically as a network rather than
as an individual cell subset. For instance, yd T cells and
MAIT cells secrete type 17 cytokines and are closely
involved in immune surveillance and barrier integrity
maintenance,>*°%

The disturbed balance between the regulatory and effector
aspects of adaptive immunity is well delineated in AILD
pathogenesis, and intestinal homeostasis is required for
balance maintenance. For example, patho éenic Th17 cell
responses implicated in AIH pathogenesis'>”! are to a great
extent induced and educated by the intestinal microbiota.
A recent investigation conducted by Renand et all”!
provided a detailed description of the circulating and
hepatic immune profiles in adult patients with AIH. First,
CD8*CD161" cells were increased in AIH blood and liver.
Intriguingly, CD8*CD161" cells were previously reported
to be enriched w1th1n the gut and shown to have potent
antiviral memory.!®

The migration of immune cells primed in the gut to the
liver is also postulated as a potential mechanism mediating
gut microbiota-liver immune crosstalk in AILD patho-
genesis. Lymphocyte recruitment to specific tissues from
the periphery is regulated by interactions between a range
of chemokines and adhesive molecules expressed in tissues
and their corresponding receptors on specific immune cell
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lineages. In particular, integrin a4B7 and C-C motif
chemokine receptor 9 (CCR9) are highly expressed on
effector memory T cells with intestine-homing capability,
and accordingly, their corresponding ligands’ mucosal
address in cell-adhesion molecule-1 (MAdCAM1) and C-
C chemokine ligand 25 ( CCLZS ) are also highly expressed
in the gut endothelium./®!! AILD liver was marked by
increased expression of chemokines or adhesive molecules
with heightened attraction for gut-primed cells in
intestinal homeostasis disruption. For example, PSC livers
exhibited aberrant expression of gut-specific molecules
MAdCAM1 and CCL25, and a4B7® CCR9* T cells
accounted for 20% of liver infiltrating lymphocytes.!®*!

In addition to changes in chemokine molecule expression,
immune cell migration can also be antigen dependent. A
higher proportion of memory T cells in the liver and colon
demonstrated shared clonotypes in patients with PSC and
IBD compared with those in normal liver and colon,
illustrating their reactivity to similar antigens.'®¥ Using
novel transgenic mice that express ovalbumm on enter-
ocytes and biliary epithelial cells, Seidel ez al'®* demon-
strated that, following the development of antigen-
dependent colitis or dextran sodium sulfate colitis, the
gut-primed antigen-specific CD8" T cells were transferred
to and infiltrated into the liver and subsequently elicited
immune-mediated cholangitis, affirming the notion of gut-
priming immune cells in liver autoimmunity.

Antigen-presenting cells also contribute to immune cell
migration between the gut and the liver and mainly act via
two mechanisms. First, intestinal inflammation is suffi-
cient to induce the activation of liver dendritic cells (DCs),
cooperating with the transferred antigen-specific T cells,
and results in 1nﬂammatory immune responses against the
common antigen.!®* Second, activated DCs primed in the
gut can also migrate to the liver where they can directly
lead to non-specific immune attacks against parenchymal
cells.!®! As a case in point, the interdependence of
microbiota intestinal immunity (DCs), and hepatic
immune responses (NKT cells) were well deﬁned 1n the
concanavalin A (ConA)-induced hepatitls model.l**! First,
pathogenic bacteria exacerbated liver injury in the ConA
treatment group. Second, the number of intestinal DCs
increased following ConA treatment. Considering the
similar DC activation patterns in the Peyer’s patches and
liver, the observation indicated that intestinal DCs
possessed homing abilities to adjacent liver organs.
Finally, after stimulation with pathogenic bacteria, DCs
promote NKT cell effector functions by targeting
hepatocytes.

Clinical Applications
Clinical role of microbiome biomarkers

Diagnostic signature

Several seminal studies on the microbiota of patients with
AILD have uncovered its potential for clinical applica-
tions in disease status classification. The diagnosis of
AILD, particularly ATH, is based on invasive liver biopsy,
which bears procedural risks and has relatively low
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acceptance by patients. Instead, mathematical models
based on microbiome profiles exhibit high accuracy in
disease discrimination. First, microbiome-derived signa-
tures can effectively distinguish patients with AILD from
HCs. Here, we reviewed several cohort studies with
relatively large sample sizes. A cross-sectional study of
biopsy-proven AIH reported the use of four genera,
including Veillonella, Lactobacillus, Oscillospira, and
Clostridiales, to discriminate patients from HCs with an
area under the curve (AUC) of 0.78 in the explorative
cohort, and yielded an AUC of 0.81 in the validation
cohort.”] In PBC, a microbiome-derived signature of 12
genera displayed an AUC of 0.86 in the test cohort and
was subsequentgr validated with an AUC of 0.84 in
validation data.’®! Similarly, a diagnostic model of PSC
encompassing Enterococcus, Lactobacillus, and Fuso-
bacterium yielded a precise classification of 95% among
the tested sub]ects and was independently validated with
an AUC of 0.72.1°¢! Another PSC cohort reported better
performance using disease-associated genera, which
showed an AUC of 0.78 in explorative analysis.I'¥
Furthermore, microbial metabolic activities are generally
more stable than taxonomic composition; therefore,
microbiota-derived metabolites also serve as surrogate
biomarkers for AILD and outperform taxonomic sig-
natures under certain circumstances. In IgG4-SC and HC
differentiation, the fecal metabolites associated with
disease status were better biomarkers than the differential
microbial genera.””! In brief, microbiota provides novel
tools for discase differentiation in AILD, as exemplified bgf
how fecal metabolites discriminate IgG4 -SC and PSC.!
Given the influence of geographic location, race, and
lifestyle on the gut microbiota, it may be imprudent to
extrapolate the model to a different population. Therefore,
a meta-analysis integrating cohort data from different
geographic regions may be more effective in deriving
reproducible models. Random forest models built on
differential microbiome data discriminated PSC and HC
in both German and Norwegian cohorts, with an average
AUC of 0.88,'°”! thus establishing a reproduc1ble micro-
biota model mdependent of geographic location.

Implications for evaluation of disease severity and
prognosis

Multiple cross-sectional studies have documented the
association between the AILD disease phenotype and
perturbation of gut microbiota. The enrichment of
pathogenic taxa and depletion of commensal taxa reflect
disease severity. For example, Veillonella was enriched in
AIH with advanced hepatlc 1nﬂammat10n and in PSC with
a higher Mayo risk score.!”"*! A decline in Bifidobacte-
rium abundance is assoc1ated with increased disease
activity in ATH.!"?'Blautia was depleted in IgG4-SC with
higher transaminase levels and in PSC with an increased
degree of cholestasis.[”"'®!

Microbiome-derived metabolites are also indicative of
disease severity. For instance, fecal acetate and butyrate
levels were higher in advanced fibrosis patients with
PBC.I*8 Succinic acid was positively associated with
transaminase in patients with IgG4-SC. Moreover,
reduced levels of secondary bile acids, specifically DCA
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and LCA, are associated with heightened cholestasis in
PSC.

Furthermore, the microbiota represents a source for
disease stratification and treatment response prediction.
Ursodeoxycholic acid (UDCA) is the standard treatment
for PBC; however, some patients fail to respond to UDCA.
Therefore, screening candidate non-responders is essential
for future precision treatment. Investigations of fecal
microbiota in PBC demonstrated that UDCA non-
responders exhibited a parallel reduction in Faecalibacte-
rium abundance at baseline, and this decrease can be
predictive of long-term prognosis in PBC.I"*! Similarly,
depletion of Bifidobacterium was observed in patients
with AIH without biochemical remission.!"*! More recent
studies of icteric PBC have revealed the reciprocal
interplay between bile acid sequestrant treatment
responses and microbiota alterations. In particular,
SCFA-producing taxa and serum SCFAs, including valeric
acid and caproic acid, were elevated in patients with
superior remission.!®”! In PSC, decreased microbiota-
mediated bile acid modification and its subsequent effects
on he?atlc bile acid synthesis affect disease progres-
sion.[*?! Specifically, patients with PSC showing a higher
ratio of primary/secondary and conjugated/unconjugated
bile acids were more likely to progress to end-stage biliary
cirrhosis. Serum C4 level, suggestive of hepatic bile acid
synthesis and concordant with microbiota-mediated bile
acid profile changes, was another predictor of patient
survival.

Advances in high-throughput sequencing technology over
the past few decades and reduced costs have dramatically
promoted the clinical implementation of microbiota
knowledge. However, there are several limitations to
the application of microbiota signatures in determining
disease status and/or prognosis. Various exogenous and
endogenous factors shape the gut microbiome, including
genetics, age, sex, disease, and lifestyle, posing a challenge
in determining true disease-related microbial information.
The human microbiota is temporally dynamic; hence,
repeated measurements are required to accurately exam-
ine microbiome variations. Furthermore, uniform se-
quencing platforms across the microbiome research
community could yield more reproducible and interpret-
able microbial signatures. Finally, microbiota data are
multi-dimensional; therefore, data analysis and integra-
tion are statistically challenging.

Therapeutic manipulation of microbiota

Dietary intervention and prebiotics

Altered food preferences led by a westernized lifestyle can
partially explain the increased incidence of autoimmune
diseases, as evidenced by a proinflammatory immune
phenotype (g)roﬁle in urban residents compared with rural
residents.”"! Additionally, diet has a great impact on
microbiota composition. Hence, dietary modulation can
be an ideal approach for modifying microbiota configura-
tion. As a case in point, higher protein intake was reported
to correlate with beneficial Bifidobacterium in AIH, which
deserves further study to evaluate therapeutic value.
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Other modulating approaches include prebiotics that can
support the growth of certain beneficial taxa. Dietary fiber
and inulin, both indigestible polysaccharides and fer-
mented by the intestinal microbiota, ameliorated liver
lesions in experimental AIH mice.71:72]

Probiotics

Given that AILD is characterized by a reduced abundance
of beneficial taxa, administration of commensal bacteria,
also termed probiotics, can be of therapeutic value.
Lactobacillus rbamnosus GG, a well-characterized probi-
otic strain, prevents liver fibrosis in Mdr2™~ mice and bile
duct-ligated mice by reversing reduced intestinal FXR
signaling and facilitating bile acid excretion through feces
and urine.”*'Bifidobacterium animalis subsp. lactis 420
(B420) has been widely acknowledged for its immuno-
modulatory effects and has been reported to improve
intestinal homeostasis in experimental animal models and
clinical trials.!”*! Correspondingly, B420 supplementation
in experimental AIH mice led to improved liver inflam-
mation. More explorative investigations showed that the
beneficial effects were partly mediated by microbiota
community reconfiguration and subsequent intestinal
barrier maintenance, with modulation of receptor-inter-
acting serine/threonine kinase 3 signaling in liver macro-
phages.[”>!  Similarly,  Akkermansia  mucinipbila,
frequently observed to attenuate immunological patholo-
gies, alleviates liver injuries induced by ConA, concomi-
tant with the reduction of multiple proinflammatory
cytokines.[”®! However, it is imperative to remember that
the beneficial effects observed are primarily based solely
on preclinical research. A previous clinical trial that
examined the beneficial effects of a probiotic cocktail
containing four Lactobacillus species and two Bifidobac-
terium species on biochemical parameters and symptoms
in patients with PSC failed to find relevant evidence.l””!
Thus, further clinical studies with larger sample sizes are
warranted.

Postbiotics

The mitigation of the effects of altered microbiota-derived
metabolites, also referred to as postbiotics, provides a
promising source of microbiota-derived therapeutic targets.
This can be achieved through various approaches, including
the administration of exogenous microbiota-derived me-
tabolites, interference with relevant metabolic pathways in
bacteria, and colonization of engineered bacteria with
particular functions. A reduced abundance of butyrate-
producing taxa, especially Faecalibacterium, was consis-
tently observed in AILD.””) Concordantly, butyrate
sodium ameliorated liver injury and improved intestinal
permeability in mice with S100/Freund’s complete adju-
vant-induced ATH, mechanistically via disruption of the
TLR-4 signaling pathway and increasing the ratio of
regulatory T cells (Tregs)/Th17.2%7! Additionally, periph-
eral blood mononuclear cells from patients with AIH
showed dysfunctional aryl hydrocarbon receptor (AHR)
signaling, specifically aberrant inhibition and heightened
non-canonical AHR activation, which drove the imbalance
between Treg and Th17 cell subsets.”® Regarding
therapeutic implications, AHR agonists can restore the
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regulatory ability of Tregs impaired in ATH.”8! In light of
their ability to trigger AHR activation, microbiota-derived
indole derivatives should be optimized for therapeutic use in
future clinical practice.l””

Antibiotics

Clinical assessments of the efficacy of antibiotics in disease
treatment are mainly performed in patients with PSC. With
the administration of variable doses of vancomycin and
metronidazole in 35 patients with PSC, Tabibian et al'®"!
scrutinized the reduction in alkaline phosphatase (ALP)
level as the primary endpoint in PSC, with Mayo clinical
score and total bilirubin (TB) as the secondary endpoints.
The results suggested that patients treated with vancomycin
reached the primary endpoint and those treated with
metronidazole showed reduced Mayo clinical scoresand TB
levels. Oral vancomycin was also effective in treating
pediatric PSC. A trial of 14 children with PSC showed that
vancomycin treatment normalized biochemical indices of
patients with non-cirrhosis and improved biochemical
abnormalities in those with cirrhosis, notably PSC symp-
toms recurring after vancomycin discontinuation.®! Inter-
estingly, the autoantibody levels decreased signiﬁcantly or
tested negative after vancomycin treatment,'®!! supporting
the immunomodulatory effects of vancomycin. Indeed,
vancomycin treatment has been reported to interfere with
TNF-a signaling and increase peripheral TGF-B and Treg
levels in patients with PSC-IBD.'*2 More thorough
investigations are needed to decipher the mechanisms by
which vancomycin alleviates the disease phenotype of PSC.

FMT

FMT has been shown to alter the microbiota community
and is effective in the treatment of a myriad of diseases,
including Clostridium difficile infection and IBD. An
open-label pilot study of patients with PSC and IBD was
performed to evaluate the biochemical amelioration and
microbiota-modulation effects of FMT. Specifically, the
results showed no adverse effects were observed, and 30%
of the patients exhibited a >50% reduction in ALP level.
The increased diversity after FMT and the engraftment of
certain taxa were associated with ALP reduction.!®?!
However, the safety and efficacy of FMT in other AILDs
remain elusive and require further exploration.

Concluding Remarks

Accumulating evidence suggests that the gut microbiota is
closely linked to the pathogenesis of AILD, and the
mechanisms responsible for host-microbiota interactions
are increasingly understood. In this review, we highlight
several general concepts that can be applied to AILD.
Microbiota-dependent immune aberrancies are initiated by
intestinal dysbiosis and dysfunctional intestinal barrier.
Subsequent mechanisms include bacterial translocation and
cross-reactivity between bacterial antigens and autoantigens,
as well as microbiota-derived metabolites that promote
cascading inflammatory responses. However, the relevant
microbial organisms and related types of immune responses
are contextually dependent on a combination of several
factors, including host genetic predisposition, environmental
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exposure, and other poorly defined mechanisms. This
dependency helps explain the inconsistency observed in the
experimental and clinical data. There are still unaddressed
problems that need further investigation. The microbiome
profiling of AILD mostly provides taxonomic information
instead of detailed functional annotations. Given the
redundant properties of functional genes across species,
taxonomic information is insufficient to infer the relevant
mechanism through which microbiota dysbiosis contributes
to AILD. Although functional dysbiosis has been previously
reported in AILD, the main findings are based on the
predicted 16S rRNA data, which lack accuracy and
completeness.””** In addition, strain information is lacking
in the AILD microbiota studies. Different strains within the
same species can exhibit contrasting immunogenic proper-
ties.!"! Elucidating the relationship between AILD and the
microbiota also requires the integration of other aspects host
biology, including genetics and cellular biology.[**! More-
over, stool moisture variation is necessary to be considered in
future studies, due to its correlation with faecal microbial
load.!®®! Furthermore, despite the clinical evidence, the
cause—effect relationships between microbiota and AILD are
still far from understood. Therefore, more rigorous mecha-
nistic studies are warranted. Patients with preclinical
subtypes, such as subclinical PBC, can also be longitudinally
tracked to infer a cause-effect relationship.

Altogether, the increasingly comprehensive knowledge of
gut microbiota and intestinal homeostasis has trans-
formed our understanding of host-microbiota interac-
tions in AILD. Despite these extraordinary findings,
investigations of immune system-microbiota interactions
in AILD are still preliminary, and further collective efforts
are required for the formidable task of harnessing
microbiota for novel and effective therapeutics.
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