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Dysbiosis of gut microbiota in inflammatory bowel
disease: Current therapies and potential for microbiota-
modulating therapeutic approaches
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ABSTRACT

There is a growing body of evidence reinforcing the unique connections between the host microbiome, health, and diseases. Due to the extreme
importance of the symbiotic relationship between the intestinal microbiome and the host, it is not surprising that any alteration in the gut
microbiota would result in various diseases, including inflammatory bowel disease (IBD), Crohns disease (CD) and ulcerative colitis (UC).
IBD is a chronic, relapsing-remitting condition that is associated with significant morbidity, mortality, compromised quality of life, and costly
medical care. Dysbiosis is believed to exacerbate the progression of IBD. One of the currently used treatments for IBD are anti-tumor necrosis
factor (TNF) drugs, representing a biologic therapy that is reported to have an impact on the gut microbiota composition. The efficacy of anti-
TNF agents is hindered by the possibility of non-response, which occurs in 10-20% of treated patients, and secondary loss of response, which
occurs in up to 30% of treated patients. This underscores the need for novel therapies and studies that evaluate the role of the gut microbiota in
these conditions. The success of any therapeutic strategy for IBD depends on our understanding of the interactions that occur between the gut
microbiota and the host. In this review, the health and disease IBD-associated microbiota patterns will be discussed, in addition to the effect of

currently used therapies for IBD on the gut microbiota composition, as well as new therapeutic approaches that can be used to overcome the

current treatment constraints.
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INTRODUCTION

It has been estimated that more than one million res-
idents of the United States and 2.5 million individuals liv-
ing in the European Union suffer from inflammatory bowel
disease (IBD). IBD is a chronic inflammatory disorder that

has been associated with high morbidity and mortality, low
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quality of life, and financially demanding medical care [1,2].
The incidence of IBD has been rapidly increasing in devel-
oped and industrialized countries over the last two decades.
Furthermore, IBD is an inflammatory disease of the gastroin-
testinal (GI) tract that exhibits a chronic relapsing-remitting
course. The causes of this disease are multi-factorial, but it can
be subdivided into two main types, Crohns disease (CD) and
ulcerative colitis (UC). Even though both conditions have sim-
ilar clinical and pathological presentations, it seems that the
main biological processes involved in the development of CD
and UC are different [3]. CD can affect any part of the GI tract
with a particular preference for the terminal ileum, whereas
UC can only affect the large intestine, ie., the colon [4]. In a
minority of cases where only the colon is affected, CD can be
indistinguishable from UC, and such cases are often described
as “indeterminate colitis” Both conditions can cause irre-
versible impairment of the structure and function of the GI
tract [3].

The diversity and composition of the human gut micro-
biota are believed to play a critical role in human health and
the development of disease. A well-balanced composition of
microbes in the gut (symbiosis) is recognized as crucial for
maintaining a normal and healthy GI tract. Gut microbes
have also been implicated in the pathophysiology of inflam-
mation, especially in patients with confirmed IBD [s].
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However, although the global alterations in the gut microbial
communities of patients with IBD have been recognized and
the research so far has found associations between microbial
factors and inflammation, it is important to emphasize that
there are still no clear conclusions to be drawn [6].

The exact pathogenesis of IBD remains unclear, but it
has been noted that IBD occurs as a result of complicated
interactions between genetic predisposition, environmental
factors (diet, antimicrobial usage, smoking, etc.), socio-eco-
nomic development, and microbial colonization [7]. One of
the most common causes for the development of IBD is the
inappropriate perpetuation of innate and adaptive immune
factors in response to environmental triggers. This exces-
sive immune response causes disregulation of cytokines
and chronic inflammation (Figure 1) [6,8].

In this review, we explored the microbiota patterns asso-
ciated with healthy and IBD-affected intestines and the effect
of current IBD therapies on the gut microbiota composition.
Furthermore, we considered the potential new therapeutic
approaches that can be used to overcome current treatment
constraints.

DEVELOPMENT OF THE HUMAN Gl
MICROBIOTA

It is believed that in humans, the microbiota begins to
co-evolve as a physiologic community consisting of distinct
niches in different parts of the body immediately after birth,
showing metabolic and antigenic diversity. Many studies
have investigated this phenomenon, going so far as to detect
microbes even in womb tissues [9,10]. Following delivery, the
body is colonized by microorganisms, creating a uniquely

Gl microbiota
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FIGURE 1. Interaction of various factors contributing to chronic
intestinal inflammation in a genetically susceptible host, mod-
ified from Sartor [56]
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structured microbiota based partly on life events, such as the
mode of delivery, illness, antibiotics usage, diet, geographical
location, and general lifestyle [10,11].

Microbial colonization is influenced by mode of deliv-
ery. During the first few days of life, infants that are vaginally
delivered are highly colonized with members of the genus
Lactobacillus (belonging to phylum Firmicutes) compared to
infants delivered via cesarean section (C-section) owing to
the high abundance of lactobacilli in the vaginal niche [12,13].
Microbial colonization of infants delivered by C-section is
reduced and delayed, because they are deprived of contact with
maternal vaginal microbiota,, particularly of obligate anaero-
bic bacteria, such as Bacteroides and Bifidobacterium [14-16];
babies delivered by C-section are more likely to have
immune-mediated disorders [17,18]. In terms of the GI tract,
75% of the stool microbiota of vaginally delivered babies are
similar to their mothers’ stool microbiota, whereas in babies
delivered by C-section this fraction is considerably lower
(41%) [19]. Generally, the composition of the microbiota in the
early stages of life has low diversity and is dominated by two
phyla—Actinobacteria and Proteobacteria [10,20]. Starting
from the first few months of life and up to the time of expo-
sure to solid foods, a well-characterized range of stereotypic
microbial structures appear in the intestinal feces, where the
microbial diversity gradually increases. This suggests that
microbial colonization is acquired from sources other than, or
in addition to, what is inherited from family members [21]. By
the end of the first 3 years of life, the diversity and functional
capacities of the microbiota develop towards a distinctive
adult-like microbial profile that comprises a temporal pattern
unique to each individual.

Despite the relative stability of the gut microbiota in adult-
hood, it is predisposed to perturbation over time with respect
to life events [22]. Therefore, descriptions of the adult micro-
biota as “stable” are not entirely accurate, owing to the ongoing
coexistence of some local species [15,21]. Notably, microbiota
in individuals over the age of 65 have shown to shift towards
an increased proportion of Bacteroidetes and Firmicutes,
especially Clostridium cluster 1V, compared to younger sub-
jects, where cluster XIVa is more common [23]. However,
in another study, the diversity of the microbiota of elderly
individuals aged over 100 years was found to be significantly
decreased in a cohort of patients, exhibiting profound specific
variations, such as an expansion in the abundance of facul-
tative anaerobes (e.g., Escherichia coli) and a re-arrangement
of the profile of short-chain fatty acid (SCFA) producers in
particular butyrate-producing bacteria (e.g., Faecalibacterium
prausnitzii) [24]. Lifestyle interactions, such as communi-
ty-dwelling and long-standing residential care, are the main
factors that affect the diversity and composition of microbiota
in elderly populations [25]. Furthermore, the overall metabolic
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capacity of the microbiota in elderly individuals is altered. For
example, the microbiota of elderly individuals tend to have
reduced SCFA production and amylolysis, as well as increased
proteolytic activity [26]. Since there is a large body of evidence
suggesting that SCFAs play a major role in metabolic activities
and act as immune mediators, alterations in microbiota may
explain the observed increase in inflammatory-ageing that
occurs in the GI tract of elderly individuals [27].

A HEALTHY MICROBIOME

Although indigenous microbiota are now recognized as
an important aspect of human health, the phylogenetic and
functional composition of a healthy microbiome has yet to be
precisely identified [28]. Healthy microbial patterns have not
been conclusively documented and functional descriptions
of healthy microbiota are less clear than disease-associated
microbial patterns. While there is agreement that microor-
ganisms, particularly bacteria, play an important role in health
and disease, no clear causal relationships have been estab-
lished [28]. Perhaps the best description of a healthy microbi-
ome is the ecological stability of microbial patterning on or in
the body habitat or body sites. Hence, preserving the resilience
of bacterial populations to ecologic stress or perturbation may
be an important consideration. The persistent variation found
in microbiota between individuals suggests that the idea of
defining a healthy microbiome as a specific collection of bac-
terial species within a community is too simplistic. An alter-
native concept of a healthy microbiome would describe func-
tional genes and the presence of metabolic pathways [28]; this
would better explain the differences in and between healthy
and unhealthy people.

In healthy states and under normal circumstances,
microbes within the GI tract perform beneficial functions for
the human host. The GI environment supports the growth,
reproduction, and longevity of the microbial community [29].
In adulthood, when the composition of the GI microbiota is
assumed to be diverse and stable, a large variety of microbes,
comprising over 1000 different bacterial species coexist.
Among these, four dominant bacterial phyla have been
identified via molecular-dependent methods: Bacteroidetes,
Firmicutes, Protobacteria, and Actinobacteria [30,31].

In addition to bacteria, the GI microbiota include archaea,
in particular Methanobrevibacter smithii, found in almost 96%
of healthy individuals; these produce methane from the hydro-
gen generated by bacterial catabolism [32]. Furthermore, fungi,
such as members of the phyla Ascomycota and Basidiomycota,
are also an important portion of the human Gl microbiota [33].
Saccharomyces, Candida, and Cladosporium are human-as-
sociated fungal genera that include several low-abundance
strains. Notably, M. smithii, Saccharomyces, and Candida are
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frequently found together in individuals that have carbohy-
drate-rich diets [33]. Even though Candida is considered part
of the normal flora and can remain non-pathogenic in many
individuals, the usage of antibiotics or immunosuppressants
can encourage outgrowth and niche-specific invasion by this
genus throughout host tissues and mucosa [33].

There are complex interaction networks among the main
microbial phyla present in the gut, which reflect the range
of dynamic exchanges needed for a physiological microbio-
ta-host balance [34]. Analysis of the human microbiome by
the Human Microbiome Project has revealed that, besides the
most dominant phyla (Bacteroidetes and Firmicutes), there
is a large degree of variation in the relative composition of
healthy microbiota, both in phylum-genus distributions and
in terms of individual differences, that were initially grouped
into different enterotypes [35].

Generally, the mammalian immune system has compli-
cated dynamic bidirectional interactions with the host-asso-
ciated microbiota. Although recent studies suggest that most
immune responses are derived from stimulation of the host
genome, almost 10% of immune responses are stimulated by
direct interaction with the host microbiome [36,37].

There has been significant debate regarding the temporal
stability of the microbiota in healthy individuals, since many
factors affect it (e.g., environment [38], travel [39], interactions
with other humans or pets [40], diet [41], antibiotics [42], and
tobacco use [43]). Also, the rate of change of the composition
of microbial populations varies between individuals [44]. As
such, it is important to emphasize that there is no general
formula for a healthy microbiota that reflects microbial func-
tional redundancy across microbiota-host relationships.

DYNAMICS OF THE HUMAN
MICROBIOME

In 2005, human health was defined by Bircher et al. as
“a dynamic state of well-being characterized by a physical,
mental, and social potential, which satisfies the demands of
life commensurate with age, culture, and personal respon-
sibility” [28,45]. Therefore, the dynamics of the microbiota
in response to interactions with other humans, with other
non-human creatures, or with the surrounding environment
should be taken into consideration when studying the healthy
microbiome. Studies investigating the role of the microbiome
in human health monitored the dynamics of the changes
that occur in microbial communities, demonstrating both
plasticity and stability in the human microbiome [21,46].
In these studies, samples (of oral, skin, and GI microbiota)
were collected daily from two individuals over the periods of
6 and 15 months. Only a fraction of microbial taxa was per-
sistently present across all (or most) samples from the donor
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hosts. For example, left and right palm skin samples showed
no persistently present species, whereas in the intestinal and
oral samples approximately 5% of the detected species were
identified as belonging to a core microbiota that was relatively
stable. These findings support the notion of the individuality
of each human microbiome.

The uniqueness of an individuals microbiome signifi-
cantly surpasses that of the host genome, which is roughly
99.5% indistinguishable between people. Since the compo-
sition of the microbiome varies considerably, microbiome
analysis can be successfully used for forensic purposes [47].
Moreover, besides the high degree of personalization in the
microbiome, variations in the rate of change of the microbi-
ome between individuals may be significant and should not
be neglected [44].

An important observation is that no significant changes
in the compositions of the microbiome have been observed
between individuals who used antibiotics and those who did
not on the day of sampling (or during the previous week).
This suggests that a one-week duration is not adequate to
accurately capture the effect of antibiotics use on microbiome
composition. Nevertheless, the use of antibiotics is associated
with considerable modifications in the composition of the
microbiome [37].

[BD-ASSOCIATED MICROBIAL
PATTERNS

The incidence of IBD has been increasing globally over
recent years, but there is not sufficient evidence to compre-
hensively explain its etiology [48]. The most accepted theory
of IBD pathogenesis involves interactions between host genet-
ics, immune systems, and environmental factors that drive
aberrant inflammatory immunological responses [49]. From
a genetic point of view, variations within more than 200 genes
have been implicated in IBD development [50]. For example,
the NOD2 and ATGi6L1 genes are thought to contribute to
imperfections in the function of the epithelial barrier as well
as of microbial recognition and clearance [51], which implicate
intestinal microbes as drivers of IBD-associated inflammation.

Studies have found that IBD usually appears follow-
ing alterations in the gut microbiota (ie., dysbiosis) [37].
Dysbiosis, described at a functional level, is the failure of the

microbiota to provide the host with the full complement of

beneficial properties [52]. According to the IBD dysbiosis the-
ory, changes in the composition and localization of GI micro-
biota are apparent in patients with confirmed IBD compared
to healthy individuals [53,54]. In general, reports suggest that
the intestinal microbiota of IBD patients have less biodiversity
as well as taxonomic and functional shifts, which seem to be
hallmarks of IBD [55].

Bosn ] Basic Med Sci. 2021;21(3):270-283

273

In fact, there is a complex interaction between the intes-
tinal epithelial cells, the host immune system, and the abun-
dance of gut microbiota. Hence, many factors can contribute
to the onset of inflammation:

1. Alterations in the balance of commensal and pathogenic
microbiota may result in excessive production of pro-
inflammatory compounds and lead to exacerbated
intestinal  inflammation [56]. Many studies based
on the analysis of fecal samples of IBD patients have
noted a reduction in the frequency of Bacteroidetes
and Firmicutes and an increase of Proteobacteria and
Actinobacteria [57,58]. In IBD patients, advances based
on metagenomic sequencing of microbial RNA have
found a decline in bacterial composition and diversity
when compared to unaffected individuals [59].

2. Deficiencies in the integrity of the epithelial barrier can
lead to an increase in luminal antigen uptake, which
ultimately leads to continuous immune activation [56].

3. Research has demonstrated that decreased mucin
production, due to depletion of the goblet cells and
dysfunction of the epithelial cell tight junction, is also
involved in the pathophysiology of IBD [59].

4. Oneofthe most highlighted hallmarks of IBD, particularly
in CD patients, is the significant decrease of E prausnitzii,
which is a member of Firmicutes phylum and one of the
most abundant bacterial species in the G tract (especially
in the colon) of healthy individuals [53,54,59-62].

These observations support the major role of micro-
bial dysbiosis in the induction of IBD [63,64]. The role of
the microbiome in IBD pathogenesis and therapy suggests
that antibiotic treatments can lead to improvements in [BD
patients [65,66]. For example, treating UC patients with anti-
biotics diminishes mucosal inflammation [59]. Other strate-
gies to re-establish the microbiota in IBD patients are avail-
able. For example, improvement in inflammation and mucosal
recovery was observed as a result of fecal transplantation in
CD patients, although this was followed by disease reactiva-
tion [67]. However, there is still uncertainty whether dysbi-
osis has a causative or an associative relationship with IBD,
likely because the majority of investigations into the intestinal
microbiota of IBD populations have been conducted follow-
ing the onset of the disease [68].

Current literature investigating IBD and accompanying
alterations in microbiota often fails to highlight the differ-
ence between changes to the mucosal and fecal microbiota,
regardless of confounding factors, such as chronicity of dis-
ease, therapeutic approaches, and surgical intervention [69)].
Therefore, it is still difficult to decipher whether taxonomic
modifications reveal disease-associated changes or are a
response to a changed intestinal environment. The first study
to investigate dysbiosis in IBD, while controlling for previously
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identified confounding factors, assessed changes to the muco-
sal microbiota in 13 and 12 children with newly diagnosed
CD and UC, respectively [70]. All patients were assessed at
the time of the initial presentation of active colitis. During the
3 months prior to diagnosis, no antibiotics or steroids were
given and no immunosuppression drugs were prescribed. The
results showed a significant reduction in microbial diversity in
CD patients compared to UC patients and the control pop-
ulation. Surprisingly, an increase in £ prausnitzii abundance
was observed in CD patients, which was markedly dissimilar
to the findings of several other studies [57,71-75].

Hypothetically, serial, and comparative follow-ups of such
patient cohorts enable a distinct chance to examine clear and
accurate profiles of IBD associations with microbiota alter-
ations. Outcomes of the previous studies regarding alterations
in the microbiota that accompany IBD (in either CD or UC)
are summarized in Table 1.

IMMUNE DYSFUNCTION IN IBD

As mentioned above, IBDs are believed to result from an
abnormal immune response to Gl tract microbiota in genet-
ically susceptible individuals, although with unclear interac-
tions between the causative factors [63]. Indirect evidence for
the involvement of microbiota in the pathogenesis of IBDs
includes studies that have shown evidence of mucosal T cells
react against GI tract microbiota [76], and mucosal secretion
of immunoglobulin G antibodies in patients with confirmed
IBD [77]. UC and CD seem to be histologically distinct, since
inflammation in UC is superficial and limited to the colon,
while in CD the inflammation is generally transmural, multi-fo-
cal and can contain granulomas. Immunologically, UC and CD
are also separate. In general, “helper” T cells are divided into
Tht and Th2 subsets, depending on the cytokines types that
they produce. This observation was reported in the 1980s in
mice, so may not be equitable with human T cells. However, in
general, CD can be regarded as a Thi-type inflammatory pro-
cess, with increased expression of IFN-y and IL-2, in addition
to the Thi-inducing cytokine, IL-12. The UC cytokine profile
is different. There is increased expression of IL-5 and 1L-13, and
cytokines are more commonly associated with a Th2 response;
however, the archetypal Th2 cytokine IL-4 is not upregulated,
and increased levels of IFN-y are seen [78]. Latterly, non-Th1/
Th2 pathways have been characterized to be involved in IBD
pathogenesis. Another interleukin, IL-23, is an inducer of a dif-
ferent subset of pro-inflammatory T cells, known as Th17 cells,
owing to their high level of IL-17 production [79]. High expres-
sion of [L-17 has been reported in active CD and UC and may
be of potential as a future therapeutic target [79].

Of particular note, it has also been found that over-
production of the tumor necrosis factor (TNF) by CDig+
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macrophages, fibroblasts, and T cells is associated with [BD
pathogenesis. TNF enhances several pro-inflammatory prop-
erties in chronic intestinal inflammation, including epithelial
cell damage [80]. Importantly, a number of pro-inflamma-
tory effects are mediated by membrane-bound TNE, instead
of soluble TNE, which indicates the therapeutic potential of
targeting the pathway of the membrane-bound TNF and its
receptor, TNF-R2 [81]. Accordingly, an improvement of the
gut inflammation in mice with IBD was observed after treat-
ment with anti-TNE Clinically, studies have revealed the
effectiveness of suppressing the TNF effect by neutralizing its
antibodies in CD and UC [82]. Hence, a number of antibodies
to TNF that target soluble TNF plus membrane-bound TNE,
such as infliximab (IFX) and adalimumab (ADA) are at pres-
ent in routine clinical use for IBD treatment [83]. IFX is a ther-
apeutic monoclonal antibody against TNF-ot used for patients
with moderate-to-severe Crohn’s disease. However, many IBD
patients show no response to anti-TNF treatment or it may
lose clinical response effectiveness over time, which prompts
the development of novel therapeutic approaches [84].

IS THE GUT MICROBIAL DYSBIOSIS
THAT ACCOMPANIES IBD A CAUSE
OR A CONSEQUENCE?

It has been difficult to find clear evidence whether dysbio-
sis observed with IBD is a cause or an outcome of the disease.
This point must be addressed since it has direct implications
on therapeutic drug development and diagnostic and prog-
nostic investigations, as well as on strategies used to predict
individuals’ response to therapies [85].

On the one hand, based on observation, dysbiosis is con-
sidered a cause of IBD, with T-cells as mediators of chronic
experimental inflammation [86,87]. For instance, mice were
observed to develop inflammation after being given trans-
ferred stools of mice with colitis [88]. Additionally, CD patients
that underwent a fecal transplantation procedure showed a
reduction in inflammation and an enhancement of the role
of certain probiotic combinations [89]. Although dysbiosis
may be present at initial stages before disease progression and
treatment administration, it is thought that it may be caused
by earlier usage of antibiotics [73,90].

On the other hand, some studies have suggested that dys-
biosis is a consequence of combined factors, including inflam-
mation, antibiotics usage, and dietary intake, which affect
the homeostasis of microbial communities [91]. A number
of studies have revealed that ileal inflammation has a direct
impact on bacterial composition and also alters gene expres-
sion [92-95]. A study conducted on mice demonstrated that
alterations in gene expression of enteric species were deliv-
ered by inflammation, while disruptions targeting E. coli
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TABLE 1. Findings of several studies concerned with gut microbiota dysbiosis in IBD. F = changes within fecal samples,

T = changes within tissue/mucosal (biopsy samples), reproduced from Mcllroy et al. [134]

Sample type, size and References  IBD Type Result (Microbiota signature)
Pre-dominant phylum Family Taxon
Genus Species
Study 1 [135] In CD patients  Reduction in Firmicutes | Ruminococcaceae Faecalibacterium Prausnitzii
Cohort Description Ruminococcus
Adults lachnospiraceae Blautia
28 CD Coprococcus
}30 uc Roseburia
30 Control S . . .
Sample Type: Reduction in Bacteroidetes  Bacteroidaceae Bacteroides
Mucosal biopsies [136] l i
In UC patients  No significant (limited) alterations noticed
Study 2 [137] In UC patients ~ General Reduction in microbial richness (F)
Cohort description Bacteroidetes Bacteroidaceae Bacteroides |
Adults Prevotella |
30UC Firmicutes Number of unclassified
13 Control Lachnospiraceae |
Ruminococcaceae |
Sample type:
Fecal (F) Streptococcaceae Streptococcus 1
Enterococcaceae Enterococcus 1
Actinobacteria Bifidobacteriaceae Bifidobacterivm 1
Study 3 [138] In UC patients ~ Protobacteria Pasteurellaceae Haemophilus 1
Cohort description Verrucomicrobia | Verrucomicrobiaceae Akkermansia |
Pediatrics Firmicutes lachnospiraceae Roseburia |
10UC
13 Control
Sample Type:
Mucosal biopsies [136]
Study 4 [139] In CD patients ~ General Reduction in microbial richness (F)
Cohort description Firmicutes Peptostreptococcaceae Peptostreptococcus T
Pediatrics Lachnospiraceae |
23CD Ruminococcaceae Faecalibacterium |
21 Control )
Sample Type: 4 4 4 4 Subdo[zgmnulum l
Fecal (F) Actinobacteria Coriobacteriaceae Atopobiwm t
Protobacteria Enterobacteriaceae 1
Study 5 [140] In UC patients ~ Firmicutes Ruminococcaceae Ruminococcus Bromii |,
Cohort description Eubacteriaceae Eubacterium Rectal |
Adults (class)
15UC Clostridiales
15 Control lachnospiraceae Roseburia sp. |
Sample Type: Peptostreptococcaceae  Peptostreptococcus sp.
Fecal (class)
Clostridiales
Clostridiaceae Clostridium Difficile 1
(class)
Clostridiales
Verrucomicrobia Verrucomicrobiaceae Akkermansia sp. |
Fusobacteria Fusobacteriaceae Fusobacterium sp.1
Protobacteria Helicobacteraceae Helicobacter sp.}
Campylobacteraceae Campylobacter sp. 1
Study 6 [141] In CD patients ~ Firmicutes (class) |
Cohort description Clostridiales
Pediatrics Ruminococcaceae |
19UC lachnospiraceae Roseburia |
18 Control Coprococcus |,
Sample Type: Bacteroidetes 1
Fecal . . )
Protobacteria Enterobacteriaceae 1
Study 7 [142] In CD patients ~ Firmicutes lachnospiraceae Roseburia |
Cohort description Ruminococcaceae | Faecalibacterium Prausnitzii |
Adults (Ileal disease)
121CD Protobacteria Enterobacteriaceae 1
Z; ggntrol In UC patients ~ Firmicutes lachnospiraceae Roseburia |
Sample Type: Leuconostocaceae |

Mucosal biopsies [136] (n=95)
Subgroup of fecal samples
(n=136)

Odoribacteriaceae |

Phascolarctobacterium |
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genes, which are typically provoked by inflammation; limit the
severity of inflammation [92,96]. Additionally, the increased
association of some intestinal microbes (e.g, E. coli) with
inflammation in IBD patients can be explained by alterations
in epithelial defenses, as well as by mucosal thickness and vis-
cosity caused through the inflammation [97]. Highly damaged
intestinal regions with ulcerations potentially facilitate the
accession of invasive, oxygen-tolerant microbes [98].

PRESENT TREATMENTS FOR IBD

The utilization of therapeutic options for IBD haslong been
restricted by an imprecise understanding of the disease etiology.
The hypothesis that the IBD is caused by complex genetic and
environmental interactions leading to excessive production of
pro-inflammatory cytokines and terminates with inflamma-
tion has advanced certain therapeutic approaches [99]. Several
drugs that are widely used to treat IBD target the pathologi-
cal over-active immune responses of individuals rather than
other possible underlying factors [100]. This explains the use of
immunosuppressive therapies [99] such as steroids, although
an argument exists that these treatments do not specifically
target the aberrant immune responses or Gl microbiota [101]
as effectively as immunomodulators (e.g., azathioprine and
methotrexate) and biologics [63,102]. Biologics used to treat
IBD either target anti-adherent pro-inflammatory cytokines,
such as TNF-o and or interleukins, such as IL-12/1L.23, to block
inflammation or prevent recruitment of immune cells into the
intestinal tissues, which can be achieved with leukocyte traf-
ficking inhibitors. A central goal of IBD therapies is inducing
and maintaining mucosal healing [103,104]. Thus, assessment
of the therapeutic novelty and efficacy of any new therapy is
based on its ability to stimulate mucosal healing. However, for
these assessments to be valid it is important to precisely define
mucosal healing and how mucosal healing affects long-term
disease, both of which have been substantially debated [99].

WHAT IS MUCOSAL HEALING?

While monitoring disease activity to assess the efficacy of
IBD treatments in clinical practice and for endpoints in clini-
cal trials is indispensable to therapeutic development, relying
solely on clinical symptoms provides inadequate descriptions
of IBD. Mucosal healing is measured by assessing the colonic
and intestinal mucosa for active inflammation using endos-
copy [99], which is characterized by the absence of ulceration in
CD [105]. There has been some debate regarding the definition
of mucosal healing in UC, but the most agreed upon definition
is based on the Mayo endoscopic scoring system and refers to
the absence of friability, erosions, ulcerations, and spontaneous
bleeding of the colonic mucosa (Figure 2) [104,106].
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Currently, C-reaction protein (CRP) [107] and fecal cal-
protectin [108] are used as additional measures for examining
disease activity [107]. Although they are not targeted by treat-
ment, they are valuable and informative indicators that can
be used to monitor IBD patients. Histopathological analysis
is also used as a measure of intestinal inflammation [109-111].
Interestingly, some recent findings suggest that the efficacy of
histologic healing in predicting long-term outcomes in UC
patients surpasses endoscopic documentation of mucosal
healing [99].

INFLUENCE OF TNF-oo ANTAGONIST
THERAPY ON GI MICROBIOTA

TNF-o. is a transmembrane, pro-inflammatory cytokine
that has been implicated in the immunopathogenesis of CD
and many other inflammatory and autoimmune diseases.
Anti-TNF inhibitors are used to treat moderate-to-severe CD
patients, as the reduction of TNF-ot levels by anti-TNF agents
leads to a reduction in the chronic pathologic inflammatory
responses that characterizes the disease [112,113]. TNF-ot is
expressed on the surface of macrophages, T-lymphocytes,
polymorphonucleated, intestinal epithelial cells, endothelial
cells, and natural killer cells [114].

The development of anti-TNF-o therapies marked the
beginning of pathway-based therapies, or what are commonly
termed antibody-based therapies, and initiated a new era of
targeted treatment. Since 1998, the anti-TNF-a antibody [FX
has been approved by the Food and Drug Administration
(FDA) in the United States for treatment of UC. The FDA
approved the efficacy of its ability in treating UC [115], since
these are promising therapeutic approaches which tar-
(84,99,116].
Subsequently, many other agents of this class have emerged

get pro-inflammatory cytokines (IL12/IL23)

onto the market and have shown a positive impact on intes-

tinal inflammation, including the induction and maintenance

Absence of friability, blood,
erosions and ulcers

FIGURE 2. Sequential mucosal healing process of the terminal
ileum and the colon in patients with CD and UC.
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of mucosal healing [117]. The most frequently used anti-TNF
agents in clinical practice are [FX and ADA [118,119].

Notwithstanding the considerable success achieved by
antibody-based treatments, there remains a largely unmet
clinical need for novel therapeutic approaches for the sub-
groups of patients that fail to respond to IFX or ADA (pri-
mary non-response) or show loss of response over time (sec-
ondary-loss of response) [99]. For example, about 30% of CD
patients show no response to the anti-TNF antibody, whereas
50% experience a steady loss of response to anti-TNF therapy
after primary clinical response [113].

According to the microbiota dysbiosis theory of IBD
pathogenesis, effective treatments for IBD should somehow
affect the composition of gut microbiota. It is possible that the
dysbiosis that has been reported as a hallmark of IBD can be
restored to a normal state in patients that respond to anti-TNF
therapies. However, there is insufficient evidence of a positive
relationship between anti-TNF drugs and rebalancing of the
GI microbiota composition or the impact of anti-TNF drugs
on microbiota in long-term disease outcomes.

In a study investigating the effect of using anti-TNF thera-
pies on the fecal microbiota composition of UC patients, fecal
samples at baseline were obtained from four patients who
responded to treatment and from three patients that were pri-
mary non-responders [120]. Samples were also collected from
eight responders and seven non-responders at week 2, as well
as from eight responders and five non-responders at week 6.
The study found that responders had lower average dysbio-
sis scores than non-responders. Also, a higher abundance of
E prausnitzii was observed in responders at every time point
(Figure 3). Recolonization of £ prausnitzii is known to be asso-
ciated with maintaining remission after CD relapse [121].

A study by Li et al. investigated Chinese pediatric patients
with CD who were treated with IFX, assessing the dynamic
changes in microbiota during treatment and the influence
of the anti-TNF agent on the composition of microbiota.
Their results suggested that IFX altered the structure of the
gut microbiome and its metabolic function. Furthermore,

F. prausnitzii

104 p=0.01 p=0.03 p=0.003
1- B Responders
i B Non-responders
5 014 L S
g
< 0.01
0.001— -
0.0001——— , ,
)
& ‘_'\' ‘_(o
& & &
P N »

FIGURE 3. Faecalibacterium prausnitzii in responders to anti-
TNF compared to non-responders, reproduced from Yoshihara
etal.[113].
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they found that CD-correlated GI microbial dysbiosis was
characterized by a significant increase in the number of
SCFA-producing bacterial taxa, such as Anaerostipes, Blautia,
Coprococcus, Faecalibacterium, Lachnospira, Odoribacter,
Roseburia, Ruminococcus, and Sutterella [122].

Although immunosuppressive drugs have been proven to
be effective for the treatment of IBD, significant limitations in
these therapies have been found, such as being successful only
in subsets of patients and with risks of adverse effects [123].
There is, thus, a need for non-immunosuppressive treatments
that selectively focus on the distribution of gut microbiota
related to IBD [100]. Studying how these therapies may per-
twrb and or reconstitute the gut microbiota is essential to
determine what aspects of the structural changes to the gut
microbiome in active colitis and treatment-induced remission
can be targeted by therapeutics.

Broadly, there is evidence of intestinal dysbiosis in IBD and
evidence for the symbiotic relationship between intestinal
microbiota and the intestinal immune system. Current ther-
apies are expected to influence the diversity of gut microbiota
in treated patients and there is potential for microbiome-mod-
ulating therapeutic approaches in preventing relapsing colitis.

POTENTIAL THERAPIES FOR IBD
BY MODULATING MICROBIOME
COMPOSITION AND FUNCTION

The main goal of current IBD therapeutic approaches
is the induction and maintenance of remission. Continued
remission of the disease can be achieved through traditional
treatments, such as corticosteroids or biologics, combined
with some physiologic, and less toxic treatments that can spe-
cifically modulate microbiota composition. One approach for
treating IBD is to initially target inflammation by modulating
the microbiota. This alternative therapeutic approach, which
is called microbiome-modulating therapy [124], can enable
the correction of dysbiosis, restitution of normal microbial
function, normalization of the immune system responses, and
repair of epithelial barrier deficiencies. Therefore, there is an
increasing need for developing novel therapeutic approaches
that can fully cure or even prevent IBD.

Many other promising approaches have been suggested
for treating IBD, such as probiotics, prebiotics, fecal microbi-
ota transplantation, synthetic combinations of specific bacte-
ria, and personalized therapies based on individual microbi-
ome profiles; the latter customizes a patient’s diet and applies
highly selective antibiotics for major aggressive bacterial spe-
cies. Other novel but hypothetical approaches include stimu-
lation of the protective host pathways via synthetic microbial
metabolites or using recombinant bacterial species, utilizing
bacteriophages to target aggressive microbes, and disabling
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FIGURE 4. Consequences of reduction of butyrate-producing bacteria on the balance of local bacterial community in the Gl tract

of IBD patients.

bacterial attachment and blocking bacterial receptors, improv-
ing the anaerobic environment for growing anaerobic bacte-
ria [125,126]. This latter approach is based on the finding that
reduction in E prausnitzii has been proven to decrease the
production of butyrate in IBD patients, which is considered
to be the main source of oxygen for epithelial cells. This leads
to the production of energy from the fermentation of glucose
to lactose, which increases oxygen levels to up to 3-10% in the
Gl tract environment. Subsequently, the balance of the local
bacterial community is affected as the strict anaerobic envi-
ronment gradually decreases and facultative anaerobes, such
as E. coli, proliferate [49].

Collectively, researchers and physician hope that inves-
tigating and manipulating the intestinal microbiota can help
to discern the cause or causes behind the relatively recent
increase in incidence of IBD.

CAN MICROBIOME COMPOSITION
BE A PREDICTOR OF CLINICAL
RESPONSE TO ANTI-TNF?

Within a population, the microbiome exhibits a larger
degree of variance with disease than host genetics. Several
studies of different diseases have also highlighted the pre-
dictive capacity of the microbiome as a biomarker. The total
structure and diversity of the microbiota, or even the existence
or loss of specific taxa, have been demonstrated to be bio-
markers of illnesses or can be used to speculate about poten-
tial treatments in several diseases [127].
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For example, the abundance of £ prausnitzii in the ileum
of CD patients has been linked to the risk of post-operative
recurrence [57]. In UC patients, the risk of pouchitis post-col-
ectomy can be predicted by bacterial configuration [128].
In addition, an association between general dysbiosis of the
microbiota and relapse following IF X treatment has been pos-
tulated [129]. In the present study, dysbiosis was observed in
CD patients and was typified by low £ prausnitzii (p = 0.003),
and a reduction in Firmicutes was identified in relapsers.
Furthermore, a low rate of £ prausnitzii (p = 0.014) and a low
rate of bacteroides (p = 0.030) were also predictive of relapse.
Similarly, the absence of Roseburia and E prausnitzii, both
butyrate-producing bacteria and the abundance of E. coli were
found to be linked with an ileal CD phenotype [53]. Another
butyrate-producing bacterium, Alistipes, was found to be
considerably depleted in IBD patients [130]. These confirm
the importance of acetate-to-butyrate conversion bacteria in
maintaining GI homeostasis, (Figure 4) [53,130,131].

CONCLUSION

Owing to the importance of the symbiotic relationship
between the intestinal microbiota and the host, it is under-
standable that shifts in gut microbiota have been implicated
in various diseases, ranging from Gl conditions, such as IBD,
to neurodevelopmental diseases, such as autism [132,133].
Dysbiosis appears to exacerbate the progression of 1BD,
either as a cause or as a consequence. Restoring the micro-
biota composition in patients depends on the type and stage
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of the disease. Reconstitution of the microbiome, taking the

host genetic factors into consideration, can theoretically be
achieved through combining immunosuppressants (e.g., anti-
TNF drugs) and microbiota-modulator therapies (e.g., anti-
microbials, diet, prebiotics or probiotics, and FMT). These
dual therapeutic approaches may help in restoring the ideal
environment needed to re-induce an effective symbiotic rela-
tionship between the host and beneficial microbes. Thus, the
success of therapeutic strategies relies on understanding how
microbiota interact with the host.
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