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Abstract

There have been numerous human studies reporting associations between the intestinal
microbiome and functional gastrointestinal disorders (FGIDs), and independently animal studies
have explored microbiome-driven mechanisms underlying FGIDs. However, there is often a

disconnect between human and animal studies, which hampers translation of microbiome findings

to the clinic. Changes in the microbiota composition of patients with FGIDs are generally subtle,
while changes in microbial function, reflected in the fecal metabolome, appear to be more precise
indicators of disease subtype-specific mechanisms. While we have made significant progress in
characterizing the microbiome, to effectively translate microbiome science in a timely manner,
we need concurrent and iterative longitudinal studies in humans and animals to determine

the precise microbial functions that can be targeted to address specific pathophysiological
processes in FGIDs. A systems approach integrating multiple data layers rather than evaluating
individual data layers of symptoms, physiological changes, or —omics data in isolation will
allow for validation of mechanistic insights from animal studies while also allowing new
discovery. Patient stratification for clinical trials based on functional microbiome alterations
and/or pathophysiological measurements may allow for more accurate determination of efficacy
of individual microbiome-targeted interventions designed to correct an underlying abnormality.
In this review, we outline current approaches and knowledge, and identify gaps, to provide a

potential roadmap for accelerating translation of microbiome science toward microbiome-targeted

personalized treatments for FGIDs.
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Introduction

The precise causes of functional gastrointestinal disorders (FGIDs) remain largely unknown
and are multifactorial and varied among patients. The most common FGID, irritable bowel
syndrome (IBS), alone affects 12% of the population and costs the US an estimated $30
billion annually.! FGIDs are defined based on patient symptoms and encompass all regions
of the gastrointestinal (GI) tract. The pathophysiology of FGIDs is complex, but mounting
evidence in recent years suggests that the microbiome may play an important role in the
development, persistence, and modulation of these symptoms.

The role of gut microbiome in determining FGIDs is not entirely novel as in about 10%

of IBS patients the symptoms can be traced back to an episode of infectious gastroenteritis
followed by persistent alterations in the microbiota structure that are associated with a
change in bowel pattern (generally diarrhea in this case) and abdominal pain or discomfort.2
The advent of next-generation sequencing has allowed us to investigate changes in gut
microbiota in a culture-independent manner, significantly improving the resolution and
depth of measurements. This has led to several studies examining changes in gut microbiota
composition and function in FGID patients compared to healthy controls, but the findings
between studies have been inconsistent. Perhaps the most convincing evidence for a

role of the microbiome comes from the observation of changes in Gl transit, visceral
hypersensitivity and changes in intestinal permeability seen in germ free (GF) mice
following transplantation of stool from patients with either constipation-predominant IBS
(IBS-C) or diarrhea-predominant IBS (IBS-D) patients.3-6

We appreciate that the origin of FGIDs is highly multifactorial and is best approached from
a systems view with nonlinear and self-reinforcing contributions from patient genetics,
epigenetics, brain networks,” the enteric nervous system,® environmental and lifestyle
factors and their interactions with the gut microbiome.® This review focuses on the potential
contributions of the microbiome. However, to translate this knowledge, we need to consider
the microbiome in the context of systems biology involving host genetics, physiological
responses, and the environment. Hence in this review we will briefly summarize the current
state,%-15 highlighting the gaps and areas for improvement as we design the next phase of
investigations to identify microbial drivers and potential therapeutic strategies. We focus on
IBS in the review as it is the best studied FGID but the same principles will also apply to
other FGIDs where we are still in early stages of investigation.
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What is our current understanding of the gut microbiome as a factor
underlying IBS?
Changes in gut microbiota composition associated with IBS

The advent of next-generation sequencing has fueled an increase in efforts to identify
changes in the gut microbiome related to IBS. We reviewed the human literature on

IBS primarily focusing on studies using next-generation microbiome sequencing (Table

1) and found a lack of consistent compositional differences in colonic mucosal or

luminal microbiota that reliably distinguish IBS patients from healthy controls. We found
Streptococcus levels were higher in the stool, 1618 while Proteobacteria levels were higher in
the mucosa of IBS patients compared to healthy controls!® 19 and lower alpha diversity was
associated with IBS symptom severity.16.18.20. 21 A recent study in IBS patients within a
large population based colonoscopy cohort of Swedish patients did not find any significant
differences in the luminal or mucosa associated microbiome in IBS patients compared to
healthy controls.22 A more comprehensive view was provided by a systematic review which
compiled data from 24 studies done prior to 2018 and found that while there was some
overlap, none of the studies reported the same differences in gut microbiota. They found

the overall diversity was decreased or not changed and relative abundance of members of
the Enterobacteriaceae, Lactobacillaceae, and Bacteroides were increased, while uncultured
Clostridiales, Faecalibacterium, and Bifidobacterium were decreased in patients with IBS
compared with controls.10 This study was a commendable effort to identify fecal and
colonic mucosal microbial signatures underlying I1BS, but brought to light some of the major
challenges with the current approaches.

There was significant heterogeneity among the studies, which is not entirely surprising
given several shared prevailing weaknesses. These weaknesses included a lack of consistent
methods for processing and analyzing microbiome samples, lack of rigorous statistical
testing such as failure to correct for multiple hypotheses and inappropriate statistical tests,
lack of multicenter data, and a lack of information on diet and other relevant covariates.
Several of the studies were likely underpowered, as there was a median of 20 patients

per group, which also precluded appropriate stratification by IBS subtype and appropriate
matching among cases and controls. In addition, compositional heterogeneity among studies
could also be a result of differences in geography 2324 and the cross-sectional nature of
such studies, 2> which fails to capture dynamic alterations in the microbiome.

The vast majority of studies have focused on the colonic microbiome as represented by

a fecal sample, while the small intestinal microbiome has largely been overlooked even
though small intestinal bacteria have been implicated in functional GI symptoms. A study
that included duodenal and sigmoid biopsies found biopsy samples from the two sites were
more similar in their microbial composition in IBS-D patients compared to healthy controls,
although this could potentially be attributed to faster G transit in 1BS-D patients.25 Indeed,
streptococci and Proteobacteria groups that are elevated in IBS patients in multiple studies
are both facultative anaerobes that are associated with the upper Gl tract rather than the
colon. A recent study in patients presenting with symptoms of diarrhea, abdominal pain,

or bloating undergoing esophagogastroduodenoscopy for suspected small intestinal bacterial
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overgrowth found that changes in small intestinal microbial composition may underlie
functional GI symptoms and that diet can drive changes in small intestinal microbial
diversity, intestinal permeability and appearance of Gl symptoms.2” However in this study a
subset (~22%) carried an organic diagnosis and/or had history of Gl surgery (~23%), while
another study found no differences in the small intestinal microbiome specifically in IBS
patients.28 The role of small intestinal microbiome as a driver of physiologic changes and
symptoms needs to be further explored in the context of IBS and other FGIDs.

There is an increasing realization that other microbial members such as fungi may also
play a role in IBS pathogenesis.2? A recent study in healthy subjects and IBS patients
found that the fungal species Saccharomyces cerevisiae and Candida albicans, which
dominate the human mycobiome, were increased in IBS patients.30 The study also explored
potential fungi-related mechanisms using an animal model of IBS and found a role for

the Dectin-1/Syk pathway in driving visceral hypersensitivity and an increased histamine
release by mast cells upon stimulation with fungi.3 In animal models, treatment with
antifungals (fluconazole and nystatin) 39 or a combination of peppermint and caraway oils,
which has both antifungal and antibacterial properties, reversed visceral hypersensitivity.3!
These studies highlight the importance of considering the composite microbiome including
bacteria, fungi, bacteriophages and parasites and their interactions.

Changes in gut microbiota-related metabolites associated with IBS

An increasing awareness of the functional redundancy that exists among microbes has called
into question the role of studying microbial composition alone. It could be that IBS is
taxonomically diverse but functionally more coherent; meaning it does not matter as much
who is there but rather what are the biological functions being perform by the community.
This realization has fueled an increased focus on changes in microbial function that underlie
IBS, most often using untargeted metabolomics.

A recent review summarized findings from all observational and interventional studies that
employ metabolomics to identify functional differences in gut microbiota between healthy
subjects and IBS patients. The review found, analogously to the compositional differences,
that while each study identified differences in metabolites, some of which overlapped among
studies, a common metabolomic profile could not be identified in IBS patients.32 The
reasons for this heterogeneity were the same as mentioned for studies reporting changes

in microbial composition, suggesting inherent limitations in clinical study design. Another
recent meta-analysis assessed differences in short chain fatty acids (SCFAs) among IBS
patients in 15 studies and found propionate and butyrate were reduced in IBS-C patients,
while butyrate was increased in IBS-D patients in comparison to healthy controls.18. 33-35

SCFAs, particularly acetate, butyrate, and propionate, are versatile signaling molecules by
which bacteria can exert their effects on Gl function. SCFAs have effects on varied aspects
of Gl physiology such as contractility, visceral pain, and barrier function,3¢: 37 making it
important to consider the dynamic alterations in their levels based on microbial activity.
For example, acetate, butyrate, and propionate have distinct and concentration-dependent
effects on intestinal contractility and the serotonergic system in animal models and
colonoids.35 38-40 |n addition to SCFAs, bacteria produce proteases and neurotransmitters
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such as gamma-aminobutyric acid (GABA), dopamine, and norepinephrine, which may
contribute to visceral pain by directly stimulating host receptors within the intestine.4 42
Changes in the microbial capacity for conversion of primary to secondary bile acids has also
been implicated in the pathogenesis of bile acid diarrhea in a subset of patients with IBS-
D.18.43-47 The lack of consistent subtype-specific metabolomic signatures in IBS patients

— in spite of the known effects of bacterial metabolites on physiological processes involved
in symptoms — may reflect a phenomenon in which patients of the same symptom-based
subtype have different etiopathogenesis. An alternative approach that might aid in predicting
therapeutic responses would be to stratify patients using targeted metabolomics of specific
pathways relevant to IBS symptoms.

Gut microbiota-related mechanisms underlying IBS

The majority of mechanistic studies have been done in animal models including germ free
and gnotobiotic rodent models and involve manipulations of gut microbes and microbial
products with a focus on specific physiologic processes relevant to IBS. These include
intestinal secretion and absorption, intestinal permeability and barrier function, maotility,
visceral sensation, immune activation, and central nervous system responses.? The effects
on host physiology of microbial processes such as production of SCFAs and deconjugation
of bile acids described above  depend on the cell types involved (e.g. epithelial, immune,
neuronal) and the specific region of the intestine. Physiological changes related to the gut
microbiota or an intervention directed at the gut microbiota have also been reported in
human studies ° and are summarized below in Table 2 (reprint from 9).

Current microbiota-directed therapeutic interventions in IBS

There has been a considerable focus on investigations to better understand the mechanisms
by which gut microbiota modulate GI physiology, but in parallel a large number of
therapeutic interventions directed at gut microbiota have also been explored. The positive
aspect of such a concurrent approach is the opportunity to learn from each other as

we launch the next set of investigations but unfortunately for now the two lines of
investigation have been largely disconnected. Therefore, it is not surprising that the
majority of the current microbiota-directed therapeutic strategies which include probiotics
and synbiotics, prebiotics and dietary interventions, antibiotics, and more recently fecal
microbiota transplant (FMT) have failed to show consistent results. Antibiotics such as
rifaximin have shown improvement in global IBS symptoms in non-constipated IBS patients
but the mechanism and specific microbial populations that are being targeted by these
antibiotics remain unclear.8

Probiatics are defined as live organisms that confer health benefits to the host when
administered in adequate amounts. A recent technical review focused on efficacy of
probiotics in Gl diseases, commissioned by American Gastroenterology Association (AGA),
reviewed the literature from inception till December 2018 and after screening 1617 titles
and abstracts and assessing 216 full-text articles, identified 55 interventional studies

using probiotics in adults and children with IBS that met the rigor of high quality

placebo controlled randomized controlled trials.4° This included a collective 5301 subjects
and 44 different probiotic formulations. While individual formulations showed symptom
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improvement in single clinical trials, the overall certainty of evidence for use of probiotics
to treat IBS was low. The AGA guidelines based on this technical review acknowledge the
significant knowledge gaps and in contrast to other guidelines which suggest probiotics may
be beneficial in IBS, recommend use of probiotics only in the context of clinical trials. This
difference in recommendations was primarily driven by the fact that the technical review
considered the evidence at the level of individual species/strain, and not the composite
group of probiotics because biological effects of individual strains or formulations can vary
significantly.

The most recent monograph from the American College of Gastroenterology (ACG)
reviewed the evidence in support of dietary interventions, prebiotics, and synbiotics in the
management of IBS.11 Based on the review of available literature a weak recommendation
was made for the use of low FODMAP (fermentable oligo- di- monosaccharides and
polyols) diet, and against the use of gluten-free or exclusion diets. Both recommendations
were based on very low quality of evidence given the relatively small number of patients
in each trial, heterogeneity, issues with blinding and a high risk of bias.11 One important
concern raised in the review regarding low FODMAP, which is the most prevalent dietary
intervention, was the potential harmful effect on the gut microbiome and a lack of
assessment of long term efficacy which invites speculation about the potential for long-term
harm resulting from gut microbiota alterations in order to achieve short-term symptomatic
benefit.

Prebiotics (food or dietary supplements that alter the microbial community composition/
function with the goal of improving health) and synbiotics (live microorganisms and
substrate(s) selectively utilized by host microorganisms, which confer a health benefit on
the host) 30 were also evaluated but the number of studies were limited (1 for prebiotic and 2
for synbiotics). Based on very low quality of evidence, a recommendation was made against
the use of these products. Interestingly, poorly fermentable psyllium fiber but not wheat
bran was found to be effective based on moderate quality of evidence and was strongly
recommended for symptom improvement in IBS.11 This is particularly interesting given that
recent studies show a beneficial effect of fiber, especially psyllium, on intestinal barrier
function.®1

Finally, there is accumulating evidence on the efficacy of FMT and 5 randomized controlled
trials have already been conducted, of which three have shown short term symptom
improvement with administration of FMT. However, as with other interventions, these
studies vary in the dose, duration of treatment, route of administration, outcomes measured,
donor characteristics, and study population which makes it difficult to generalize the results
or make clinical recommendations regarding the use of FMT in IBS. The lack of efficacy of
the current microbiome therapies highlights the large gap in our understanding of where the
microbiome fits within the pathophysiology of IBS as these interventions generally do not
address an underlying disease mechanism.
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How do we advance the field to make meaningful progress towards
mechanism-based therapeutics?

Beyond cause and effect: reinforcement as a way of perpetuating disease phenotypes

One of the challenges in understanding the role of the gut microbiome in chronic diseases
has been the assumption that differences in the gut microbiome among disease and healthy
individuals represent either a cause or effect, rather than a complex mutually reinforcing
series of interactions between the environment, host, and microbiome (Figure 1). A myriad
of risk factors for IBS such as host genetics, gender, early life trauma, diet, and stress can
affect host functions as well as the microbiome but it is not easy to distinguish if these
effects are independent of each other, or rather, inter-dependent. Hence it may be better to
think of at least some of these interactions as a continuum where changes are being mutually
reinforced to drive a phenotype.

A good example to illustrate this phenomenon is diet. Dietary intolerances are common

in IBS and patients often report that certain foods, or simply eating, exacerbate or

initiate symptoms including bloating, pain, and altered bowel pattern.>2 While there is
evidence suggesting that a subset of IBS patients may have food allergies that contribute

to symptoms, non-allergic food intolerances and hypersensitivity are much more likely,
such as non-celiac gluten sensitivity.>3 Diet affects the gut microbiome by determining
resource availability,>* while the gut microbiome can affect dietary intake and preferences,
either through influencing signaling mechanisms affecting satiety ®° or driving avoidance
of foods that lead to increased pain, diarrhea, or flatulence.>6-59 Eliminating specific foods
believed to be driving symptoms, could in turn affect the microbial populations that rely
on those foods,50-64 and possibly reinforce the aversive reaction.13: 65 As an example:
bloating, which is common in FGIDs especially with constipation, is often attributed to
increased gas production as a result of bacterial fermentation of dietary carbohydrates,
even though the prevailing evidence suggests it is likely due to visceral hypersensitivity
rather than increased total gas in the intestine.56 However, this often leads to avoidance

of fermentable carbohydrates, resulting in decreased SCFA production, which in turn can
decrease Gl motility and exacerbate constipation and bloating, as SCFAs are known to
promote Gl motility and intestinal barrier function.3®: 38.67.68 The slower transit would
favor the growth of slower growing microorganisms (e.g. methanogens), resulting in a
change in the metabolic end products such as SCFAs and gases including Hy, CO, and
CH, produced by gut microbiota, which in turn can perpetuate constipation and bloating.5°
This concept is supported by a recent study in an animal model where pharmacologically
induced constipation (PIC) in mice altered the microbial metabolic profile and decreased
fecal butyrate production as also seen in IBS-C patients. Germ-free mice colonized with
either microbiota from PIC mice or IBS-C patients exhibited longer GI transit time and
lower butyrate levels compared to control mice.# Thus one can view this as a self-reinforcing
positive feedback loop of constipation leading to lower SCFA production and lower SCFA
production leading to decreased GI motility and fluid secretion. Conceivably, the increased
methane production associated with constipation results from similar mutual reinforcement.
Diet can also accelerate Gl transit (e.g., via fiber, which adds bulk and osmotically draws
water into the intestine)’%72 and the resulting alterations in Gl transit, in turn, alter the gut
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microbiome by favoring rapidly growing microbes, consistent with ecological principles of
r/K selection in response to environmental disturbance.”3: 74 This is in line with findings
from several human studies which have found an association between transit time or stool
consistency and the microbiome.”® Hence, rather than considering elements such as the
microbiome as being relevant only when they are the cause of a diseases (e.g. FGIDs), one
needs to focus on understanding how it fits within the broader pathophysiology. This is
especially relevant as we start to develop more mechanism-based interventions targeting the
microbiome.

Roadmap for improving future discovery pipeline based on lessons learnt from current

strategies

As highlighted above, interpretation of data in FGID studies is complicated by the fact that
both IBS and the microbiome exhibit dynamic alterations over time. Hence a snapshot of
observations from cross-sectional studies lacks the temporal resolution needed to understand
the role of the gut microbiome in driving physiological changes and symptoms in IBS.

In addition, the majority of studies are focused on a single factor, for example microbial
composition, without integrating other -omics data or additional clinical/environmental data.
As such, the impact of an individual factor cannot be contextualized in the absence of other
variables that can affect the disease phenotype. Hence there is a need for improved study
design and data integration and we propose some strategies for this below.

To identify novel microbiota-driven mechanisms and therapeutic targets with a high degree
of confidence, we need to combine the strategies employed by individual studies as part

of more comprehensive studies that include multiple data layers (Figure 2). The data first
needs to be integrated within each layer (Figure 2; e.g. —omics, symptoms, physiology) and
then across different layers. As an example, the concurrent use of microbial composition
and metabolomics provides better separation between IBS patients and healthy controls,
highlighting the benefit of integrating different types of data within the — omics data layer.”®
To build on this further, metagenomics and metabolomics can be combined with host gene
expression, genetics, and epigenetic changes in a biologically plausible way. For instance,
if a microbe which is differentially abundant in a subset of patients is known to produce
compound A, this can be verified directly using the metabolomics dataset. If compound A is
known to have an effect on host gene expression, this can be directly inspected in the paired
dataset as well. Such a targeted integration approach complements non-targeted discovery
strategies to identify and validate novel pathways using datasets collected from the same
study cohort. The integration of different types of —omics data is complex, but provides
greater likelihood of identifying a biologically plausible mechanism. To validate findings
from the integrated -omics data layer, we need to measure host physiological parameters
that are predicted to be affected based on the omics data. We then need to determine if
those physiological changes in turn are the primary driver of patient symptoms. Together all
these data layers represent a cross-section of a patient’s disease state, which are appropriate
for acute and stable disease states. However in chronic diseases with waxing and waning
symptoms, we need longitudinal measurements of these data layers to assess dynamic
changes over time (Figure 2).
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In a recent study, we used such an approach by integrating longitudinally collected multi-
omics measurements (including the metagenome, metabolome, host transcriptome, genetic
and epigenome), with changes in host physiology and extensive clinical metadata including
diet and symptoms.18 IBS subtypes and symptom severity were associated with specific
changes in the gut microbiome and metabolome, and similar changes were seen at the

time of self-identified flares in a subset of patients. We found that longitudinal sampling
was important to overcome heterogeneity seen with cross-sectional microbiome studies
given the fluctuating nature of symptoms in IBS. We initially used a targeted approach

to determine the relevance of previously known bacterial metabolites that affect host
physiology. SCFAs, previously shown to alter the host serotonergic pathway,3% 40 were
significantly decreased in subjects with IBS-C with a corresponding decrease in secretory
response to serotonin in colonic biopsies from IBS-C subjects and these changes were
independent of fiber intake. We also identified two gene regions in Blautia obeum which
were strongly associated with butyrate and significantly decreased in IBS-C subjects. While
the therapeutic effect of Blautia obeum in IBS-C patients has not been investigated in
clinical trials, a parallel, double-blinded, randomized, placebo-controlled study reported that
12 weeks of microencapsulated butyrate supplementation improved abdominal pain, stool
consistency, and constipation relative to placebo in IBS patients (based on Rome 11 criteria,
all subtypes) based on per protocol analysis.”’

In IBS-D patients, basal secretion was increased in colonic biopsies with a corresponding
increase in secretagogues, chenodeoxycholic acid (usually converted to lithocholic acid

by gut microbiota) and the bacterial metabolite tryptamine which was recently found

to be a 5SHT4R agonist.”8 Finally, by integrating multiple host and microbiome data

layers we also identified a novel pathway involving purine metabolism which may be
important in the pathophysiology of IBS. Stool hypoxanthine levels were consistently
decreased over time in both IBS subtypes along with an increased functional capacity for
hypoxanthine breakdown by the microbiome and the colonic epithelium, and upregulation
of the purine salvage pathway in the colonic epithelium. We identified a specific microbial
gene region responsible for potential utilization of hypoxanthine and confirmed the ability of
bacteria to deplete luminal hypoxanthine in gnotobiotic mice. Potential benefits of restoring
hypoxanthine levels in IBS patients have not been explored, although hypoxanthine is
known to be an energy source for colonocytes and plays an important role in maintaining the
integrity of the intestinal barrier:”% 80 its role in IBS will be need to be investigated in future
work. In summary, this study is an example of how a systems approach can be leveraged to
confidently identify microbial drivers of a disease state.

Moving towards therapeutic strategies based on individualized mechanisms

FGIDs are diagnosed based on symptom-based criteria which can result in a heterogeneous
disease population with similar symptoms but different etiopathogenesis. This heterogeneity
might be acceptable to help identify patients for inclusion in clinical studies focused on
relieving symptoms but can prove challenging when testing therapeutics that address a
specific mechanism. As an example, only a subset of IBS patients’ exhibit differences in
microbial diversity/abundance but this is not taken into consideration when selecting patients
for inclusion in clinical trials of therapeutics such as FMT that aim to restore microbial
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diversity. The current microbiota-directed therapeutics in IBS are not always informed by
experimental studies and even when they do aim to restore a specific mechanism, the test
population is selected based on symptoms and not mechanism. This consideration and the
lack of knowledge as to which patient is likely to benefit from a treatment may explain why
clinical trials of microbiome therapeutics have failed to show an effect. However, the vast
number of clinical studies done thus far serve as a rich source of data and have allowed us

to identify the challenges and limitations. Building on this existing knowledge, we outlined a
systems approach above to improve discovery of novel microbial drivers of disease that can
be verified experimentally in animal or /n7 vitro model systems, and then tested in humans;
this is an iterative process that would allow development of more robust therapeutics (Figure
3A). As the field moves towards large well designed longitudinal human studies, Al-based
approaches can be used to integrate —omics data with physiology and symptoms to identify
unique features of responders and non-responders for individual therapies. Such insight
would allow for better stratification of therapeutics, resulting in targeted restoration of
disrupted processes in specific patient populations (Figure 3A).

As discussed previously, microbial metabolites could be key drivers of the pathophysiology
of IBS. The processes involved in production and consumption of these metabolites could
thus be targets for novel therapeutics. In correcting microbiome alterations, the challenge is
to modulate taxa or metabolite levels in a specific and tailored way. The main approaches

to therapeutic manipulation of the microbiome include introducing optimized communities,
introducing single strains (which can be native or synthetic), and removing or inhibiting
specific microbes or microbial processes. The choice of approach will rely on knowledge on
specific disease mechanisms to be targeted.

Ecological community-based approaches

Ecological approaches involve either replacing an entire community with a novel community
associated with health or introducing a consortium of bacteria that perform specific
functions (e.g., production of metabolites) (Figure 3B). Designing such communities, while
also ensuring desired output over time, requires in depth knowledge of ecologic and
metabolic interactions among microbial strains in the presence of varied substrates. As an
example, a community of microbes designed to produce SCFAs may perform differently
based on the types of fiber that are included in the diet as shown recently in a human study
utilizing dietary fibers to boost SCFA production.81

Some of the challenges in designing such communities are anticipating ecological ripple
effects (i.e. hard to predict distant changes), 82 83 historical contingency (such as the positive
reinforcement seen between Gl transit and microbiota alterations), and the relative stability
of the gut microbiome. In addition, the gut microbiome seems to experience phylogenetic
under-dispersion, where species recruitment is more likely if close phylogenetic relatives are
present.84 Interspecies competition and niche occupation can limit changes to the microbial
ecosystem once it has been stably established.
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Single-strain approaches

Introducing specific microbes into the host (either from natural sources or genetically
engineered) may restore host functions by producing or competitively consuming critical
metabolites or microbiota-derived signaling molecules (Figure 3B). Genetic engineering of
bacteria can be used to optimize production or consumption of metabolites. In a recent
study Bacteroides thetaiotaomicron was engineered to constitutively overproduce tryptamine
under control of a phage promoter, resulting in increased intestinal secretion by tryptamine-
driven activation of SHT4R.”8 A similar engineering approach to introduce a unique nutrient
utilization pathway can aid in stable colonization of a non-native strain by varying levels of
the specific nutrient in diet.85 Synthetic biology tools can also be utilized to develop more
elaborate bacterial systems that sense changes in the environment and respond by producing
or consuming specific metabolites, or by delivering therapeutic effectors to specific sites.86

Alternatively, conjugate vaccines, phage therapies, and narrow-spectrum antibiotics can be
used to target single strains or species, while keeping in mind the potential ecological ripple
effects.

Microbial metabolites

Removing

Microbial metabolites (Figure 3B) may also be used by themselves as therapeutics instead
of using microbial communities or strains to change metabolite levels.8” The advantage

of dosing metabolites is extensive prior experience with manufacturing small molecules
and modeling their pharmacokinetics and pharmacodynamics, while the drawbacks include
delivery at the proper site, short half-lives, and pleiotropic effects that the metabolites may
have on other microbiome members or the host.

or inhibiting microbial processes

Microbial metabolite levels can also be manipulated by inhibiting the processes used

for their production or consumption (Figure 3B). Inhibitors of enzymatic pathways

that are microbe-specific can be targeted to prevent accumulation of specific molecules
without removing taxa from a community and with little expected cross-talk with human
pathways.88 In cases where the host and microbes share similar pathways, existing enzyme
inhibitors could be re-formulated to prevent their absorption, ensuring their effect is limited
to the intestinal lumen.

Conclusions

We have made significant progress over the last decade in identifying gut microbiome
changes associated with IBS, investigating microbiota-driven mechanisms relevant to IBS,
and evaluating microbiome therapeutics in interventional trials. While this has provided a
rich framework of data, it has also allowed us to step back and look at the shortcomings that
need to be addressed in future studies. In this review we have tried to provide a summary of
our current understanding and outlined steps that can help inform future research. We need
to consider more robust study design for human studies which includes extensive metadata
collection and relevant controls (e.g. household controls), standardize the collection and
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processing of microbiome samples, and improve data and metadata sharing practices. The
integration of multiple data layers collected longitudinally can provide a more robust
discovery pipeline and provide more meaningful stratification of patients for therapeutic
trials of mechanism-based microbiome therapeutics.
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Figure 1: Beyond cause and effect: Mutual reinforcement of changesin host function and gut
microbiota may underlie FGID symptoms.

Environmental factors have been associated with changes in the microbiome and the host but
it is difficult to discern if these effects are independent or inter-dependent due to constant
mutual reinforcement of these changes by host and gut microbiota.
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Figure 2: From symptom-based to a systems approach for classification of FGIDs.
FGIDs are currently classified based on symptoms, which provides a framework for

clinical studies but as we move towards more comprehensive profiling of patients using
multi-omics and physiologic changes in addition to symptoms, we can envision a future
state which will allow for stratification of patients by integrating multiple data layers
collected longitudinally. Such a stratification strategy will not only allow for development
of mechanism-based targeted therapeutics but will also allow identification of appropriate
patient cohorts which are most likely to benefit from such a therapy.
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Figure 3: Iterative cycles of improvement to develop the next generation of individualized
mechanism-based microbiome ther apeutics.

A) A systems approach for discovery allows development of novel hypotheses that can

be mechanistically explored in animal models or used to refine therapeutics for human
studies. The data from experimental models can aid in development of mechanism based
therapeutics targeting specific microbial processes. A similar approach applied to de novo
clinical trials can help identify unique characteristics of responders and non-responders
that can be iteratively tested to develop novel therapeutics for subsets of patients. B) Main
approaches for therapeutic manipulation of the microbiome.
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