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The future of clinical trials of gut microbiome therapeutics
in cirrhosis
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Summary

The last two decades have witnessed an explosion of microbiome research, including in hepatology, with studies demonstrating
altered microbial composition in liver disease. More recently, efforts have been made to understand the association of microbiome
features with clinical outcomes and to develop therapeutics targeting the microbiome. While microbiome therapeutics hold much
promise, their unique features pose certain challenges for the design and conduct of clinical trials. Herein, we will briefly review
indications for microbiome therapeutics in cirrhosis, currently available microbiome therapeutics, and the biological pathways
targeted by these therapies. We will then focus on the best practices and important considerations for clinical trials of gut
microbiome therapeutics in cirrhosis.

© 2024 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
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Introduction
With the advent of modern gene sequencing techniques, there
has been an explosion of microbiome research in the 21st

century. This research has reached hepatology, first with
studies demonstrating altered bacterial composition in liver
disease, then expanding to other organisms like fungi and vi-
ruses, as well as to alterations in microbiome function. Most
recently, efforts have been made to connect microbiome fea-
tures to clinical outcomes. Today, microbiome research in
hepatology is focused on the development of micro-
biome therapeutics.

Several recent reviews have expertly described our current
understanding of the gut-liver axis, as well as potential micro-
biome therapeutics in liver disease.1–12 Herein, we will briefly
review indications for microbiome therapeutics in cirrhosis,
currently available microbiome therapeutics, and the biological
pathways targeted by these therapies. We will then focus on
the best practices and important considerations for clinical
trials of gut microbiome therapeutics in cirrhosis.
Indications for microbiome therapeutics
in cirrhosis
Cirrhosis, regardless of aetiology, has been associated with a
gut microbial community distinct from healthy controls.13,14

Patients with cirrhosis exhibit depletion of Faecalibacterium
prausnitzii, which has anti-inflammatory properties, and of
several Coprococcus, Lachnospiraceae, and Ruminococca-
ceae species, which all produce short-chain fatty acids
(SCFAs).13 SCFAs are an important energy source for intestinal
epithelia and therefore impact gut barrier function. Patients with
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cirrhosis have increased abundance of species of oral origin,
and an increased number of genes that contribute to ammonia
production.13 Likely due to alterations in gut microbial
composition, patients with cirrhosis also have elevated intes-
tinal epithelial cell inflammation and a more permeable
gut barrier.15–17

Particular complications of cirrhosis have also been linked to
microbiome dysfunction and are thus potential indications for
microbiome-targeted modulation. Table 1 summarises these
indications as well as potentially targetable biological path-
way(s). Potential future indications also include sarcopenia and
improved quality of life metrics. Fig. 1 depicts the biological
targets of most microbiome therapeutics in cirrhosis, including
bile acid, SCFA, and ammonia metabolism, gut barrier function,
and immune system constituents.

Types of microbiome therapeutics
There are several types of microbiome therapeutics, and
several ways to select a microbiome therapeutic for a specific
indication. Some microbiome therapeutics are derived through
processing of human faeces, which can be purified and nar-
rowed to different degrees (Fig. 2). Other microbiome thera-
peutics, like probiotics and prebiotics, are not derived directly
from donor faeces. Table 2 summarises potential microbiome
therapeutics in cirrhosis, including prebiotics, probiotics, syn-
biotics (combined prebiotic and probiotic), postbiotics, antibi-
otics, bacteriophages, antibodies to specific species, faecal
microbiota transplant (FMT), and selected consortium prod-
ucts. Prebiotics are substrates selectively utilised by host mi-
croorganisms, conferring a health benefit.26 Probiotics are
living microorganisms that, when administered in adequate
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Table 1. Indications for microbiome therapeutics in cirrhosis.

Indication* Possible biological mechanisms

Hepatic encephalopathy � Depleted SCFA producers and SCFA levels1,18

� Altered bile acid signalling increasing blood-
brain-barrier permeability and
neuroinflammation19

� Increased abundance of Streptococcus salivar-
ius and increased ammonia production20

Spontaneous bacterial
peritonitis

� Bacteria-derived proteases degrade cell junc-
tion proteins of colonic epithelium21

Other infection � Decreased species richness14

Decompensation � Pathogen-associated molecular patterns trans-
locate across the gut barrier via increased par-
acellular intestinal permeability, leading to
systemic inflammation7

Antibiotic resistance � Cirrhosis has a unique pattern of antimicrobial
resistance genes, distinct from other chronic
diseases22,23

Hepatocellular carcinoma � Combination of low SCFA, increased intestinal
permeability, and increased release of
pathogen-associated molecular patterns24

Alcohol use disorder � Systemic inflammation, microbial diversity, and
SCFA production possibly linked to alcohol
consumption25

SCFA, short-chain fatty acid.
*Often for prophylaxis against.

Keypoints

� There is no animal model for testing microbiome therapeutics that perfectly recapitulates human cirrhosis.

� There is much greater heterogeneity in how a patient with cirrhosis will respond to a microbiome therapeutic than a traditional phar-
maceutical, which complicates the evaluation process.

� Validated surrogate endpoints, including patient-reported outcomes, will be needed to promote accelerated innovation and discovery in
trials of microbiome therapeutics for cirrhosis.

� Striking a balance of inclusion criteria is essential; too many criteria will cripple enrolment and too few criteria will limit interpretation.

� Strain engraftment should be evaluated but may not be required for therapeutic success.

� Future microbiome therapeutic trials in cirrhosis should proactively monitor adverse events beyond gastrointestinal symptoms.
amounts, confer a health benefit on the host.27 Postbiotics are
defined as a preparation of inanimate microorganisms and/or
their components that confers a health benefit on the host,
which can include SCFAs.28 Bacteriophages are viruses that
infect bacteria and can selectively lyse and eliminate certain
bacterial species. Similarly, antibodies to specific microbial
species can be developed, but the challenge here is that not all
microbial pathology in cirrhosis can be linked to specific indi-
vidual pathogenic strains. When we discuss microbiome ther-
apeutics below, it could refer to any of the above therapies,
unless otherwise specified.

Approaches to identify the optimal microbiome therapeutic
include: 1) a “rational” approach – i.e., identify the taxa or
functional niche missing in cross-sectional studies, and find a
therapeutic that contains those exact taxa or biological func-
tions; 2) a bioinformatic approach – i.e., use advanced statis-
tical techniques to identify bacteria that would replace
functions missing in the current microbiome; or 3) iteratively
test different bacterial communities to identify a selected
consortium product that yields the desired composition or
functional result.
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Clinical trial design considerations for
microbiome therapeutics in cirrhosis
Clinical trial phases

Preclinical studies in animal models are the first step in testing
most therapies (Fig. 3). There are many animal models available
for the study of liver diseases, but three animal models of
cirrhosis, in particular, are used in the majority of preclinical
studies: carbon tetrachloride, thioacetamide, and common bile
duct ligation.42 These models have some strengths. For
example, carbon tetrachloride can often produce cirrhosis and
multiple manifestations of liver dysfunction, including hepato-
cyte apoptosis, ascites formation, and other forms of decom-
pensation. Unfortunately, these models have several
weaknesses. The carbon tetrachloride model varies from ani-
mal to animal, yielding a heterogeneous effect, and its with-
drawal can improve fibrosis. Thioacetamide does not
universally produce sufficient fibrosis to yield cirrhosis. Com-
mon bile duct ligation by design limits biliary flow, which limits
the ability to comprehensively evaluate the clinical effect of
microbiome therapeutics. Human cirrhosis develops from
multiple aetiologies, and no single animal model perfectly re-
flects each aetiology of human cirrhosis. Not every animal
model develops portal hypertension or hepatic encephalopathy
with identical physiology to humans. Finally, and importantly for
microbiome therapeutics, the gut microbiome differs between
mice, rats, and humans.43 Humans and mice share 89% of the
same bacterial genera, but the abundance of each of these
bacteria vary substantially between the two species.44

Given the limitations of animal models for testing micro-
biome therapeutics in cirrhosis, this traditional phase of testing
does not have the same high degree of utility as it does for
other therapeutics and disease states. Humanised animal
models containing stool from a human donor with cirrhosis, or
a bioreactor, could be used to evaluate if living components of
a microbiome therapeutic integrate into the indigenous com-
munity or impact the immune and metabolic functions of the
microbiome. However, these models will not perfectly recapit-
ulate human physiology and are unlikely to be useful for eval-
uating clinical outcomes. As an example, a genetically
engineered Escherichia coli Nissle designed to convert
ammonia to arginine was used successfully to treat hyper-
ammonaemia in a mouse model.45 However, this product failed
to lower serum ammonia in healthy human controls as well as
humans with cirrhosis.45,46 The reason behind these discrepant
025. vol. 7 j 101234 2
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Fig. 1. Biological targets of microbiome therapeutics in cirrhosis. Micro-
biome therapeutics have multiple potential mechanisms in cirrhosis, including
several which could improve intestinal barrier function including increasing SCFA,
secondary bile acid, tight junction protein, and antimicrobial peptide production.
SCFAs are a primary energy source for colonic enterocytes, which allow them to
produce tight junctions and mucin, thus bolstering the epithelial barrier. Patients
with cirrhosis also have elevated intestinal epithelial cell inflammation and a more
permeable gut barrier. By changing microbiome composition and function,
ammonia and endotoxin production and translocation could decrease. Adapted
from published figure.1 SCFA, short-chain fatty acid.
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Fig. 2. Ranging compositions of microbiome therapeutics derived from
human faeces. A range of microbiome therapeutics can be derived from human
faeces. The therapeutics range from broad to more narrow compositions. From
faeces to FMT, a cryoprotectant should be added and the material should be
frozen at -80 �C until use.102 Faeces can be further purified by various solvents to
remove bacterial, viral, fungal, and parasitic material. Broader compositions may
be more complete and therefore better able to stably colonise. However, narrow
compositions may provide a targeted effect with less chance of off-target effects
or pathogen transmission. FMT, faecal microbiota transplant.
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results is not entirely clear – perhaps because the animal
models did not contain human indigenous bacterial commu-
nities, or because of species differences in gut barrier or he-
patic physiology. A recent study of bacteriophages targeting
cytolysin-producing Enterococcus faecalis showed marked
success in treating alcohol-induced liver injury in humanised
mice.47 Human trials are now underway to see if this particular
therapy can make the leap from animals to humans.48

Traditional phase I studies in healthy controls may similarly
not have sufficient utility for cirrhosis-directed microbiome
therapeutics. Phase I studies typically include 20 to 100 healthy
volunteers or people with the condition of interest.49 The ob-
jectives are to evaluate safety and optimal dosing. The chal-
lenge in trials of microbiome therapeutics is that healthy
individuals have different gut microbiome composition and
function than patients with cirrhosis.13,14 Given differences in
baseline microbiome composition, it is possible that a micro-
biome therapeutic will have a substantially different effect in a
healthy person than a patient with cirrhosis.

Given the limited value of preclinical and healthy volunteer
studies as described above, in most cases it is most useful to
start the evaluation of cirrhosis-directed microbiome thera-
peutics in small phase I-II studies of patients with cirrhosis. The
aim of these studies is to evaluate colonisation of microbiome
therapeutic components, effects on recipient microbiome
function, safety, and optimal dosing.
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Phase II studies typically enrol several hundred patients with
the condition. The objectives are to determine efficacy and side
effects. Recruiting a large and relatively homogeneous popu-
lation of patients with cirrhosis requires numerous study sites,
precise coordination, and therefore substantial funding. The
particular benefit of these larger studies in microbiome thera-
peutic trials is being able to evaluate the colonisation and
clinical efficacy in patient subgroups of varying cirrhosis aeti-
ology, indigenous bacterial composition, and concomitant
medication use. For example, in one study of FMT to treat
hepatic encephalopathy, it was found that baseline recipient
Bifidobacterium abundance may have influenced clinical out-
comes.40 Larger phase II studies will allow for better evaluation
of possible variable efficacy in subgroups.

Phase III studies typically include hundreds to thousands of
patients with the condition. Enrolment of this many patients is a
challenge in cirrhosis, requiring large and almost always inter-
national consortia. Diets and microbiome composition vary
regionally, resulting in further heterogeneity of effect and an
increased sample size requirement to reach adequate statisti-
cal power.50,51 Despite the challenge of recruiting a larger
025. vol. 7 j 101234 3



Table 2. Microbiome therapeutics in cirrhosis.

Microbiome
therapeutic

Notable trials or meta-analyses in cirrhosis Summary of clinical outcomes Mechanism

Prebiotic � Two large meta-analyses comparing
non-absorbable disaccharides to placebo
and other options to treat HE29,30

� Lactulose reverses minimal HE, prevents
overt HE, and improves quality of life

� Lactulose increases beneficial taxa, SCFA
production, inhibits pathogen growth11

Probiotic � Two large meta-analyses of probiotics to
treat HE30,31

� Probiotics improve HE symptoms, reverse
minimal HE, prevent overt HE; however,
trials are low to moderate quality and at
high risk of bias

� Improve intestinal barrier function, immune
modulation, decrease portal hypertension1

Synbiotic � Single-centre trial of Bifidobacterium lon-
gum and fructo-oligosaccharide32

� Single-centre trial of synbiotics compared
to placebo or prebiotic alone33

� Cognitive benefit with synbiotics, but no
clear superiority to prebiotics alone in this
limited data set

� Similar to prebiotics and probiotics above

Postbiotic � No published clinical trials in humans yet � n.a. � In theory, improved intestinal barrier
function

Antibiotic � Multicentre randomised-controlled trial of
rifaximin to prevent future HE34

� Multicentre randomised trial of three
antibiotics to treat SBP35

� Rifaximin reduces the recurrence of overt
HE

� Cefotaxime, ceftriaxone, and ciprofloxacin
were equally effective in treating SBP

� Rifaximin reduces mucin-degrading spe-
cies, modulates intestinal immune micro-
environment, and reduces endotoxin
translocation36,37

Bacteriophage � No published clinical trials in humans yet � n.a. � In theory, selective elimination of
deleterious bacterial strains

Antibodies to
bacteria

� No published clinical trials in humans yet � n.a. � In theory, selective elimination of
deleterious bacterial strains

FMT � Pilot trials of FMT to treat HE38–40

� Pilot trial of FMT to treat alcohol use
disorder25

� Improved cognitive tests, largely safe
� Decreased alcohol cravings and urine

biomarkers

� Increases SCFA, secondary bile acid, tight
junction protein, and antimicrobial peptide
production

� Ammonia and endotoxin production
decreases

Selected
Consortium
Product

� Pilot trial of VE303 (8 clostridial strains) to
treat HE41

� No significant safety difference between
VE303 and placebo

� 67% VE303 patients improved cognitive
scores, compared to 33% with placebo

� Not yet published

FMT, faecal microbiota transplant; HE, hepatic encephalopathy; SBP, spontaneous bacterial peritonitis; SCFA, short-chain fatty acid.
patient cohort, these larger studies allow for further evaluation
of microbiome therapeutics in disparate patient subgroups and
baseline enterotypes.
Clinical trial endpoints

Endpoint selection is critical for the design of any trial. Endpoint
selection influences the design of the trial and the conclusions
drawn. These endpoints then determine the regulatory out-
comes for those therapies.
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Fig. 3. Phases of clinical trials for microbiome therapeutics in cirrhosis. Patien
phase for microbiome therapeutics in cirrhosis.
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Appropriate clinical trial endpoints in cirrhosis have recently
been reviewed by the LiverHope Consortium, and therefore will
not be exhaustively reviewed here.52 The principal accepted
endpoints include survival (or transplant-free survival), hospi-
talisations, and new or worsening decompensation. The ideal
endpoints depend on clinical trial phase, as described above.

Health-related quality of life is poor in cirrhosis, especially
decompensated cirrhosis.53 While traditional primary endpoints
such as hospitalisation or survival are of course critical, quality
of life is vitally important to our patients. There are several well-
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validated patient-reported outcomes in cirrhosis, though these
have not yet been accepted by the FDA or the EMA as vali-
dated primary endpoints.54 Recent pilot trials have been con-
ducted with patient-reported outcomes, including muscle
cramps and health-related quality of life, as primary out-
comes.55,56 Further validation of some patient-reported out-
comes and advocacy (to encourage regulatory bodies to
accept them as clinical endpoints) are needed prior to their
adoption as primary endpoints in trials.

Furthermore, unlike many other chronic diseases, cirrhosis
lacks many validated surrogate endpoints. For example, blood
pressure has been shown to predict mortality from cardio-
vascular disease, and therefore can be employed as a surro-
gate endpoint in cardiovascular disease trials. Very few
analogous validated proxies exist in cirrhosis, but develop-
ment and validation of these proximal endpoints would ease
enrolment requirements and potentially promote accelerated
innovation and discovery. Interestingly, several noteworthy
microbiome therapeutic trials in cirrhosis have not used the
stringent trial endpoints outlined by the LiverHope Consortium
above. For example, the phase III, multicentre, randomised-
controlled trial of rifaximin to prevent hepatic encephalopa-
thy used “an increase from a baseline Conn score of 0 or 1 to
a score of 2 or more or from a baseline Conn score of 0 to a
Conn score of 1 plus a 1-unit increase in the asterixis grade”
to define their primary outcome of breakthrough hepatic en-
cephalopathy, rather than hospitalisation for hepat-
ic encephalopathy.34

Study design

Phase II and III trials should be randomised, blinded, and
placebo-controlled to minimise selection bias, observer bias,
and response bias. These potential biases need to be mini-
mised to adequately evaluate efficacy. However, phase I trials
can be open-label and still identify safety concerns and discern
optimal dosing. Dose finding is more complex with microbiome
therapeutics than with traditional pharmaceuticals. First,
microbiome therapeutics often contain multiple components
(e.g. prebiotics combined with multiple bacterial strains), so the
optimal ratios as well as the absolute number of colony-forming
units require evaluation. Second, pre-treatment antibiotics or
bowel preparation will possibly influence engraftment of the
microbiome therapeutic, and therefore combinations of these
pre-treatments must be tested.

Early-stage trials of microbiome therapeutics should be
designed for rapid cycling of different doses and combinations
of constituents to allow for timely discovery of the optimal
consortium product. As an example, VE303 is a selected
consortium of eight clostridial strains designed to treat re-
fractory and recurrent C. difficile infection. In a phase I trial of
39 healthy volunteers, the study investigators divided the group
into nine cohorts and trialled different dose regimens and pre-
treatment strategies.57 They found that a particular multi-day
dosing of VE303 after vancomycin pre-treatment yielded
consistent strain engraftment for up to 1 year. Adaptive trials
such as this allow for rapid iterative changes to trial design or
intervention between sub-cohorts, allowing for efficiency in
dose finding and optimisation of pre-treatment regimens.58,59 A
platform trial is another study design that would be useful for
efficient evaluation of multiple microbiome therapeutics.
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Platform trials allow for the study of multiple therapies simul-
taneously, allowing therapies to enter or leave the platform
based on their success per a pre-established decision algo-
rithm.60 In this design, patients are also stratified by certain
baseline biomarkers, which in this case could be baseline
recipient microbiome features. It is not currently clear which
biomarkers should be used, and a recent Delphi consensus
highlighted the analytic and reproducibility challenges in
developing such biomarkers.61

Microbiome therapeutic delivery in the patient with cirrhosis
must be considered in the context of other cirrhosis-specific
therapies (beta blockers, statins), including several which are
known to influence the microbiome (lactulose, rifaximin, pro-
phylactic antibiotics). Sequential multiple assignment rando-
mised trials (SMARTs) involve randomising patients at multiple
sequential decision points, mimicking the natural history of
clinical decision making. SMARTs would allow for greater un-
derstanding of how these microbiome therapeutics fit into the
larger context of other therapies for cirrhosis and allow for the
development of validated treatment pathways.

The specific microbiome therapeutic and stage of testing
will influence the selection of study design. At the earliest
stage, an adaptive trial design may be ideal to efficiently
identify the ideal dose and pre-treatment regimen (if needed).
At later stages, SMARTs can be used to understand the ideal
timing or sequencing of microbiome therapeutics with other
cirrhosis therapies. Finally, a platform or a traditional stratified
randomised-controlled trial could be used to understand if
there are important biomarkers that influence the efficacy of
certain microbiome therapeutics.

Population selection

Patients with cirrhosis are a heterogeneous group, which
complicates patient selection and ultimately data interpretation
(Table 3). The factors that vary across patients with cirrhosis
can influence a) risk of developing the primary outcome; b)
engraftment and functional output of the microbiome thera-
peutic; and c) risk of adverse events caused by the microbiome
therapeutic. Therefore, inclusion and exclusion criteria are
critical to study design.

First, a patient’s cirrhosis can be compensated or decom-
pensated. Decompensated cirrhosis is characterised by the
presence of ascites, hepatic encephalopathy, or portal hyper-
tensive bleeding. Patients with decompensated cirrhosis are
more likely than patients with compensated cirrhosis to expe-
rience typical clinical trial endpoints including new or worsening
decompensation, hospitalisation, and death. Patients with
cirrhosis and portal hypertension are also at greater risk of
those endpoints than patients without portal hypertension.
Portal hypertension and the presence of ascites may also in-
crease the risk of adverse events with certain microbiome
therapeutics, though this is unproven. Patients with portal hy-
pertension, including ascites, are at greater risk of bacterial
translocation – thus there is a potential risk of translocation of
some of the bacteria contained in the microbiome therapeu-
tic.68 However, this risk may be largely theoretical as many
microbiome therapeutics contain bacteria that have a net
beneficial effect on gut barrier function.

Polypharmacy is common in patients with cirrhosis,
including use of opiates, benzodiazepines, proton pump
025. vol. 7 j 101234 5



Table 3. Potential enrolment criteria for trials of microbiome therapeutics in cirrhosis.

Characteristic How to evaluate Considerations

Decompensation � Ascites, HE, or portal hypertensive bleeding
� May include patients well-managed with medical therapy
� Re-compensated patients may differ from decompensated and other

compensated patients

� Will patients with no ascites on diuretics be included?
� Will prior overt HE qualify if the last episode was >1 year ago?
� Who can make the diagnosis of decompensation (research

coordinator, medical doctor, hepatologist)?
Portal
hypertension

� Transjugular assessment of hepatic venous pressure gradient has been
the traditional gold standard62

� Increasingly transient elastography, platelet count, or presence of ascites
or varices are an acceptable non-invasive method

� Transient elastography is less specific for portal hypertension in
obesity

Aetiology of
cirrhosis

� Most often based on gastroenterologist or hepatologist assessment � Patients labelled as having MASLD may also have under-
reported harmful alcohol consumption63

Alcohol use � Biomarkers such as phosphatidylethanol or ethyl glucuronide can aid in
diagnosis63,64

� Alcohol influences microbiome composition and function65

Polypharmacy � Detailed medication history at screening, including for proton pump in-
hibitors, antibiotics, opiates, benzodiazepines, lactulose, rifaximin, beta
blockers, and statins

� Avoiding all of these will severely limit enrolment; be selective
about which should be exclusion criteria or stratification criteria

Diet � Could have a registered dietician perform a 24-hour dietary recall on two
occasions

� The Nutrition Data System for Research is well validated66

� Diet varies for most individuals, so additional dietary recalls in-
crease comprehensiveness

MELD 3.0 � Use published calculation67 � MELD does not perfectly predict mortality, especially in some
cases, including hepatopulmonary syndrome or refractory he-
patic hydrothorax

HE, hepatic encephalopathy; MASLD, metabolic dysfunction-associated steatotic liver disease; MELD, model for end-stage liver disease.
inhibitors, and antibiotics.69 Opiates and benzodiazepines in-
crease the risk of hepatic encephalopathy.70 Proton pump in-
hibitors influence gut microbiome composition by decreasing
diversity, increasing oral flora in the colon, and increasing the
abundance of potentially pathogenic strains.71,72 Many patients
with cirrhosis are on antibiotics for primary or secondary pro-
phylaxis of spontaneous bacterial peritonitis, or active treat-
ment of infections. Fluoroquinolones, a common class of such
prophylactic antibiotics, influence the gut microbiome by
decreasing alpha diversity and Lachnospiraceae and Rumino-
coccaceae genera, which are found in many probiotic bacterial
strains.73 Finally, as has been reviewed in detail elsewhere,
lactulose and rifaximin influence gut microbiome composition
and thus are likely to modify the effect of micro-
biome therapeutics.1,11,12

It is well-documented that diet influences microbiome con-
tent and function. Amongst patients with cirrhosis, diets
enriched in fermented milk, yogurt, vegetables, cereals, coffee
and tea were linked to higher microbial diversity.50,51 Fer-
mented foods such as kombucha, yogurt, and kimchi increase
microbial diversity and decrease inflammatory markers.74

Finally, resistant starch can be utilised by certain enteric bac-
teria to elicit large increases in butyrate and acetate produc-
tion.75,76 Despite the effect of diet on gut microbiome
composition and function, diet has not historically been
restricted in cirrhosis trials. In fact, dietary interventions are ripe
for clinical trial investigation in cirrhosis. Many patients prefer
dietary recommendations to medications, and a few small diet
intervention studies have been feasible in cirrhosis.77,78 Ac-
cording to ClinicalTrials.gov, several dietary intervention trials
in cirrhosis are actively recruiting (NCT03080129,
NCT06328088, NCT06425380).

Including the complete set of characteristics described in
Table 3 as enrolment criteria would severely impair feasibility.
Constraining the patient population too narrowly can lead to
poor enrolment and poor external validity. If the trial cannot be
feasibly completed because of overly restrictive criteria, it will
never yield results and will not advance scientific knowledge. In
JHEP Reports, --- 2
addition, if trial enrolment is overly restrictive, the results will
not be broadly applicable to the larger population of patients
with cirrhosis. Maintaining external validity is critical to yielding
real-world impact from clinical trials. Thus, when designing a
clinical trial of microbiome therapeutics in cirrhosis, in-
vestigators must select enrolment criteria judiciously. The de-
gree of cirrhosis severity by some measure (compensated vs.
decompensated, portal hypertension vs. not, MELD 3.0 cut-off)
should almost certainly be included as this is such a significant
predictor of important clinical outcomes. The remaining criteria
should be selected carefully based on the biological mecha-
nism of the microbiome therapeutic and the primary outcome
of interest. Furthermore, a limited number of stratification var-
iables can be employed for important covariates not used as
enrolment criteria; this number depends on the projected
sample size of the trial.

Sample size determinations

Sample size calculations in trials of microbiome therapeutics in
patients with cirrhosis will depend on a) the heterogeneity of the
microbiome therapeutic; b) the heterogeneity of the patient
population; and c) the selected primary outcome. Some
microbiome therapeutics are clonally identical from batch to
batch, but others, like FMT, vary from lot to lot. While FMT
appears to treat recurrent and refractory C. difficile colitis
without batch or donor effect, this is likely not the case for other
conditions.79 This heterogeneity in product is likely to result in
heterogeneity of treatment effect in patients with cirrhosis. As
discussed previously, more restrictive exclusion criteria will
yield a more homogeneous patient population, likely to have a
more consistent response to therapy. However, this comes at
the cost of slower enrolment. In addition, the recipient micro-
biome likely modifies or influences the effect of microbiome
therapeutics.80 Microbiome therapeutics are not being admin-
istered into a vacuum; rather, they are introduced into an
existing environment. In fact, the human gut microbiome har-
bours more inter-person variability than other components of
025. vol. 7 j 101234 6
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the human drug metabolism machinery. There are 98 well-
characterised variants of the eight cytochrome p450 drug-
metabolizing enzymes, whereas the gut microbiome has far
greater genetic and phenotypic diversity.81,82 Therefore,
depending on the microbiome therapeutic, there may be more
heterogeneous responses than with other drugs, requiring
larger sample sizes to achieve adequate power.

As described above, there are many patient characteristics
which may act as effect modifiers for microbiome therapeutics.
Common examples in cirrhosis include use of proton pump
inhibitors, rifaximin, or the aetiology of liver disease. In-
vestigators may consider including these as stratifying vari-
ables at enrolment, ensuring there are large enough samples in
each sub-group to answer questions about the impact of that
factor. In addition, if recipients’ baseline microbiome is found to
be a significant effect modifier, future trials should consider
conducting quick stool PCR or functional assays at screening
to identify key baseline bacteria or metabolites and to enable
stratification by those baseline factors. The impact of stratifi-
cation on sample size depends on several factors but tends not
to have a large impact on sample size requirements in superi-
ority trials (under which most microbiome therapeutic trials for
cirrhosis fall).83

Regulatory considerations

Microbiome therapeutics carry unique regulatory challenges.
According to the FDA, an active ingredient is “any component
that is intended to furnish pharmacological activity. in the.
cure. of disease.”84 In some microbiome therapeutics, like
FMT, the precise active ingredient(s) is not known. FMT is
derived from a human donor and therefore varies from lot to lot.
Without a clearly defined active ingredient, it is impossible to
know if the active ingredient is consistent in each dose.

Another regulatory consideration for microbiome therapeu-
tics is whether the therapy will be viewed as a biological agent,
human tissue product, or medicinal product. Each of these
categories are regulated differently within each country, but
also the designations and regulations vary from one governing
body to another. A review by Merrick et al. summarises the
myriad designations of FMT across the world, and how these
designations have impacted its regulation.85

Microbiome therapeutics derived from human donor faeces
carry another important regulatory consideration: an inherent
risk of transmitting infection. In the vast majority of cases, FMT
has safely treated C. difficile infection; however, it is still
possible to transmit pathogenic organisms via FMT even when
following FDA-approved screening protocols.86–88 There will
always be unknown pathogens, or pathogens that are chal-
lenging to detect by testing. The sensitivity of stool tests to
detect pathogens present in low abundance is currently limited.

Finally, when microbiome therapeutics contain living bac-
teria, the manufacturer must ensure that those bacteria stay
alive, durably, until they arrive in the intestinal lumen of the
patient. Ensuring bacterial viability during production, storage,
administration, and enteric transit is a challenge at every stage.

Importance of strain engraftment

For microbiome therapeutics that contain bacteria, it is
possible to assess strain engraftment through metagenomic
sequencing of the microbiome therapy and the patient’s stool
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samples before and after therapy, followed by analysis of these
samples with one of several validated engraftment analysis
platforms.89,90 There are analytical challenges with summaris-
ing engraftment across a study when the product (such as
FMT) differs between patients.

Strain engraftment of microbiome therapeutics has been
linked to desired clinical outcomes in some trials, but not all. In a
trial of SER-109 to treat recurrent and refractory C. difficile
infection, engraftment was linked to cure.91 However, in a trial of
FMT for advanced melanoma, clinical responders and non-
responders had similar rates of FMT strain engraftment.92

Strain engraftment could lead to a functional change in micro-
biome function, which then leads to the desired clinical
outcome. However, engraftment may not be necessary for
therapeutic effect. Further complicating the picture, it is possible
that the underlying dysbiosis of cirrhosis impedes engraftment of
FMT. One study found that patients with cirrhosis required
additional doses of FMT to cure their C. difficile infection,
potentially due to challenges with engraftment.93

For microbiome therapeutics that contain bacteria, it is
important for clinical trials to determine the degree and dura-
bility of strain engraftment for two primary reasons: 1) to un-
derstand the therapy’s mechanism of action; and 2) to
understand if engraftment of therapy strains into the recipient is
correlated with desired clinical outcomes. Further complicating
the question of engraftment, it is possible that mucosal strains
differ from stool strains and in some cases mucosal microbiota
may be more metabolically and immunologically active.16,94

While it would be ideal to sample both compartments, this
would not be feasible in larger clinical trials.

Clinical trials should be designed to understand how long-
lasting strain engraftment needs to be to elicit a sustained
therapeutic outcome. Also, it would be useful to know if there is
a certain abundance cut-off or other functional microbiome
outcome (for example, faecal butyrate levels) associated with
clinical success. If identified, these endpoints could become
surrogate biomarkers of efficacy for future trials.

Antimicrobial resistance

There is a high incidence of antimicrobial resistance in patients
with cirrhosis.95 The incidence of antimicrobial resistance in-
creases with disease severity and decompensation, and is
associated with poor outcomes including hospitalisation and
mortality.23 It is therefore important that microbiome thera-
peutics for patients with cirrhosis do not increase the burden of
antimicrobial resistance genes, and ideally decrease this
burden. There have been several cases of multidrug-resistant
organisms transmitted through FMT, including to patients
with cirrhosis, though this is rare with current screening pro-
cedures.86,87 In two small trials of FMT in cirrhosis, antimicro-
bial resistance genes were largely decreased, though notably
some resistance genes increased.22 In a larger study outside of
the cirrhosis field, FMT led to a long-term decrease in antimi-
crobial resistance.96 Even outside of FMT, it is important for
microbiome therapeutic trials in cirrhosis to evaluate and report
their impact on antimicrobial resistance.

Safety monitoring

Nearly two decades since the launch of the National Institutes
of Health Human Microbiome Project, there is abundant data
025. vol. 7 j 101234 7



connecting the gut microbiome to nearly every human organ
system. Microbiome therapeutics have been shown to impact
gastroenterological, neurological, oncologic, and immunolog-
ical conditions, amongst others.97–100 Therefore, it is possible
that microbiome therapeutics have an impact, favourable or
unfavourable, outside the gastrointestinal tract and liver.

Microbiome therapeutic trials in liver disease have largely
reported gastrointestinal side effects, but that may relate to
bias in the adverse event assessment process. It is not clear
that trials are recording weight, immune or inflammatory
events, skin condition changes, mood changes, and many
more possible adverse events. It is up to the site investigator to
determine if a symptom constitutes an adverse event and to
determine its relatedness.

Future microbiome therapeutic trials in cirrhosis should
proactively monitor adverse events beyond gastrointestinal
symptoms. Ultimately, data from multiple trials should be
pooled to evaluate possible uncommon and linked adverse
JHEP Reports, --- 2
events. Finally, to date, microbiome therapy trials in cirrhosis
have included brief follow-up periods (1 year at most). In the
future we need to better understand the possible long-term
effects of microbiome manipulation.101

Conclusion
Mounting evidence has shown that patients with cirrhosis have
altered gut microbiome composition and function compared to
several control populations. Furthermore, it is clear that gut
metabolism and immune response impact important clinical
outcomes in cirrhosis. The hepatology community has now
entered the era of modulating the gut microbiome for thera-
peutic benefit. As this review has laid out, there are important
and unique considerations for clinical trials of microbiome
therapeutics in patients with cirrhosis. Navigating these nu-
ances is feasible and will be key to realising the full potential of
microbiome therapeutics in this population.
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