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Abstract

Inflammatory bowel diseases (IBD) develop via convergence of environmental, microbial,
immunological, and genetic factors. Alterations in the gut microbiota have been associated with
development and progression of IBD, but it is not clear which populations of microbes are
involved or how they might contribute to IBD. We review the genetic and environmental factors
affecting the gut microbiota, the roles of gut microbes and their bioproducts in the development
and clinical course of IBD, and strategies by which microbiome-based therapies can be used to
prevent, manage, and eventually cure IBD. We discuss research findings that help bridge the gap
between the basic sciences and clinical application.
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Inflammatory Bowel Diseases — Emerging global diseases having a
microbial basis

A microbial basis for Inflammatory Bowel Diseases (IBD) has been suspected as far back as
the 19™ century when IBD were first described by Samuel Wilks in 1859.1:2 These
heterogenous complex immune disorders of the gastrointestinal (GI) tract present as two
major clinical phenotypes: ulcerative colitis (UC) and Crohn’s disease (CD). UC primarily
involves confluent inflammation of the colonic mucosa, whereas CD is often transmural,
patchy, and can involve any part of the Gl tract from mouth to anus.3 IBD likely arise from a
convergence of host genetic, microbial, and environmental factors, each necessary, but not
sufficient by themselves to cause disease. Carrying a genetic risk variant, for example, does
not necessarily forebode the development of disease. Furthermore, given that IBD have only
risen to their modern incidence and prevalence in industrializing societies within the last
century, this rise is not likely to have arisen from genetic drift or natural selection. Rather,
rapid changes in societal norms, lifestyle, diet, and environment brought about by human
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actions are likely causing or contributing to the rising tide of these diseases, particularly
among individuals who are genetically susceptible. The membership and function of the
human gut microbiome are particularly sensitive to these dietary and environmental shifts,
exacerbating immune imbalance and promoting the development of IBD in genetically prone
individuals. While there is wide consensus that IBD have a microbial basis, many gaps in
knowledge remain, particularly regarding the mechanistic intricacies that link environment,
genetics, and gut microbes to the development of disease. Here, we present a selective
review and commentary on the microbial basis of IBD to develop a conceptual framework
for the risk factors, epidemiology, and etiopathogenesis of inflammatory bowel diseases.
This framework will provide a better understanding into the causative factors to help
advance the field and lay a path for the development of microbiome-based interventions to
prevent, manage, and eventually cure IBD.

What evidence supports a microbial basis for human IBD?

Experimental IBD models typically involve either genetic or chemical induction of disease.
In almost all of these models, under germ-free conditions, disease either does not develop at
all or is significantly attenuated, suggesting that microbes are essential for the development
of intestinal inflammation in IBD.5> Moreover, the gut microbiota of patients with active
disease exhibit alterations to bacterial diversity, composition, and/or abundance compared to
healthy individuals.® As there are many clinical phenotypes of IBD, a single microbial
community profile that accounts for all disease types is highly unlikely. That said, there are
microbial patterns shared among IBD patients such as reduced microbial diversity, decreased
relative abundance of Firmicutes, and an increase in Proteobacteria.”11 In a longitudinal
study of UC patients with ileal pouch anal anastomosis (IPAA), for example, sequential
sampling of the ileal pouch mucosa show that most patients develop immune activation and
inflammation early on before the appearance of endoscopic or histologic changes.12:13 In
addition, numerous studies point towards disruptions of the gut microbiome arising from
environmental and/or host factors which create mismatches in host-microbe interactions to
promote the development of IBD.14.15

It should also be noted that, to date, most studies of the gut dysbiosis associated with various
forms of IBD have been focused on bacteria, without much consideration of the potential
role of other members of the gut microbiome such as fungi, bacteriophage, and Archaea.
Some studies have suggested that alterations in the virome and mycobiome have a role in the
pathogenesis of human 1BD.16-18 Bacteriophages (phages), for example, are prokaryotic
viruses that only infect bacteria and archaea, and are the most prevalent viruses in the human
gastrointestinal tract. Though gut phages demonstrate low intrapersonal and high
interpersonal variation, there appear to be shared phage populations among individuals
globally, raising the possibility that the “healthy” gut phageome is significantly diminished
in IBD patients.1”19:20 Moreover, IBD patients harbor an increased abundance of phages
belonging to the Caudovirales order, but the clinical significance of this is unclear.?! Less is
known about Archaea, which include methanogens, in human IBD, other than that they
appear to be less abundant during active disease.22 On the other hand, both experimental and
clinical studies have implicated fungi in the pathogenesis of IBD. IBD patients display
increased abundance of Candida albicans but a decreased abundance of Saccharomyces
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cerevisae.23 A commensal skin yeast, Malessezia restricta, was found in the colonic mucosa
of CD patients and exacerbated colitis in mice by stimulating an anti-fungal signaling
molecule, CARD9.24 Greater fungal diversity was found in CD patients compared to
controls, suggesting the mycobiota could be involved in the pathogenesis of IBD.2° In
addition, anti-Saccharomyces cerevisiae antibody (ASCA) is the most robust biomarker of
CD.26-30 ASCA targets mannan, the polysaccharide component of the fungal cell wall.
ASCA generation and targeting is thought to indicate fungal invasion of the intestinal
epithelium. Similarly, mice have increased susceptibility to chemically-induced colitis when
they lack Dectin-1, an innate pattern-recognition receptor for p-1,3-glucan, another fungal
cell wall component.3! The development of colitis in these mice is believed to be due to the
increased Candida invasion of epithelial cells. Furthermore, polymorphisms in Dectin-1 and
CARD?9 have been linked to severe forms of ulcerative colitis and Candidiasis.32-3> Despite
the increasing connections between fungi and phage with IBD, much remains to be learned
about their contributions to IBD pathogenesis.

What defines gut dysbiosis in IBD?

It is estimated that there are trillions of microbial organisms in the human gut that have a
symbiotic relationship with their hosts, fulfilling essential functions in healthy individuals
such as nutrition, host defense, and immune development.36-38 In most healthy individuals,
99% of the intestinal microbiota is composed of Firmicutes, Bacteroidetes, Proteobacteria,
and Actinobacteria, with Firmicutes and Bacteroidetes together accounting for about 90% of
the microbiota.3%42 Firmicutes and Bacteroidetes in conjunction with oligosaccharide-
fermenting bacteria (e.g. Bifidobacterium) are able to produce short-chain fatty acids
(SCFASs) by fermenting dietary plant fibers that are naturally indigestible by humans.3:44
SCFAs, specifically butyrate and propionate, are energy sources for the colonic epithelium
and have been shown to play key roles in regulating intestinal immune homeostasis.*>

Although there are two major dominant phyla, there are thousands of different bacterial
species and an even greater number of strains in each individual. By taxonomic criteria, the
membership and relative abundance of the gut microbiota varies considerably from
individual to individual. However, their core functions, e.g. those important for microbial
fitness and adaptation to the various niches along the Gl tract, are more similar.38:39 Some of
these functions, such as conversion of primary to secondary bile acids and generation of
SCFAs, are important for immune regulation and metabolic homeostasis.*446-49 Loss or
reduction of these functions can potentially impact host-microbe interactions essential for
intestinal mucosal and immune homeostasis. Thus, despite the large inter-individual
differences in taxonomic representation, functional criteria may be more useful for
distinguishing relative states of health and disease in 1BD.37:39.50

Gut dysbiosis occurs when the diversity, composition, and/or functions of the intestinal
microbiome are disrupted, negatively impacting the individual, for instance through the loss
of intestinal homeostasis and inappropriate immune activation.>%-52 IBD patients display
reductions in biodiversity (mostly Firmicutes), decreased stability, and an expansion of
Proteobacteria such as Enterobacteriaceae, Bilophila, and certain members of Bacteroidetes.
7.10.11,53 | oss of biodiversity may lead to a loss or reduction of key functions necessary for
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maintaining intestinal barrier integrity and regulating the host immune system, potentially
resulting in inflammation and increased immune responses.>*° There is also an increase in
mucolytic bacteria and pathogenic bacteria, leading to the degradation of the mucosal barrier
to allow for increased penetration of pathogens into the intestinal tissues.>6-59

While gut dysbiosis is associated with IBD, it has been difficult to determine if these
changes are a cause or consequence of these diseases. It is also possible these alterations,
while not the main drivers of IBD development, contribute to the evolution and progression
of these diseases by amplifying and sustaining the immune/inflammatory process. (Figure 1)
By doing so, they promote tissue injury and impaired wound healing, disease complications
(e.g. fibrosis and strictures, fistula formation, abscess, extraintestinal disease
manifestations), and the decline or even extinction of key commensal microbiota that would
be needed to restore immune and intestinal homeostasis.

What determines the development of IBD dysbiosis?

Genetic Susceptibility and Immune Regulation:

Genome-wide association studies (GWAS) led to the discovery of genes and gene loci
associated with IBD susceptibility.60-62 Many of these genes encode for important
components for sensing and adapting to changes in the gut microbiome. For example, two of
the major 1BD susceptibility genes include NOD2and ATG16L1.5364 These genes are
involved in the autophagy pathway, a major component in pathogen sensing and clearance to
ensure only the correct microbes remain in the host. Many of them play roles in other
defense pathways, thus mutations in these genes could affect broadly crucial host defenses
and immune mechanisms. For example, bacterial sensor NODZis a receptor for muramyl
dipeptide, a constituent of both Gram-positive and -negative bacteria, and plays a role in
many cell types in addition to its primary role in autophagy. NOD2 mutations lead to
impaired epithelial clearance of invasive bacteria, dysfunction of Paneth cells, and decreased
antimicrobial peptide production.65:66

Aside from impaired microbial sensing ability and bacterial clearance, IBD gene variants
may also alter intestinal immune homeostasis by disrupting the intestinal epithelial barrier.
The colonic mucosal barrier is composed of a firmly attached and mostly sterile inner layer
and an outer layer with varying mucus thickness.8” A healthy mucus layer will permit some
microbial attachment to the mucus, but does not permit the microbes from reaching the
intestinal epithelium. As NODZ2 mutations lead to defects in components necessary for an
intact mucus layer, the disrupted barrier combined with decreased antimicrobial peptide
production allows for the expansion of pathogenic bacteria, but decreases in overall diversity
and reduced abundance of beneficial bacteria such as the butyrate-producing genus
Roseburia.58-70 Notably, NOD2 expression is also reduced in genetically wild-type germ-
free mice and is restored through supplementation of commensal bacteria, highlighting the
complex microbe-by-genotype interactions that characterize IBD."?

Mutations in these IBD-associated genes may lead to defects in immune responses including
T-cell differentiation (/L10, /L21), Ty17 cell maintenance (/L23R, JAKZ, PTPNZ2), and NF-
xB activation ( 7AV/Fsignaling genes).’2-74 Defects in immune inhibitory pathways impair
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immune cells from properly responding, leading to aberrant immune responses such as
release of pro-inflammatory factors and dampened anti-inflammatory responses. The
dysregulation of inflammatory mediators influences the chronic inflammatory state
characteristic of IBD pathogenesis.

Polymorphisms in these IBD susceptibility genes alter the gut microbiome and cause
imbalances in critical host-microbe interactions which increase the risk of IBD development.
These genes could act as genetic biomarkers to identify individuals at higher risk of
developing IBD to potentially treat the disease before onset of symptoms. Despite the
success of identifying many significantly associated susceptibility genes through GWAS,
these genes only account for <25% of predicted heritability.51 While GWAS is proficient at
identifying common risk alleles, less well represented and rare risk alleles are less likely to
be detected. Thus, further genetic analyses will be needed to comprehensively discover these
uncommon variants to better utilize susceptibility genes as predictive biomarkers.

Of the many changes that have arisen through Westernization, shifts in diet have been
particularly significant and are associated with risk for IBD. Increased variety, availability,
affordability, processing, and formulation of foods made possible through improved
socioeconomic standards have resulted in increased consumption of animal-based, high
calorie, high fat, and processed sugar diets low in dietary fiber.”>76 Unsurprisingly, changes
in diet have led to decreased diversity and impaired microbial function, and often override
other determinants of gut microbiota composition including genetics and mucus
deterioration.”’-80 Mice fed a typical Western diet exhibited changes in the colonic mucus
characteristic of IBD pathogenesis, which were associated with shifts in intestinal microbial
communities.54:89 Microbial diversity in composition and function are negatively impacted
by diets with reduced dietary fiber, which may not be recoverable even with resumption of
fiber in the diet.’8

Some commensal microbes are able to naturally ferment indigestible dietary fiber to form
SCFAs. SCFAs including acetate, propionate, and butyrate are energy sources for colonic
epithelial cells and help maintain intestinal homeostasis.81:82 SCFAs maintain intestinal
homeostasis by facilitating production and differentiation of colonic regulatory T cells
(Treg).83:84 For example, Faecalibacterium prausnitzii was found to have anti-inflammatory
properties through its ability to produce butyrate, allowing for Treg and Th17 regulation.
85.86 |BD patients display a reduction in SCFA-producing bacteria like £ prausnitzii and
butyrate production, and recovery of SCFA-producing bacteria or the SCFA itself led to
amelioration of inflammatory environment.87.88

Bile acids are emulsifiers needed for fat absorption and digestion and come in many forms.
They also have profound effects in shaping the gut microbiome.8° Their relative proportion
in secreted bile is highly influenced by dietary composition and their conversion from
primary to secondary acids by gut bacteria is important to make them bioactive ligands for
downstream receptors such as anti-inflammatory signaling receptor FXR and TGR5.90-93
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The ratio of conjugated to deconjugated bile acids also plays a role in health and disease; a
shift towards excess conjugated bile acids may promote inflammatory conditions and can
lead to blooms of potentially harmful bacteria. UC and CD patients display bile acid

malabsorption and secondary bile acid deficiency which can lead to persistent diarrhea.
92,94,95

A study using genetically susceptible 1L-10-deficient mice fed a saturated fat diet identified
a diet-induced bloom of Bilophila wadsworthia, a bile-tolerant commensal microbe, which
increased the incidence of spontaneous colitis in these mice.>3 Another study examined
human subjects on either a plant-based or animal-based diet and compared their fecal
microbial communities.”® They found an increase in bile-tolerant organisms and decreases in
plant polysaccharide metabolizing Firmicutes. Furthermore, reductions in the
Ruminococcaceae family in UC pouch patients led to reductions in secondary bile acids.%2
These studies show that alterations to the microbial community structure due to diet and
nutrients can be associated with intestinal inflammation and higher incidence of colitis.>3:92

Barrier integrity and impact of mucosal inflammation:

As gut microbes evolved to adapt to the changing gut environment, the host immune system
likely co-evolved to allow selective engraftment by microbes that benefit the host. The
symbiotic relationship between the gut microbes and host is in particularly delicate balance
at the intestinal mucosa, a primary interface between host and microbe where proper
separation is essential for intestinal homeostasis.8” A healthy mucus layer will permit some
microbial attachment to the mucus, but deters most microbes from reaching the surface of
the intestinal epithelium. Additionally, the secretion of antimicrobial peptides and IgA helps
to prevent microbial invasion of the mucus layer.%:97 In IBD, many of these factors break
down. The intestinal epithelium becomes more permeable due to defects or downregulation
of processes that regulate tight junctions, mucus produced by goblet cells, transepithelial
transport, nutrient digestion and absorption, and mucosal restitution.5498-101 The defective
intestinal barrier allows for increased penetration of bacteria and closer contact with the
intestinal epithelial surface and beyond.

These changes to the mucosal barrier lead in turn to shifts in mucosal bacterial communities.
Mucolytic, or mucin-degrading, bacteria are able to use mucins as an energy source and
release sugars from the glycosylated mucins for other bacteria to potentially use.102
Akkermansia muciniphila, a mucolytic commensal, is generally abundant in healthy
microbiota but reduced in the guts of IBD patients. While the mucolytic commensal
populations diminish, the overall mucosal bacteria population increases due to increased
infiltration of the damaged barrier by invading commensal bacteria.1%3 Moreover, one study
showed that compositional changes in the mucosal bacterial community occurred prior to
changes in the fecal microbial community and the onset of symptoms.194 These studies
show the inappropriate presence of microbes at the mucosal surface could be a potential
cause of increased inflammation.

While it is not clear whether the mis-localization of commensals into the mucosal layer is
causative or adaptive to the depleting mucus layer, it is known that there are certain bacteria
that directly exacerbate epithelial barrier dysfunction. Adherent-invasive Escherichia coli
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(AIEC) have a heightened ability to adhere to gastrointestinal epithelial cells and are present
at increased abundance in IBD patients.58 Contrastingly from the invading commensals,
AIEC have the capacity to further disrupt intestinal barrier integrity by producing an a-
hemolysin and stimulating the release of pro-inflammatory cytokines.58:105.106 A|EC
isolated from CD patients have demonstrated the capacity to replicate in macrophages,
further evading killing by immune cells while initiating an inflammatory cascade.197

As the epithelial barrier is the first line of defense against invading microbes, the disruption
of the barrier is highly detrimental and a key factor in IBD pathogenesis. With the loss of the
protective mucus layer, a downstream cascade of events leads to an inflammatory reaction to
the invading bacteria. It is not well-understood if the initial barrier dysfunction arises as a
reaction to the invasive and adherent mucosal bacteria or if an alternative factor is
responsible, and the microbes are simply adapting to the changing environment.
Nevertheless, an intact, microbially-impermeable mucosal barrier is necessary to maintain
intestinal homeostasis and the perturbation of this barrier increases the risk of colitis.

Developmental factors:

Community assembly in early life is complex and impacted by many factors such as
genetics, environment, and interspecies interactions. These early life exposures and
developmental programs are essential for developing a stable, yet resilient microbial
community that promotes good health.198-110 As 3 consequence, other non-resident
microbes encountered later in life may be rejected by fitness filters set by both gut
microbiota and host immune system early in life. Conversely, perturbations of the gut
microbiome that compromise gut microbial diversity, fitness, and function have been shown
to become more susceptible to invasion and colonization.111 In addition, studies have shown
long-lasting effects of dysbiosis of the early-life microbiome result in the inability of the gut
immune system to develop properly.198.109 The development of immune tolerance to both
“self” and to acquired gut microbes takes place during a window of time early in life, after
which the imprinting process is set.112 Supporting this notion is the finding that a vertically
transferred gut dysbiosis acquired by pups from antibiotic-treated, IL-10 gene-deficient
dams are at a significantly greater risk for developing spontaneous and DSS-induced colitis.
15 Furthermore, the consequences of dyshiosis could not be fixed by late life exposure to
commensal microbes. Besides antibiotics, other factors such as formula feeding, Caesarian-
sections, and diet can also disrupt the early-life microbiome and infant immune
development.113-120 Stydies show that by 1-2 years of age, the infant microbiota begins to
resemble a profile characteristic of the adult microbiota.121-124 Genetically predisposed
individuals may therefore have a brief developmental window of time to correct their
microbiota before the gut microbiome and host immunity are fully developed. Interventions
to engraft key microbes that were missing in early life are less likely to be effective past this
developmental window.125-127

Are there disease-promoting gut microbiota that trigger the onset of IBD?

There has been no consensus or definitive evidence that IBD are caused by classical
pathogens. Pathogens are generally not indigenous to the gut microbiota and typically
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possess virulence mechanisms that take advantage of weaknesses in host physiology. Most
are infectious and typically affect a broader range of individuals than just patients with IBD.
Thus, pathogens in the traditional sense are not likely to be the main cause of IBD. More
likely, particularly based on recent reports, the culprits may actually be part of the
commensal microbiota involving populations that can display pathogenic properties given
the right opportunity, context, and circumstance. These microbes have been called
“pathobionts”, although the term has shortcomings in accurately reflecting the pleomorphic
states of microbes that can be both beneficial and harmful.128 Pathobionts are difficult to
detect by current measures of microbial membership, genome sequence, or even function,
especially if performed outside of physiological context. Underscoring the latter point, it is
hypothesized that colonization with these microbes in a healthy, non-IBD susceptible host
will not cause disease. B. wadsworthia, for example, is a bile-tolerant, sulfite-reducing
Proteobacteria that blooms and causes colitis in IL-10-gene deficient mice fed a high
saturated fat diet.53 It has also been reported to be associated with human IBD.”8 Yet, it is
found in the commensal microbiota of healthy, non-IBD subjects, and when engrafted into
the gut microbiota of wild type, non-IBD-prone mice, fails to cause colitis.

However, in IBD-prone subjects, the inflammatory gut environment may impose a fitness
cost on some commensal microbes, and at the same time, provide a selective advantage for
other microbes that can survive in a proinflammatory environment. These microbes could
contribute to and sustain the inflammatory process to impair the recovery of other
commensal microbes by taking advantage of the inflamed environment. For example,
oxygen levels and free oxygen radicals increase in the inflamed gut environment,129.130
Oxygen-tolerant microbes and microbes able to utilize oxygen radicals are selected for
survival. E. coliis able to use nitric oxide as an electron acceptor, giving AIEC a competitive
advantage against gut community members during states of inflammation.131 Overall in
dysbiotic conditions, functions for survival in a hostile inflammatory environment, such as
oxidative stress tolerance, metabolite uptake, and carbohydrate metabolism, are upregulated
for higher fitness.50:132

Bacteroides fragilis has been implicated as a potential pathobiont of IBD as it is found in
more than 60% of the biofilm mass of IBD patients despite being a low-abundance member
of the commensal microbiota.133 Furthermore, an ileal pouchitis study of UC patients
showed B. fragilis bloomed in many subjects before and during the development of
pouchitis.12 Despite the harsh inflammatory conditions, B. fragilis is able to bloom and
persist, due to its ability to adapt and respond to this environment making it a prime
pathobiont candidate. One potential factor for its survival could be the wide range of
capsular polysaccharide coats at its disposal, although each individual capsular
polysaccharide function has not yet been fully studied.134.135

Currently, it is still unclear whether changes in the commensal microbiome population in
IBD are a cause or effect of the inflammatory environment. Even if they are not causative,
do these microbes actively contribute to and sustain the heightened immune and
inflammatory state? Equally unclear is whether the emergence of the pathobionts has a
larger impact on IBD pathogenesis than the loss of commensal microbes and their
homeostatic functions.
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Does the reduction of key commensal gut microbes cause or contribute to
human IBD?

Commensal microbes play a large role in maintaining proper immune and intestinal
homeostasis with specific host-microbe interactions. These microbes provide key functions
in digestion and nutrition, pathogen limitation, immune regulation, development, and
mucosal properties including barrier function, generation of antimicrobial peptides, mucus,
and repair. Inflammatory conditions that suppress these beneficial populations and effects
can potentially trigger or contribute to IBD.

Microbial metabolic activity is crucial in combating intestinal inflammation, and reduction
of key microbes involved in these activities allows for this chronic inflammatory state. As
mentioned above, SCFASs produced by bacteria such as £ prausnitzif have anti-inflammatory
properties that protect the intestinal epithelium.5® In patients with active IBD, the reduction
in . prauznitzii and the associated reduction of this metabolic function critically impacts
intestinal homeostasis.136 Functional reduction may in fact be more relevant than the
taxonomic identity of reduced bacterial populations during IBD: suppression of other
butyrate-producing bacteria such as Roseburia hominis or Eubacterium rectale similarly
leads to reduced SCFA levels, impaired immune regulation, and poor colonic mucosal
health.11:137 Microbial tryptophan metabolism provides another example illustrating the
critical interactions between microbial metabolic products and host health. Some
commensals are able to produce indole compounds from tryptophan catabolism to activate
the host aryl hydrocarbon receptor (AHR). AHR modulates differentiation and activity of T-
cells, and AHR expression is dampened in IBD patients.138 CARD9 deficient mice
displayed intestinal inflammation due to the inability of the microbiota to produce AHR
agonists from tryptophan, and this inflammation was attenuated after adding tryptophan-
metabolizing Lactobacillus or AHR agonists.13° Furthermore, Clostridium-colonized mice
expressed high levels of indoleamine 2,3-dioxygenase (IDO) which catabolizes tryptophan
to kynurenine which also activates the AHR.140.141 |DO expression increases during gut
colonization, suggesting microbiota directly and indirectly modulate AHR agonists to affect
immune regulation for a positive host-microbe relationship.142

The metabolic products of microbes in the gut also contribute to a complex web of inter-
microbial interactions. The ecological concept of a foundation or keystone species in
determining and sustaining stability and resilience of the gut microbiome applies to both
health and disease. While both terms have been interchangeably used, a foundation species
is often the most abundant and is able to physically modify the environment to produce and
maintain habitats that support other organisms. A keystone species has a disproportionately
large effect on its environment relative to its abundance. These species play a critical role in
maintaining the structure of an ecological community by directly or indirectly affecting the
abundance of many other organisms in the ecosystem. Loss of either the keystone or
foundation species has strong destabilizing effects, leading to reduction in biodiversity and
decreased resistance to invasion.243 Currently, there are few studies regarding potential
keystone or foundation species in IBD, but if these roles do exist in the context of the gut
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microbiota, the clinical and translational value in understanding their ecology cannot be
overstated.

Bacteroidetes is an abundant phylum in healthy individuals and is known to decrease in IBD
patients.>%:52 Some members of the Bacteroides genus have been shown to exhibit beneficial
anti-inflammatory functions.144-146 Moreover, many Bacteroides are able to digest complex
polysaccharides and release simple carbohydrate products for utilization by other bacteria.
147,148 previous studies show Bacteroides to be highly connected in ecological networks of
the gut microbiota, and removal of these species harms the network.143.149 Bacteroides are
therefore hypothesized as potential foundation species that act to maintain the gut microbial
community. A recent study from our group has shown a previously uncharacterized murine
strain of Bacteroides, Bacteroidessp. CL1-UC, to be an integral component to reduce risk of
spontaneous colitis of IL-10 gene-deficient mice when engrafted into a dysbiotic gut in early
life.125 Engraftment of this single strain early in life restored, to a significant extent, the
development of the gut microbiome and host immune tolerance. Losing or failing to acquire
key foundation species, especially early in life, could have a lasting impact on the gut
microbiome, particularly in complex immune disorders like IBD. Once the community has
been established, priority effects makes it difficult for even other keystone species to engraft
into a stable, yet dysbiotic microbial community.150

Understanding microbial metabolic functions as well as the individual contribution of each
microbe to the community will help clarify the roles necessary to maintain a healthy
microbiome. Currently, it is difficult to determine whether the gain of function (pathobiont
bloom) or the loss of function (losing commensals) has a larger impact on IBD pathogenesis.
(Figure 1) However, both of these concepts show the complexity in predicting IBD
development and progression. As both the emergence of pathobionts and the loss of
commensals have significant impact on creating and maintain an inflammatory environment,
researchers must better understand the intricate host-microbe and microbe-microbe
interactions.

What present and future microbiome-based interventions are there for IBD?

Current therapeutic approaches for IBD involve surgical and medical modalities that each
have their limitations. The development of microbial interventions for IBD is being intensely
investigated, but the promise of this approach remains unrealized. Given that the gut
microbiomes among individual are very different, it is unlikely that a single formulation
simply based on taxonomical criteria is likely to work in everyone. A more logical approach
is one based on functional criteria to restore health to both gut microbiota and host. For
example, butyrate-producing bacteria have been shown to be beneficial and anti-
inflammatory, but would it matter if £ prausnitziiis chosen over R. hominis? As mentioned
above, some microbes may play a larger role in community assembly (i.e. keystone and
foundation species), thus these microbes may be needed to properly restore the microbial
balance.

Fecal microbial transplantation (FMT) and probiotics are currently the main microbial
therapies for IBD. Both aim to re-introduce beneficial microbes into the dysbiotic gut of the
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patient to restore intestinal balance, but one involves transplanting fecal matter from a
healthy donor and the other involves introducing a defined live microbial consortium.151.152
FMT appears potentially effective in UC patients, but multiple doses and preclearance of
indigenous gut microbiota with antibiotics may be needed to achieve a sustainable effect.
The long-term effects of these treatments are unknown.193-158 A recent technical review on
probiotics in UC or CD patients showed little or no evidence of efficacy.1>® The
effectiveness and sustainability of these treatments may be related to the ability of FMT and
probiotics to engraft in the recipient gut, which is extremely difficult because of the stability
and resilience of pre-existing microbiota.169 In addition, with uncontrolled, active disease,
most commensal microbes would find the environment too hostile to be fit.52 Prebiotics are
dietary fiber supplementations that stimulate growth of specific, putatively beneficial
bacteria already present in the gut.161 Prebiotics do not require live bacterial transfer and are
easier to administer, but the efficacy depends on the fiber choice and the growth of gut
microbes that can metabolize it. While promising, long-term effects on humans and gut
microbiota remain unknown. Synbiotics involve supplementing a probiotic with a nutritional
source (prebiotic) to provide a competitive advantage for the probiotic strain to increase their
colonization chances.162 However, without engraftment, probiotics and synbiotics would
likely have to be give frequently in large doses, making compliance and adherence by
patients more difficult. Live bacteria probiotics are harder to control and do not guarantee
production of beneficial compounds. Furthermore, once engrafted, the probiotic strain may
no longer be of use, but may continue to fill a niche that could otherwise be occupied by a
different beneficial strain. Postbiotics bypass the need for live bacteria and use bioactive
microbe-derived small molecules.163 Thus, they have the advantage of controlled dosage
without the concerns about engraftment. However, the development of postbiotics is still in
its infancy and further research is needed to understand their mechanisms of action and long-
term health effects. Currently, probiotics, synbiotics, and postbiotics in IBD models have
limited data and require more stringently controlled trials.136:159.161-165 postpiotics have yet

to pass clinical trials, but experimental models demonstrate potential therapeutic potential.
136

Genetically engineered microbes using synthetic biology represent a future therapeutic
approach for IBD. Modified bacteria could act as biosensors or delivery vehicles to monitor
and/or react to molecules being produced in the gut and potentially deliver therapeutics at
disease sites.166-169 However, as live microbes, biosafety issues with containment and
toxicity have to be considered. Bacteria kill-switches have been added into some synthetic
bacteria, but overall their effects on humans still remain unknown.170

What needs to be done to better understand the role of gut microbes in

IBD?

Despite the fact that there is a microbial basis in IBD, research in this area has been
hampered by technical, clinical, and conceptual challenges. It remains unclear and
controversial, for example, whether IBD-associated dyshiosis causes these diseases or is
merely a consequence of them.171-173 Most studies to date have also been cross-sectional in
design, relying on samples acquired from a single time point without associated clinical

Gastroenterology. Author manuscript; available in PMC 2021 May 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lee and Chang

Page 12

metadata such as the state (active vs quiescent) and type of IBD (CD vs UC), regional
involvement (small vs large intestine), diet, medications, etc. Without this information, these
data become difficult to interpret. By incorporating a time-series of region-specific specimen
collection from both host and microbiota, much more can be gained from clinical
investigations that seek to identify pathobionts, functional markers, and host pathways and
targets that may have a role in disease pathogenesis. In addition, patients serve as their own
controls, obviating the problems of genetic, environmental, and microbiome variation among
individuals. As an example, clinically useful host and microbial biomarkers could be
identified that predict responsiveness to treatment before initiation of a therapeutic
intervention, thereby ensuring better clinical outcomes. To identify potential gut microbial
communities or specific populations that cause or trigger IBD or disease relapses, samples
and clinical metadata should be obtained before and after the onset of disease. In most
instances, we simply lack the ability to know who will develop inflammatory bowel diseases
and when. However, there are opportunities where very high-risk subjects, such as first-
degree relatives of IBD patients, can be studied before the onset of disease.1”# For example,
studies have shown that nearly half of UC patients who undergo colectomy and IPAA will
develop an inflammatory condition of the ileal pouch, called pouchitis, within 2-3 years
from surgery.12:175 This work revealed the emergence of pathobionts before and during the
development of pouchitis, one example being B. fragilis, which is otherwise a minor
constituent of the healthy gut microbiome. A second finding was the identification of an
anomalous host gene response to microbial stimuli that was only seen in the pouch and not
the pre-pouch mucosa, i.e. the segment of ileum above the pouch that is usually disease-free.
Interestingly, the same transcriptomic response was observed in a subset of CD patients,
suggesting certain IBD patients display specific responses to the gut microbiota, rendering
them at higher risk, especially if microbial factors are encountered that can trigger the onset
of disease.1”® Going forward, attention to study design is extremely important to gain leads
that may provide insight into causality and consequence in IBD.

Adding to the challenge of human studies is that most studies have been performed on fecal
microbiota, which arguably only represent the luminal microbial population of the distal
colon, and not microbiota of other areas where active disease may be (e.g. cecum, upper Gl
tract). Substantiation is needed to support claims that fecal analysis can be used to identify
biomarkers of region-specific IBD, but this may be technically limiting with the need for
colonic lavage (which skews the gut microbial populations) and the inability to reach certain
regions of the bowel endoscopically. It is also well known that there are large inter-
individual differences in membership and metagenomics of gut microbiota particularly at the
subphylum level which makes it difficult to identify meaningful associations even with large
diverse subject populations. While much has been gained through cultivation-independent
next generation sequencing approaches, they have their limits as well. Analyses of 16S
ribosomal DNA sequences only provide information about what microbial populations are
most represented in a sample. With the clustering platforms currently used for data analysis,
operational taxonomic units (OTUSs), or clusters of similar sequence variants of the 16S
rDNA marker gene sequence defined by having 97% sequence homology, are limited to
identifying broad shifts and states in microbial membership that can only be resolved to the
genus level. This is inadequate, as microbial populations belonging to the same species can
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vary widely in genomic content and function. Moreover, 16S rDNA profiles provide no
functional information. Attempts to extrapolate functional information based on genomic
sequence information of reference strains are likely to be misleading, as genomes and
functional properties among similar species and strains in different contexts can vary
considerably.177:178 Metagenomic data (microbial DNA) acquired through shotgun
sequencing provides much more information, but even this data is limited because the
function of most microbial genes remains unclear. As a consequence, functional profiles
drawn from short read sequences are based on annotation of only 10-20% of the total
sequences which skew interpretation to most highly represented genes that are shared across
the microbiome, many mediating basic functions such as metabolism, propagation, and
fitness. What is becoming increasingly apparent is the growing need to understand the
microbial basis of IBD at a microbial strain, genomic, and functional level and in the proper
context and circumstance. Metatranscriptomic (MRNA expression) and metabolomic
profiles, particularly when analyzed along with metagenomic and whole genome sequences
of particular strains of interest can be extremely useful in providing a high level of resolution
by combining compositional and functional profiles. However, having associated metadata
from the patient side such as gene/RNA/protein expression, histology, and single cell
genomics would provide a much better picture of functional impact that the microbiota may
be having at that particular point of time and stage of disease. To determine if observed
correlations are actually related, experimental models involving gnotobiotic animal
technologies have been frequently used to evaluate the functional impact of human gut
microbiota and individual microbial strains. Human gut microbiota, for instance, readily
colonize the guts of germ-free mice, but whether the observed relationships between human
gut microbes and their murine host are representative of those in the human gut remains
unclear.1”® Arguably, human IBD is very unique and individual, and it is unlikely that any of
the existing animal models of experimental IBD will faithfully recapitulate the milieu, host-
microbe relationships, and etiopathophysiological underpinnings of human IBD. In this
regard and because functional testing in human subjects is difficult for both technical and
ethical reasons, patient-derived intestinal organoids may provide a useful platform to test
specific hypotheses between matched sets of the patient microbiota.1’® Microfluidic systems
using the “organ-on-a-chip” model may also be a potential method to mimic IBD conditions
using live patient-derived cells.180 Ultimately, a look back to the patient using newer
technologies that are emerging like single cell genomics, spatial transcriptomes, super-
resolution microscopy, etc. can provide further validation for the /n7 vitro and experimental
findings. This type of iterative, multi-prong approach will become increasingly necessary to
reconstruct events that will lead to a better understanding of the microbial basis of 1BD.

Knowledge gained through proper study design, the emergence of novel and enabling
technologies, advances in bioinformatics analytics, and more representative experimental
models will be transformative and have immediate clinical application. We will be able to
identify individuals at high risk for the development of IBD, in whom early interventions
such as correction of gut dysbiosis can be implemented to prevent disease. The identification
of specific microbial populations, strains, and genomic element translates into highly
specific therapeutics that can target those microbes specifically without collateral damage to
the rest of the gut microbiome. The discovery of novel, effective microbiome-based
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biotherapeutics will become part of our therapeutic armamentarium. Similarly, mitigation
strategies can be developed to protect host pathways that are targeted by pathobionts.
Finally, panels of host and microbiome biomarkers can be developed that will guide
physicians when determining best therapies for effective disease management, better clinical
outcomes, and even cure.
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Figure 1. Factorsinfluencing dysbiotic and chronic inflammatory statein IBD.
In healthy individuals, commensal bacteria provide functions that benefit the host. (/ef?)

Certain bacteria produce short-chain fatty acids (SCFASs) such as butyrate to regulate
intestinal homeostasis. Antimicrobial peptides produced by Paneth cells and the intact
mucus layer prevent bacterial invasion of the epithelial layer. SCFAS are an energy source
for the epithelial cells and help maintain a functional barrier. SCFAs also provide anti-
inflammatory properties by facilitating differentiation of regulatory T-cells (Treg) and
effector T-cells (Teff). However, in IBD patients, perturbations due to genetic and/or
environmental factors lead to dysbiosis of the gut microbiota. (righf) I1BD patients display a
reduction of commensal bacteria, including SCFA-producing bacteria. This leads to decrease
in SCFAs and their beneficial effects including the ability to modulate Treg and Teff
differentiation. The imbalance of Treg and Teff cells leads to increased production of
proinflammatory cytokines. Due to the perturbations, the mucosal layer is damaged, leading
to a dysfunctional barrier. This allows for bacterial penetration, triggering an inflammatory
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cascade against the invading bacteria. Furthermore, pathobionts, commensal bacteria that
can display pathogenic properties given the right opportunity, emerge and expand in the
inflammatory conditions. This continues to promote inflammatory conditions, allowing for
the adapted pathobionts to survive and further limiting commensal growth. The loss of
commensals, emergence of pathobionts, and the imbalance of immune regulation leads to a
chronic inflammatory state.
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