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Summary

Humans harbour large quantities of microbes, including bacteria, fungi, viruses and archaea,

in the gut. Patients with liver disease exhibit changes in the intestinal microbiota and gut

barrier dysfunction. Preclinical models demonstrate the importance of the gut microbiota in the
pathogenesis of various liver diseases. In this review, we discuss how manipulation of the gut
microbiota can be used as a novel treatment approach for liver disease. We summarise current

data on untargeted approaches, including probiotics and faecal microbiota transplantation, and
precision microbiome-centred therapies, including engineered bacteria, postbiotics and phages, for
the treatment of liver diseases.
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Introduction

The gastrointestinal microbiome is extraordinarily complex, containing organisms that span
several kingdoms. The composition and functions of the gut microbiota are affected by
several intrinsic and extrinsic factors such as host genetics, disease state, immune health,
diet, socio-economic status, location, and medications [1]. These factors have the potential
to impact liver health directly or indirectly since most liver diseases lie at the crossroads

of addiction, psychosocial and medical disorders [2, 3]. Therefore, it is important to
contextualise human microbial data within these constraints.

Most research to date has been focused on bacteria given that they are the easiest to culture
or characterise and are closely linked with several infectious and chronic diseases. There is
a gradient in the number of bacteria present along the gastrointestinal tract, with the highest
number being in the colon and stool. Firmicutes, Bacteroidetes and Proteobacteria constitute
the major bacterial phyla in the gastrointestinal tract, the relative balance of which contribute
towards the development of enterotypes [4]. The presence, function and interaction of
bacteria with the host, diet, and other kingdoms present in the gut can influence their

impact on disease progression in chronic liver disease and cirrhosis [5, 6]. The presence

of specific microbial taxa such as Lachnospiraceae and Ruminococcaceae members have
been consistently associated with relative health while some members of Enterobacteriaceae
are associated with poor outcomes in liver disease [7, 8]. However, given the redundancies
across pathways, the functions and interactions of the microbiota, rather than their mere
presence, are more likely the major determinants of their impact on the human host.
Microbial therapies targeting bacteria using relatively blunt instruments, such as antibiotics
and faecal microbiota transplantation (FMT), are already standard of care. However, a
nuanced and targeted approach may be necessary, which will require knowledge of the other
kingdoms (fungi, viruses, and archaea) that co-exist and affect bacterial populations.

Although, compared to bacteria, there are relatively far fewer fungi, they can have a major
impact on bacterial populations and humans through direct competition, commensalism, or
production of metabolites. The major fungal phyla are Ascomycetes, Basidiomycetes and
Zygomycetes. Fungi, especially Candida spp, have been evaluated as potential contributors
to poor outcomes in pre-cirrhotic and cirrhotic liver disease [9, 10].

There is an increasing recognition of the “dark matter’ or the currently unidentified
components of the gut microbiota [11]. This is most relevant for the virome, which is the
assemblage of viruses that is often described using metagenomic sequencing of viral nucleic
acids. Viruses are the most abundant biological entities with large heterogeneity in the
environment and within the human host [12]. While there has been an exponential rise in the
number of viral sequences available, there is still scope for improvement in recognition of
these viral-like particles [13]. The virome consists of eukaryotic viruses and bacteriophages
(phages) and other viruses that have manifold effects on hosts directly or through their
impact on bacteria [14]. Several clinical and translational analyses are beginning to shed
light on these trans-kingdom interactions in liver disease [15, 16]. Archaea are a relatively
rare but metabolically active component of the microbiome [17]. They consist of few taxa
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that were initially thought to be methanogens, but their metabolic function might be beyond
the production of methane.

In addition to analysis of the presence, absence or relative abundance of microbial species,
functional analysis is an important concept in microbial research. Functional changes are
essential to modulate the impact of gut microbiota on outcomes and generate therapeutic
responses. Exciting new microbiome-based approaches are being developed, which have the
potential to favourably impact all aspects of liver disease. The basis for microbiome-centred
therapies for liver disease is the intimate relationship between the gut and the liver. Almost
all venous blood from the small and large intestine reaches the liver as the first organ in our
body via the portal vein. The liver entertains a bidirectional communication via secretion of
bile and its constituents, such as bile acids, into the small intestine. Thus, the gut microbiota
is known to modulate the severity of different liver diseases. Preclinical models have also
demonstrated the transmissibility of liver disease by FMT[18].

Traditional therapies for cirrhosis include absorbable and non-absorbable antibiotics. The
major indication for absorbable antibiotics beyond the traditional treatment of infection

is prophylaxis for spontaneous bacterial peritonitis (with predominantly gram-negative
organism coverage [19]). Other aspects of antibiotic use are for hepatic encephalopathy (HE)
treatment and prevention of recurrence. Antibiotics that have been studied for HE treatment
include vancomycin, neomycin, metronidazole and rifaximin [20, 21]. Of these rifaximin is
the only one that is widely used due to its efficacy, favourable adverse event profile and
tolerability compared to the others listed [21, 22]. The mechanism of action of rifaximin

is also interesting and could go beyond a traditional “antibiotic” [23]. However, there
remain questions regarding the specificity of antibiotic use in an era when the frequency of
gram-positive infections, fungal infections and antibiotic resistance is increasing [5, 24-27].

In this review, we summarise data on untargeted approaches, including probiotics and FMT,
and precision microbiome-centred therapies, including engineered bacteria, postbiotics and
phages, for the treatment of liver diseases (Fig. 1).

Probiotics and engineered bacteria

Probiotics are live bacteria that promote health in the host and are considered safe. Although
the beneficial effect of traditional probiotics, such as Lactobacillus and Bifidobacterium,
have been well documented for decades, mechanisms of action have only recently begun to
be elucidated. For example, Lactobacillus salivarius Li01 reduced acute toxin-induced liver
injury and hyperammonaemia by stabilising the gut barrier and restoring bacterial eubiosis
in the intestine of mice [28, 29]. Increased intestinal aryl hydrocarbon receptor activation by
probiotics can increase intestinal expression of antimicrobial molecules, which contributes
to gut barrier protection in preclinical models [30]. Probiotics can also reduce hepatic bile
acid synthesis by enhancing the negative intestinal feedback mediated by fibroblast growth
factor 15 [31].

Several randomised, placebo-controlled clinical trials showed benefits of probiotics in
various liver diseases [32, 33]. Selection criteria for a Cochrane analysis (21 trials) were
randomised clinical trials that compared probiotics in any dosage with placebo or no
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intervention, or with any other treatment in patients with cirrhosis of any aetiology and

HE [34]. Probiotics improved recovery and may lead to improvements in the development of
overt HE, quality of life, and plasma ammonia concentrations, but no difference in mortality
was observed [34]. The benefit of probiotics compared with lactulose was less evident

[34]. Two meta analyses of 28 clinical trials [35] and 22 randomised-controlled trials [36]
included patients with non-alcoholic fatty liver disease (NAFLD). Selection criteria included
randomised and controlled clinical trials testing the effect of probiotics in the treatment of
patients with NAFLD diagnosed on the basis of radiological/histological evidence of fatty
liver and in the absence of alcohol abuse [35, 36]. Probiotics lowered body mass index, liver
enzyme levels and inflammation, and improved diabetes and dyslipidaemia [35, 36].

A common shortcoming is that different clinical trials have used a variety of probiotics,
sometimes in combination with other agents, and the duration of treatment can range from a
few days to years. Few clinical trials have been reproduced with the same probiotic regimen.

Next-generation probiotics have been engineered to further enhance their beneficial effects.
Whole-genome sequencing and molecular characterisation enable the selection of health-
promoting genes that are associated with improved colonisation in the gut, host-bacteria
interaction, immunomodulation, antimicrobial activity or pathogen control [37]. Early
generation of engineered bacteria focused on the production of the anti-inflammatory
cytokine interleukin (IL)-10 (Fig. 2A), which was beneficial in models of preclinical colitis
[38]. IL-22 is a member of the IL-10 cytokine family that exerts beneficial effects on
epithelial cells such as hepatocytes and gut enterocytes [39]. Engineered Lactobacillus
reuterf-secreting mouse 1L-22 were administered in a mouse model of ethanol-induced liver
disease with a dose and frequency that did not increase systemic levels of 1L-22. IL-22
restricted to the intestinal environment stimulated expression of antimicrobial molecules,
such as Reg3g (regenerating islet-derived 3-gamma) in intestinal epithelial cells, which
prevented translocation of bacteria from the intestinal lumen to the liver and reduced
ethanol-induced liver injury, steatosis and inflammation [40]. This exemplifies the beneficial
effect of 1L-22-secreting L. reuteri on increasing antimicrobial activity and improving
host-bacteria interactions in preclinical models (Fig. 2A). Bacterial delivery of the peptide
hormone Glp1 (glucagon-like peptide 1) to the gut can induce insulin production in
intestinal epithelial cells and increase systemic insulin levels [41] (Fig. 2A).

Engineered bacteria are used to consume toxic metabolites in metabolic diseases. Ammonia
is produced by gut bacteria, reaches the liver via the portal vein and is metabolised into
urea. Systemic ammonia levels increase in patients with cirrhosis and are associated with
HE. Probiotic Escherichia coli (E. coli) Nissle 1917 were engineered to metabolise ammonia
and convert it to L-arginine in the gut [42]. Oral administration showed ammonia-lowering
effects and improved survival in preclinical models of hyperammonaemia [42] (Fig. 2B).
However, a recent randomised, double-blind, placebo-controlled phase Ib/lla study was

not successful. Oral SYNB1020 treatment did not lower blood ammonia or change other
exploratory endpoints relative to placebo in patients with cirrhosis and elevated blood
ammonia, despite evidence of the synthetic strain being active and well tolerated (Synlogic
website https://www.synlogictx.com).
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Overall, synthetic bacteria are promising microbes for microbiota-centred therapies. They
can be utilised as precision medicine tools to restore intestinal and/or systemic homeostasis.
Although preclinical models show benefit, the effect of these microbes in clinical trials has
not been confirmed. Several issues need to be further addressed such as pretreatment, dose,
frequency and duration of therapy. Although a stable colonisation of synthetic bacteria is
desirable for host interaction, a continued and long-term colonisation might not be needed
or even desirable. In addition, heterogeneity of the microbiota in individual patients with
chronic liver disease requires a personalised treatment approach. Screening of patients prior
to initiating therapy might guide the use of engineered bacteria.

Microbially generated metabolites influence microbiota-host, trans-kingdom, and inter-
bacterial interactions. These metabolites can be harnessed as therapeutic and or prognostic
factors in liver disease. There remains controversy as to which metabolites are specifically
microbially derived, host-generated or both[43]. Microbially generated metabolites that are
of particular interest are i) bile acids, ii) tri-methylamine oxide (TMAQ), iii) tryptophan
derivatives and iv) short-chain fatty acids (SCFAs) (Table 1). A deeper overview of the role
of metabolites and gut microbiota is published elsewhere[43, 44], especially focused on
NAFLD and non-alcoholic steatohepatitis (NASH) [45].

While microbial metabolites were previously included in the broad spectrum of
“postbiotics”, this has recently been changed by the International Scientific Association
of Probiotics and Prebiotics [46]. The current definition of a postbiotic is “preparation
of inanimate microorganisms ana/or thelr components that confers a health benefit on
the host’. This includes purposely inactivated microbial cells with/without metabolites or
cell components that contribute to health benefits and does not include purified microbial
metabolites or vaccines. Examples of postbiotics used in clinical trials in liver disease are
bile acid modulators and SCFAs.

Bile acids are pleiotropic molecules that are synthesised from cholesterol in a series of steps
before being secreted in conjugated forms into the biliary tract and intestine[47]. Multiple
bacterially driven bio-transformations lead to deconjugation, epimerisation, formation of
secondary, desulfated, oxo- and iso-bile acids[47]. Several taxa have the capability to
deconjugate, de-sulfate and form oxo-bile acids, but few can mediate 7a.-dehydroxylation
and iso-bile acid formation[48]. Bile acid profiles in the serum, stool, and urine vary in
pre-cirrhotic stages of liver disease in those with cholestatic (primary biliary cholangitis
and primary sclerosing cholangitis [PSC]) and non-cholestatic forms of liver disease.
Alcohol-associated liver disease induces a reduction in bile flow which reaches its nadir
during alcohol-associated hepatitis[49]. As liver disease progresses to cirrhosis, the total
bile acid content reduces with continued deconjugation but relatively lower formation of
secondary bile acids [50]. Secondary bile acids have a U-shaped relationship with health,
with levels in the very low and very high range associated with inflammation and intestinal
barrier damage. Direct bile acid-related approaches in the intestine (ASBT [apical sodium-
dependent bile acid transporter] inhibitors, bile acid sequestrants) and liver (ursodeoxycholic
acid [UDCA]) have been studied in pre-cirrhotic liver diseases [51-53]. There is emerging
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data regarding the UDCA analogue Nor-UDCA in several cholestatic diseases and NAFLD
[54, 55], but its direct impact on the microbiome needs to be evaluated. However, agents that
indirectly modulate the impact of bile acids, such as farnesoid X receptor agonists, are being
increasingly tested in NAFLD and other liver diseases with some success, owing to their
ability to modulate the gut-liver axis (partly through changes in bile acid moieties[56-58]).
A recent study on a bile acid analogue, aldafermin, showed that V&il/lonella spp could serve
as a biomarker for treatment success [59]. Changes in secondary/primary bile acid ratios in
faeces and circulation also determine response to FMT and can indicate a return to baseline
after antibiotic therapy in patients with cirrhosis [60, 61].

SCFA production is a major bacterial contributor towards intestinal homeostasis. SCFAs
activate G-protein-coupled receptors, modulate the intestinal immune system and reduce
oxidative stress through the inhibition of histone deacetylases [44]. Acetate, propionate, and
butyrate are produced by several species that vary by individual in their response to dietary
fibre. They have varying impacts on obesity and NAFLD, which are being explored in the
preclinical setting. However, the capability to produce SCFAs is generally considered to be
beneficial to the human host and some studies have specifically selected patients with stools
enriched in SCFA producers as donors for FMT. SCFA levels reduce with advancing liver
disease severity, and interestingly, only propionate and butyrate are extracted by the liver
[62]. Moreover, individual variations in SCFA generation have been linked to differences in
the success of lactulose therapy [63, 64].

Since most butyrate is assimilated by the colonocytes, stool and serum SCFA levels may
not reflect its true bioavailability [65]. Despite this, studies pre- and post-FMT have shown
changes in SCFAs in patients with liver disease and alcohol-associated liver disease. SCFA
enemas and intravenous formulations of butyrate have been studied in conditions other than
liver disease with borderline success [46, 66].

Tryptophan is a complex amino acid whose degradation can occur through human or
microbial pathways with target engagement in widespread organs [40, 43, 44]. Tryptophan
can be directly converted to indole and its derivatives by the microbiota or can enter

host kynurerine or serotonergic metabolic pathways [43, 44]. The balance between these
pathways is being explored but by and large the intestinal barrier is strengthened by indole-
related metabolites in alcohol-associated liver disease [39, 67]. On the other hand, oxindoles,
kynurerine-related and other tryptophan metabolites are associated with poor outcomes in
cirrhosis with and without HE [68-72].

Choline degradation by a wide range of gut microbes results in tri-methylamine
production[73], which is modified by hepatic flavin-containing monooxygenase enzymes

to form TMAQO, which has important patho-physiological and prognostic value in
atherosclerosis and potentially in the metabolic syndrome [74, 75]. In cirrhosis, TMAO

is associated with disease severity and is affected by liver transplantation [72, 76]. Despite
holding promise in heart disease, using rifaximin or probiotics to improve gut health did not
improve outcomes in patients with heart failure in a recent trial [77]. In cirrhosis, TMAO
generation is likely a functional test for the gut-liver axis.
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The human virome consists of approximately 1013 particles per individual and is dominated
by phages [14]. Phages are viruses infecting bacteria that are usually classified based

on their structure (morphology) and sequence [78]. Phages are incredibly diverse and

can have host ranges from extremely specific (such as particular strains of a species) to
extremely broad, encompassing multiple genera [79]. Phages are categorised as virulent or
temperate based on their functional behaviour. Virulent phages strictly follow a Iytic life
cycle. Lytic phages recognise the receptor on the bacterial cell wall surface and inject their
DNA via their tail into the bacteria. Phage genomic nucleic acids are replicated inside the
bacterium by hijacking the bacterial cell machinery. After progeny virions are assembled,
phage enzymes lyse the bacterial cell wall from the inside resulting in a release of the
newly assembled phages to the environment. Released phages continue entertaining this
self-perpetuating prey-predator relationship [80]. Temperate phages can similarly inject
DNA (possibly containing drug resistance and virulence factors) into bacterial cells, which
then become integrated into the host’s chromosome as prophages [14]. Temperate phages
can enter a lytic life cycle under certain circumstances.

Changes in the faecal virome and phageome have been described in alcohol-associated

liver disease, NAFLD and cirrhosis. While viral diversity was increased in patients

with alcohol-associated liver disease and alcohol-associated hepatitis, compared with non-
alcoholic controls [81], more advanced NASH was associated with decreased viral diversity
compared with patients with less advanced NAFLD or control individuals [82]. Patients
with cirrhosis (mixed aetiology) showed a similar phage diversity as healthy controls [16].
Faecal Escherichia-, Enterobacteria-, and Enterococcus phages were higher in patients with
alcohol-associated hepatitis, together with a significant increase in mammalian viruses

such as Parvoviridae and Herpesviridae [81]. Escherichia, Enterobacteria, and Lactobacillus
phages were more abundant in patients with advanced NAFLD [82]. Whether changes in the
intestinal virome translate into modifications of the bacterial microbiota (or vice versa) and
eventually affect liver disease progression is currently not known.

Phages were used as anti-bacterial drugs for a long time, but with increasing use of
antibiotics their importance rapidly declined. With the emergence of multidrug-resistant
bacteria, a better understanding of the human microbiota and the advent of sequencing
technologies, phage-based therapies and their use in clinical trials has seen something of

a resurgence. Phage therapy is considered safe even if phage cocktails are administered
intravenously [83]. Efficient treatment of multidrug-resistant bacteria using phages has been
documented in several case reports [83, 84]. A comprehensive overview of studies using
phage therapy in patients with gastrointestinal diseases has recently been published [85].

Phages might be useful in treating diseases other than classic bacterial or pathogenic
infections. A case report showed that ethanol-producing K/ebsiella pneumoniae (K.
pneumoniae) was associated with NASH and is present in 60% of a Chinese cohort of
patients with NAFLD [86]. Oral gavage of ethanol-producing K. pneumoniae induced
steatohepatitis in mice [86]. Similarly, FMT of ethanol-producing K. pneumoniae from a
patient with NASH into germ-free mice resulted in steatohepatitis [86]. Selective elimination
of the ethanol-producing K. pneumoniae strain using phages prior to FMT into mice
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prevented development of steatohepatitis [86], indicating that ex vivo phage therapy reduces
liver disease.

The presence of the virulence factor and secreted toxin, cytolysin, in Enterococcus faecalis
(E. faecalis) correlated with liver disease severity and mortality in patients with alcohol-
associated hepatitis [15]. Gnotobiotic mouse studies confirmed the importance of cytolysin
for promoting ethanol-induced liver disease in mice [15]. To demonstrate that cytolytic £.
faecalis are necessary for the development of ethanol-induced steatohepatitis, microbiota
humanised mice were treated orally with phages. Phages targeting cytolysin-positive £.
faecalis reduced ethanol-induced liver injury, steatosis and inflammation, indicating that
lytic bacteriophage treatment can selectively attenuate ethanol-induced liver disease caused
by cytolysin-positive E. faecalis in humanised mice [15].

These studies are excellent examples of how pathobionts contribute to the pathogenesis of
fatty liver diseases. Elimination of these bacteria using phages can decrease liver disease

in preclinical models. Challenges of applying phage therapy in clinical practice include the
narrow host range of some phages, route of administration, the development of bacterial host
resistance and kinetics in the gastrointestinal tract.

Faecal microbiota transplantation—FMT from healthy donor(s) to patients has been
used to alter the gut microbiota and represents an untargeted and novel therapeutic approach
in liver diseases[87]. Initially reported for its ability to cure recurrent Clostridiodes difficile
infection [88], FMT is increasingly being tested in liver diseases. Clinical trials on FMT
have demonstrated safety and favourable changes in gut microbiota composition and
function in alcohol-associated hepatitis and HE (Table 2 and Table S1). Preclinical and
pilot data suggest that FMT may also have a role in the treatment of NAFLD [89, 90], PSC
[91], chronic hepatitis B [92, 93] and hepatocellular carcinoma [94].

M echanistic and experimental studies: Although the molecular mechanism(s) underlying
the action of FMT remains unclear, it is believed to work by restoring the patient’s
microbiome with diverse microorganisms, restoring the normal gut microbiota. As the liver
and gut are connected via the enterohepatic circulation, any alteration in gut microbiota
leads to altered metabolism which indirectly affects the liver. FMT was found to have

a positive effect on liver function parameters and inflammatory mediators known to be

an important driver of cirrhosis-associated complications. FMT may attenuate bacterial
translocation by restoring gut barrier function and/or promoting SCFA synthesis by

gut bacteria [95]. Interestingly, germ-free mice receiving gut microbiota from a patient

with severe alcohol-associated hepatitis developed more severe liver inflammation, worse
liver necrosis, increased intestinal permeability, and bacterial translocation than mice
receiving gut microbiota from patients without alcohol-associated hepatitis [96]. In addition,
FMT prevents the development of ethanol-induced liver lesions and FMT-protected mice
recovered a gut microbiota comparable to that of alcohol-resistant mice [97]. A study in
mice demonstrated that insulin resistance and the fatty liver phenotype could be transmitted
via FMT [90]. To date, FMT studies in NAFLD have mostly been performed in murine
models. Mice fed a high-fat diet had a significant decrease in intrahepatic lipid accumulation
and intrahepatic inflammatory cytokines after 8 weeks of FMT compared with controls [98].
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Similarly, mice transplanted with faeces from patients with NASH showed increased hepatic
steatosis and inflammatory cell infiltration compared to those transplanted with faeces from
healthy controls [99]. Although promising, further FMT studies are needed in earlier stages
of NAFLD to evaluate its effectiveness on altering liver histology and slowing disease
progression in humans.

Clinical studies—Among all liver diseases, patients with severe alcohol-associated
hepatitis caused by chronic and acute alcohol abuse may benefit most from FMT due to
limited therapeutic options. Survival rates in patients with severe alcohol-associated hepatitis
are poor (with mortality rates of up to 30%) and 60% of patients will need a liver transplant
[100]. Two small studies using FMT combined with standard of care showed significant
improvements in 1-year survival rate in FMT-treated patients compared with historical
controls (87.5% vs. 33.3%) [101, 102]. In one of the first pilot studies by Philips et al., 8
male patients with severe alcohol-associated hepatitis who received 7 days of FMT were
compared with 18 matched historical controls with severe alcohol-associated hepatitis who
received standard of care during the same period. Indices of liver disease severity within the
first week of FMT improved significantly in the FMT arm compared to the standard care
arm, and survival was also significantly better in the FMT arm [102]. These results suggest
that FMT improves survival beyond what is offered by current therapies and may be a cost-
effective bridge to liver transplant. Microbial analysis revealed a reduction in Proteobacteria
and an increase in Actinobacteria 1 year after FMT. Importantly, co-existence of donor

and recipient species was seen up to 12 months post-FMT [102]. A randomised-controlled
trial comparing FMT vs. corticosteroid therapy in patients with severe alcohol-associated
hepatitis (NCT03091010 at www.clinicaltrials.gov) is in progress. A recent study also
reported that alcohol craving or consumption and long-term alcohol-related hospitalisations
can potentially be reduced by FMT in patients with alcohol use disorders [103].

In patients with HE whereby bacterial metabolic products can trigger cognitive impairment
after passing the blood-brain barrier [104, 105], FMT represents a promising approach

for modulation of the gut microbiota in association with standard therapy (lactulose

or rifaximin). Pilot studies have demonstrated that FMT enema and oral capsule FMT

can achieve good safety and efficacy in patients with HE [106-108]. In an open-label
randomised trial, 20 outpatients with cirrhosis and recurrent HE were randomised to FMT
preceded by 5 days of broad-spectrum antibiotics or standard of care with lactulose or
rifaximin [109]. HE recurred in 50% of patients in the standard of care arm but no
recurrence was reported in those who received FMT, which was also associated with lower
hospitalisation rates and greater improvement in cognitive tests. Safety and efficacy were
maintained for up to 1 year, with significantly less HE and reduced hospitalisation episodes
in the FMT compared to standard care arm [110]. Improvement after FMT was accompanied
by an increase in faecal microbial alpha diversity and abundance of the beneficial bacteria
Lactobacillaceae and Bifidobacteriaceae [109]. A recent systematic review consisting of 4
human studies and 2 rodent studies reported that FMT overall led to an improvement in
neurocognitive function and a reduction in severe adverse events in patients with HE [111].

In patients with PSC and inflammatory bowel disease, a single dose of FMT was safe and
feasible and was associated with a decrease in alkaline phosphatase levels when patients
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were followed for up to 6 months [91]. However, the use of alkaline phosphatase as a
predictor of outcomes in PSC remains controversial and the lack of validated surrogate
biomarkers in PSC makes it difficult to draw definitive conclusions [112]. Two pilot
studies reported that FMT was associated with a significant reduction in HBeAg titre
compared to that at baseline, but a similar trend was not observed in HBsAg [92, 93]. In
a randomised pilot study of patients with NAFLD, insulin resistance and hepatic steatosis
were not improved, but small intestinal permeability was reduced after FMT. Since elevated
intestinal permeability has been implicated in liver disease, further investigation of FMT
in this population is warranted [89]. Several randomised-controlled trials addressing the
therapeutic modulation of gut microbiota in HE, outcome of severe alcohol-associated
hepatitis, metabolic consequences of liver disease, NASH and fibrosis progression

are currently underway (trials number NCT02485106, NCT02862249, NCT01069133,
NCT02400216, NCT02496390, NCT02424175, NCT01968382 and NCT02469272 at
www.clinicaltrials.gov)

One major concern with FMT in patients with liver disease is the risk of infections. Patients
with cirrhosis are susceptible to infections due to cirrhosis-associated immune dysfunction.
Studies have reported a risk of spontaneous bacterial peritonitis and transfer of multidrug-
resistant bacteria after FMT. Furthermore, not all FMT studies provided specific causes

of deaths for patients [108, 113]. The methods for determining donor eligibility based on
gut microbiota composition varied among studies, ranging from clinical questionnaires and
screening for transmittable pathogens to metagenomic sequencing.

Challenges and future directions

One of the largest gaps in microbiota modulation is the ability to translate these

discoveries into humans and assess their clinical relevance. Better characterisation of the gut
microbiome, metabolome and host response using robust preclinical models, various stages
of liver disease and bigger and longitudinal cohorts of patients will allow us to determine
subtypes of patients with liver disease who would benefit most from microbiota modulation.
Additional research is required to uncover determinants and mechanisms by which gut
microbiome composition would render an individual susceptible or resistant to a specific
intervention. Since several studies showed that modulations of the gut microbiome might be
transient, with reversal back to baseline after a few weeks to months, longitudinal and longer
term studies to identify which therapeutics result in long-lasting microbiota changes and
effective clinical outcomes will be needed. We envision that developing functional assays to
test how individual microbes respond to a particular intervention may unlock the potential of
the gut microbiota as a predictor of clinical outcome.

To date, most studies have relied on analysing microbiota composition using 16S rRNA
gene sequencing, but accurately predicting responses may require analysis of metagenomes
(all the genomic content of a microbiota) and/or meta-transcriptomes (all the genes actively
expressed by a microbiota) to identify responders and non-responders to different types

of intervention. In addition to the bacterial species level, identification of microbiota
communities at the strain level, including those that are present in low abundance yet

have an important role in outcomes, as well as the role of viruses and fungi along with
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bacteria may need to be investigated following FMT [114]. Determining which microbiota
subpopulation should be used to properly stratify patient populations — é.g. the luminal
microbiota, faecal microbiota, mucosa-associated microbiota, or inner mucus-associated
microbiota — will be important, as these microbiota subtypes communicate with the host
or respond to dietary interventions in different ways. Recently, studies have revealed
personalised diet-microbiome associations in humans [115] and used the prediction of
glycaemic responses to guide personalised dietary interventions [116]. Nearly all human
diet studies to date have shown large inter-individual variations in the gut microbiome

and metabolome. Ultimately, the impact of diet on microbiota in liver disease needs to be
controlled for before comparing across populations.

Probioatics, prebiotics, synbiotics, postbiotics, antibiotics and FMT have demonstrated
efficacy and mostly been well tolerated in randomised clinical trials. These untargeted
therapies will likely be replaced by personalised and precision medicine approaches
including bio-engineered bacterial strains or phages that modulate specific bacterial enzymes
and metabolic pathways, which — if successfully tested in clinical trials — will transform

the way liver diseases such as alcohol-associated liver disease and NAFLD/NASH are
managed in clinical practice. With more advanced technologies, more precise interventions
with a better side-effect profile can be developed. It appears likely that in the future,

before initiating any targeted or untargeted microbiome therapies, a detailed analysis of the
patient’s microbiome including metabolite assessment will be performed to determine which
precision medicine approach will be the most likely to improve liver disease.

Currently, the risk to benefit ratio of using FMT to treat chronic liver disease, cirrhosis and
HE remains unclear. Given that patients with cirrhosis have compromised intestinal barrier
integrity and are immunocompromised, there is potential of transmission of unwanted
pathogenic organisms that are not routinely screened for. Transmission of drug-resistant

E. coli from a donor following FMT has been reported and can result in death, hence careful
selection of donor and recipient is necessary to minimise the risks [113]. In 2019, the FDA
updated their protocol on FMT to mandate that donors be screened for multidrug-resistant
organisms and, based on the detection of SAR-CoV-2 in faecal samples of asymptomatic
individuals, donor stool will also need to be screened for SARS-CoV-2 [117]. Openbiome
in the United States demonstrated that less than 2% of individuals who applied to be
donors were ultimately selected[118], and a recent study in Hong Kong found that less
than 1% of potential donors were successfully recruited as regular donors because of the
high prevalence of extended-spectrum beta lactamase-producing organisms in stool [119].
Rigorous screening is crucial as sicker patients and those with more advanced liver disease
are candidates for FMT. Once FMT is administered, patients need to be monitored closely
for unwanted effects in the short- and longer term.

The complexity of chronic liver disease and cirrhosis require a multi-faceted treatment
approach and the possibility of long-lasting cure from FMT alone is highly unlikely

given the multi-factorial nature of chronic liver disease. Unlike Clostridioides difficile,
cirrhosis is the result of decades of liver injury; thus, a realistic expectation of what can be
achieved following microbiota modulation needs to be reinforced. It is clear that microbiota
modulation may be more effective as an adjuvant to existing therapies for liver disease,
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rather than as a sole therapy. Uncertainty also exists regarding the duration and number

of FMT administrations required. For example, it is likely that NAFLD stemming from

a long-standing but slow process will require multiple FMT over time compared to a
rapidly progressing disorder such as alcohol-associated hepatitis. Currently, most studies
have utilised a single donor. It is unclear whether positive results can be reproduced using

a different donor, and to what degree the specific composition of the donor microbiome
affects outcomes. It has been shown in patients with ulcerative colitis and obesity/metabolic
diseases that donor and recipient microbiome profile influenced FMT success [120, 121].
Data on the dose, frequency, route of modulation of gut microbiota, including small

bowel microbiota, are needed for different liver diseases. A PROspective, randomised
placebo-controlled feasibility trial of Faecal mlcrobiota Transplantation (PROFIT) will
assess infusion of FMT or placebo directly into the small bowel instead of the colon,
directly targeting the small bowel bacterial overgrowth observed in patients with cirrhosis
[122], while another randomised-controlled trial is assessing the effect of multiple doses
and concomitant oral capsule and enema routes in patients with HE in the United States
(Clinicaltrials.gov NCT03796598). FMT needs to be universally available, and patients need
to be accepting of this therapy.

In summary, the human gut microbiota potentially plays a major role in the causation and
progression of chronic liver disease, although our understanding of the interaction between
the gut and the liver is still incomplete. There are immense clinical implications for defining
the microbial basis of liver disease, not least for the development of microbiome-centred
interventions that can effectively reduce disease severity and slow progression toward
cirrhosis and its complications. Targeted therapies such as engineered bacteria, postbiotics
and phages have mostly been tested in preclinical models. Ultimately, the efficacy and safety
of microbiota-centred therapeutics need to be evaluated from a rigorous pharmacologic
perspective and in larger randomised-controlled trials in patients with liver disease.
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Fig. 1. Microbiome-centred therapies for patientswith liver disease.
Patients with liver disease show quantitative and compositional changes in the intestinal

microbiota, also called dyshiosis. Intestinal homeostasis can be restored by untargeted
therapies, which include oral administration of probiotics or FMT. The aim of FMT is to
replace the entire dysbiotic microbiota using stool from a healthy donor. Targeted therapies
include phages and bacterial derived metabolites, also called postbiotics. Selective targeting
of bacterial strains by phage therapy can modify liver disease progression in preclinical
models. FMT, faecal microbiota transplant.
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Intestinal lumen

Intestinal
epithelial cells

Lamina propria

(A) Synthetic bacteria can express molecules that exert beneficial effects for the host.
Examples include secretion of IL-22, which can induce AMP secretion such as Reg3

from intestinal epithelial cells to increase luminal antimicrobial activity, or 1L-10, which
exerts immunomodulatory and tolerogenic properties on immune cells in the lamina propria.
Bacterial delivery of Glpl induces secretion of insulin in intestinal epithelial cells to the
systemic circulation and improves glucose tolerance in preclinical models. (B) In addition,
engineered bacteria can metabolise toxic metabolites such as ammonia, which is converted
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into L-arginine. AMP, antimicrobial protein; Glp1, glucagon-like peptide 1; IL, interleukin;
Reg3, regenerating islet-derived 3.
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Table 1.

Examples of postbiotics.

Microbial- Overview of bacterial transformation Examples of clinical and translational investigationsin liver
metabolite disease
pathways
Bile acids « Deconjugation: bile salt hydrolases « Significant changes during alcohol-associated liver disease
» Secondary bile acid formation: 7a progression and alcohol cessation
dehydroxylation * Changes with use of FXR modulators, FMT or rifaximin
* Epimerisation
« Desulphation
Choline « Degraded by several taxa to TMA then « Associated with metabolic syndrome
compounds oxidised in the liver to TMAO « Linked with minimal hepatic encephalopathy
(TMAO) « Reduced pre-transplant but rebounds post-liver transplant
Indole « Balance between human and microbial « Preclinical evidence of strengthening gut barrier with selected
derivatives tryptophan degradation metabolites
« Specific taxa are unclear « High production of oxindole in patients with hepatic
 Metabolites: tryptamine, indole-3-pyruvate, encephalopathy
indole, indole-3-acetamide, indole-3-acetaldehyde, « Associated with mood changes that co-exist with liver disease
indole-3-aldehyde, indole-3-acetic acid, indole-3- « Higher in those who developed negative outcomes in cirrhosis in
lactic acid, indole acrylic acid and indole-3- outpatient and inpatient setting
propionic acid
* Indole sulfation in the liver
Short-chain « Fermentation of dietary fibre and colonic « Varying impact on obesity and high-fat diet response
fatty acids mucus « Butyrate levels reduce with advancing liver disease and alcohol-

associated liver disease
« Varies with lactulose administration
« Restored/enhanced after FMT

FMT, faecal microbiota transplant; FXR, farnesoid X receptor; TMAO, tri-methylamine oxide.
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