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Abstract

Purpose of review This review aims to highlight recent research on the gut microbiome in IBD
and the application of microbiome-modulating therapies for the treatment of IBD including
the use of the microbiome as an indicator for disease severity and treatment response.

Recent findings Despite the high number of gut microbiome studies and emerging evidence
supporting the gut microbiome’s involvement in disease pathogenesis, no single microor-
ganism has been identified as a pathogenic agent in IBD. Retrospective studies and meta-
analyses on antibiotic use in ulcerative colitis and Crohn’s disease and long-term outcomes
are conflicting. Similarly, the use of probiotics for the treatment of IBD remains inconclu-
sive; however, some encouraging results are emerging as microbial concoctions are opti-
mized to include beneficial bacterial strains. Fecal microbial transplantation (FMT) is
currently emerging as one of the more promising microbiome-modulating IBD therapies.


http://crossmark.crossref.org/dialog/?doi=10.1007/s11938-019-00221-w&domain=pdf

116

Inflammatory Bowel Disease (Gary Lichtenstein, Section Editor)

FMT studies in ulcerative colitis have shown improved remission rates compared to placebo;
however, relatively small study sample sizes and varied treatment methods, limit definitive

conclusions.

Summary With clear evidence of an IBD gut dysbiosis, novel therapies to treat and prevent
disease relapse will undoubtedly require a microbiome-modulating approach. The complex-
ity and variability of IBD disease pathogenesis (disease phenotype, gut microbiome, host
genetic susceptibility, and environmental factors) will likely require a personalized and
multidimensional treatment approach where microbiome-modulating therapy is coupled

with other therapies to target other IBD disease components.

Introduction

Inflammatory bowel disease (IBD) is a group of chronic
inflammatory gastrointestinal diseases and a global
public health concern. In Western countries, the preva-
lence of IBD exceeds 0.3% and in newly industrialized
countries, the incidence is rapidly increasing [1e]. The
two main clinical entities of IBD include Crohn’s disease
(CD) and ulcerative colitis (UC). While a defined etiol-
ogy has yet to be established for either CD or UC, there is
a probable role for dysbiosis of the gut microbiome. In
addition, several other pathogenic factors including en-
vironmental stimuli, host susceptibility genes and an

aberrant immune response all contribute to disease
pathogenesis [2]. Despite decades of research aimed to
better understand IBD, much remains unknown and as a
consequence, progress towards the development of ef-
fective intervention has—unfortunately for those suffer-
ing from the disease—advanced at a disappointingly
slow pace. In this review, we highlight current research
on IBD gut microbiome and summarize recent reports
on therapies targeting the microbiome for the treatment
of IBD.

Latest findings in the inflammatory bowel disease gut

microbiome

Since the advent of next-generation sequencing and the development of com-
putational methods to analyze highly complex biological sequence data, the
role of the gut microbiome in IBD has been intensely researched and well
documented. Many studies have characterized the IBD gut microbiota (typically
the bacterial members), and its reduced bacterial diversity and richness com-
pared to healthy controls [3-6]. Importantly—and lamentably—the question
of whether gut dysbiosis observed in IBD is a cause or consequence of disease
remains unresolved. Although no single microorganism so far is consistently
implicated in the observed gut dysbiosis, common dysbiosis trends are consis-
tently reported. For example, several independent studies report a notable
decrease in some genera of the Bacteroidetes (e.g., Alistipes and Barnesiella) and
Firmicutes (e.g., Faecalibacterium, Oscillibacter, Agathobacter, Ruminococcus) [4, 6,
7] with a specific reduction in anti-inflammatory microorganisms such as
Bifidobacterium adolescentis and Faecalibacterium prausnitzii [8]. Conversely, an
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enrichment of overall Enterobacteriaceae |7, 9] including Escherichia coli [5, 6,
10-12] and Fusobacterium [7, 13-15] have been commonly reported in IBD
patients. Moustafa et al. [6] observed an increased prevalence of virulence
markers from both E. coli and Clostridium perfringens in IBD individuals com-
pared to healthy controls; a substantially higher amount of virulence factors,
identified through shotgun metagenomics sequencing, were also observed in
CD compared to UC. These virulence factors include enterotoxin, hemoglobin
protease, hemolysin A, hemolysin B, hemolysin C, hemolysin D, cytotoxic
necrotizing factor 1, invasion protein IbeA, secreted autotransporter toxin, and
Tir domain-containing protein. It remains to be seen whether a similar trend
exists with the mucosal-associated microbiota. These findings suggest that the
functional potential of these virulence factors may play a critical role in IBD
pathology.

The large observed inter-individual variation of gut microbiome composi-
tion in IBD patients has been corroborated by many studies, and has consid-
erably frustrated the search for compositional biomarkers that are diagnostic for
IBD. However, the absence of specific taxa in the gut microbiome may serve as
biomarkers for IBD. For example, the absence of Roseburia and Faecalibacterium
(e.g., F. prausnitzii)—both butyrate producers—and an enrichment of E. coli
may be predictive of an ileal CD phenotype [9]. Another butyrate-producer,
Alistipes, was also found to be substantially depleted in IBD patients compared
to healthy controls 6], thus highlighting the potential importance of acetate-to-
butyrate converting organisms for gut homeostasis [6, 9, 16]. IBD treatment in
some individuals may also contribute to the dysbiosis reported in some studies
given that recruitment of treatment-naive IBD patients is challenging with most
individuals being subjected to treatment therapies upon diagnosis.

In an effort to apply a more holistic approach to understanding IBD
etiopathogenesis, an increasing body of research is investigating the effect of
host genetics on the gut microbiome. Researchers have identified four distinct
host loci that were significantly associated with changes in relative abundance
for particular genera including Faecalibacterium, Rikenellaceae, Lachnospira, and
Eubacterium [17ee]. A marked decrease in Roseburia has been observed in both
IBD patients and healthy individuals with a high genetic risk for IBD, thus
suggesting that a microbial dysbiosis may precede the development of IBD
[16¢]. Other studies have conflictingly shown the influence of environmental
factors to outweigh that of host genetics [17ee].

Despite the ability to infer the abundance of microorganisms through DNA
sequencing, metabolic activity from microbiomes is incompletely captured
using metagenomics approaches alone. Increasingly, metatranscriptomics
studies are being applied [18¢¢] alongside metagenomics to better inform our
understanding of IBD disease pathogenesis. For example, Schirmer et al. [18]
applied metagenomics and metatranscriptomics approaches on paired stool
samples from CD and UC patients in addition to non-IBD individuals. Inter-
estingly, results from this study demonstrate that in many cases, taxon abun-
dance does not correlate well with metabolic activity. This suggests that al-
though some taxa may appear elevated in abundance, their metabolic activity
may show a different trend. The authors, as others have reported found that
F. prausnitzii was reduced in CD; relative pathway abundance analysis showed a
high variability of metabolic functional potential across both IBD and non-IBD
individuals. The authors also reported elevated RNA levels of Ruminococus
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gnavus levels relative to healthy controls, which were not reflected in the DNA
sequence data, suggesting that seemingly small shifts in DNA relative abun-
dance in these organisms may impart significant impact on disease imposed by
large changes in metabolic activity. In other cases, some taxa well represented by
their relative abundance in the metagenomics data were nearly undetectable in
the metatranscriptomics data. The authors speculate that the discrepancy may
be explained by dormant or inactive microorganisms in the gut being captured
by the metagenomics approach [19].

Other important microorganisms until now have been widely overlooked in
IBD. These include fungi, archaea, and viruses. As a consequence of improved
sequencing technologies, an increasing amount of studies are evaluating the
lesser recognized microorganisms of the IBD gut microbiome. These studies
have evaluated both adult and pediatric IBD fungal profiles (fecal and muco-
sal); in either group, fungal diversity results are increased [7], decreased [20-
22], or not significantly changed [7, 20, 23], and this is largely dependent on
biological specimen type (mucosa or stool) and experimental method used to
assess diversity. In adult cohorts, Candida species including C. albicans [20], C.
tropicalis, and C. glabrata—an important fungal pathogen associated with a pro-
inflammatory response [7, 24] in addition to Gibberella moniliformis, Alternaria
brassicola, Aspergillus clavatus, and Cystofilobasidiaceae |7] are increased in IBD,
whereas Saccharomyces cerevisiae (Ascomycota) and Malassezia sympodialis
(Basidiomycota) are decreased [20]. In a fecal fungal microbiota study, Sokol
et al. observed a significant association between the Basidiomycota-to-
Ascomycota abundance ratio and IBD disease phenotype and severity. IBD
patients had a much higher Basidiomycota-to-Ascomycota ratio in comparison
to healthy controls and in IBD flares vs. IBD remission, suggesting that this ratio
may be used as a fungal dysbiosis index. The gut environment is a complex
ecosystem and it is expected that any dysbiosis or perturbations can have
substantial impact on its homeostasis and networks of interactions including
host-microbiota, bacteria-bacteria, and inter-kingdom. Murine studies have
shown that a disruption in the bacteria-fungi abundance triggered by antibiotics
can lead to an expansion of the fungi, thereby initiating an inflammatory
response [20, 25]. Interestingly, this finding is also supported by the absence of
fungal diversity differences in treatment-naive pediatric CD individuals against
healthy controls [23].

Limited studies have attempted to deeply characterize the gut virome in IBD
due to methodological and analytical challenges. Most of IBD gut virome
studies have focused on bacteriophages (the overwhelming majority of viruses
within the gut). In one such study, a significant expansion in the bacteriophage
Caudovirales was observed in IBD individuals [26]. In contrast, characterization
of the eukaryotic virome in one study reported high levels of Herpesviridae
transcripts from inflamed colonic mucosa of CD and UC patients. More re-
cently, using a treatment-naive CD and UC cohort (and gut mucosa), Ungaro
et al. [27] reported higher levels of Hepadnaviridae transcripts among UC
patients and Hepeviridae among CD patients. The UC virome was characterized
by low levels of Polydnaviridae and Tymoviridae, while low levels of Virgaviridae
were associated with CD. The authors suggested that eukaryotic viruses are
associated with intestinal inflammation and highlighted the importance of
biomarker discovery and development of antivirals for the treatment of IBD.
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Manipulating the gut microbiome in the treatment of
inflammatory bowel disease

Despite the increasing knowledge of gut dysbiosis in IBD and the increasing
reports pertaining to particular species that are either higher or lower in persons
with IBD, these findings have yet to be harnessed into a robust disease altering
therapy.

Antibiotics

A meta-analysis suggested that antibiotics were an effective therapy in both UC
and CD [28]. However, considering that the studies included different antibi-
otics with different microbial susceptibilities, it is difficult to conclude anything
from this meta-analysis other than the possibility that altering the gut
microbiome in some way may be beneficial. Additionally, the endpoint of
mucosal healing was not an endpoint assessed in this meta-analysis; rather, the
use of the CDAI was the primary focus. In the case of antibiotics, the alteration
would be a reduction in particular microorganisms. There is the possibility that
antibiotics could also be harmful over the long term. Data have shown that a
course of ciprofloxacin can alter the gut microbiota for several months [29].
Recently, a study reported on the use of azithromycin in treating children with
mild to moderate CD [30ee]. Thirty-five children were randomized to
azithromycin 7.5 mg/kg 5 days/week for 4 weeks and then 3 days/week for
another 4 weeks together with 8 weeks of daily metronidazole 20 mg/kg. Thirty-
eight children were randomized to metronidazole 20 mg/kg alone daily for

8 weeks. The authors claimed that a placebo treatment was not possible due to
regulatory hurdles in a multinational investigator initiated trial. At 8 weeks, the
remission rate based on the Pediatric Crohn’s Disease Activity Index was 66% in
the azithromycin/metronidazole group and 39% in the metronidazole alone
group (p = 0.025). The number needed to treat for remission was 3.7. There was
no objective mucosal healing data although fecal calprotectin declined signifi-
cantly in the azithromycin group (p = 0.001) but not in the metronidazole
alone group (p = 0.33). The remission rate seems high for the metronidazole
group alone, though the reported total remission rate of 66% is extraordinary.
Hence, it is difficult to know whether the high reported remission rates were
secondary to participants having milder disease or simply reflected a contribu-
tion of a placebo effect provided by the addition of azithromycin as participants
were not blinded to its use. While there were no endoscopic data, the fecal
calprotectin levels were significantly reduced in the azithromycin group. How-
ever, the range at week 8 (737-2867 png/g) suggested that all those randomized
to azithromycin likely still had active intestinal inflammation. No microbiome
data were provided.

In a retrospective cohort study of 354 patients with IBD admitted to an
academic Boston hospital in 2009-2014, antibiotics (not administered for the
treatment of sepsis) provided no additional benefit in CD when used together
with intravenous corticosteroids [31]. Antibiotic use reduced the need for short-
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term medical rescue therapy but did not influence long-term outcomes in UC.
The long-term outcomes included length of stay, need for surgery, or therapy
escalation at 1 year or rehospitalization. Ciprofloxacin and metronidazole were
the antibiotics used in the vast majority of cases. While this study suffers from
the usual biases of retrospective studies, it is one of the largest studies to date to
explore the use of antibiotics as an adjunctive therapy in hospitalized IBD
patients, and does not show much, if any, role for this practice.

There is limited evidence but considerable clinical experience using antibi-
otics to treat perineal fistulas and pouchitis [21]. Despite the absence of firm
evidence guiding the use of antibiotics in treating luminal CD and UC some
experts still advocate for their selected use [32].

There are no data showing a benefit of probiotics in the treatment of CD [32,
33]. Three studies have shown that E. coli Nissle was comparable to low doses of
5-ASA in the treatment of UC. VSL#3, a concoction of eight microbial strains has
been shown to improve outcomes in pouchitis and to enhance outcomes in UC
when added to 5-ASA. These conclusions were corroborated in a recently
published meta-analysis exploring the use of probiotics in IBD [34]. Probiotic
studies include a variety of different species, doses, and study duration. Most
studies thus far have also focused on bacterial probiotics; however, some
speculate that the probiotic yeast may be successful at alleviating inflammation
in colitis [35]. Hence, making conclusions about probiotics in general as an
intervention may obfuscate the possibility that a purposefully selected strain
may be of benefit.

Fecal microbiota transplantation

Three fully published randomized controlled trials have reported on fecal
microbiota transplantation (FMT) in the treatment of UC [36ee, 37, 38]. One
study was negative while two studies suggested a benefit at achieving remission
compared with placebo. The most recent study by Paramsothy et al. [36]
reported that 27% of persons receiving FMT versus 8% of those receiving
placebo (p =0.02) achieved steroid-free remission and endoscopic response at
8 weeks. These three studies used different methods of FMT administration
(nasoduodenal infusion versus enema versus colonoscopic plus enema deliv-
ery), dose frequency (daily or weekly), and the creation of the FMT product
(fresh or frozen, single donor or pooled donors). It is also unknown whether
antibiotic or bowel cleansing preparation prior to FMT enhances outcomes.
Two studies suggested that one donor in each study led to better outcomes
[36e¢, 37]. This may be a promising therapy; however, considering the un-
knowns associated with FMT, encapsulating the desired microorganisms is
preferable. Of course, this requires knowledge of what microorganisms are the
key ones to administer. Kao et al. [39ee] proved that stool could be encapsu-
lated and taken orally in a randomized controlled trial of encapsulated stool
versus colonoscopically delivered stool to the cecum in treatment of recurrent
Clostridium difficile infection (CDI). Both 40 capsules of stool taken orally and
delivery of 360 ml of stool into the cecum prevented recurrence in 96% of cases.
Two meta-analyses assessing randomized controlled trials of FMT in UC
suggested that FMT was successful at achieving remission with an acceptable



The Gut Microbiome as a Target for IBD Treatment: Are We There Yet? Knox et al. 121

side effect profile [40, 41]. While FMT was nearly three times as likely to achieve
remission as placebo and the number needed to treat was only five, in total only
140 persons have received FMT across these studies so the results should not be
considered conclusive. In another meta-analysis, authors assessed the risk of a
flare of IBD post-FMT and found it to be 14.9% [42]. The risk was higher
(22.7%) when the indication for the FMT was CDI in IBD as opposed to the
primary treatment of IBD (11.1%). However, the rates of worsening IBD were
much lower assessing high quality studies and randomized controlled trials
(4.6%).

There is much less known about FMT in pediatric IBD. A single-center open-
label study of 21 children with IBD who received a single FMT by endoscopic
administration into the duodenum/jejunum and the colon reported that 57%
had a clinical response at 1 month and 28% retained some response by
6 months [43]. The authors do not report remission results. It is clear that a
single infusion even administered endoscopically throughout the gastrointes-
tinal tract will not provide sufficient response rates. Microbiological data were
provided in this study but the clinical results did not provide much in the way of
direction for clinicians who might consider FMT in children with IBD. As FMT is
an emerging therapy with many associated unknowns, it should only be ad-
ministered in persons with IBD in a clinical trial setting.

Microbiome as an indicator of disease severity and treatment
response

The diagnosis of IBD is currently performed using invasive endoscopic, radio-
logic, and histopathologic criteria. The gut microbiome represents a promising
non-invasive alternative to current approaches and has been the target of recent
research. As discussed, studies associating IBD with the microbiome consis-
tently find reduced diversity relative to healthy controls, making it a reliable,
albeit nonspecific measure for following treatment. Compositional differences
are more specific than diversity measures but are less consistent, especially at
lower taxonomic ranks. Although the gut microbiome composition is remark-
ably stable within individuals, there exists considerable variation between
individuals [44]. The gut microbiome is sensitive to a large number of biolog-
ical and environmental confounders such as age, sex, lifestyle, antibiotic use,
comorbidities, and dietary patterns [45]. Laboratory technical variation in-
cluding sampling strategy, nucleic acid extraction, sequencing method, and
bioinformatics analysis also contributes substantially to observed composi-
tional differences [45]. As a result, no single species to date has been convinc-
ingly identified as a biomarker in IBD or any of its component diseases [5, 46].
However, continued interest exists in developing the gut microbiome as a
clinical diagnostic test for disease severity and for monitoring treatment re-
sponse for IBD under conditions where these confounding factors can be
controlled.

Progress towards developing a microbiome-based clinical diagnostic for IBD
has been most successful for CD. A large-scale European study of 2045 IBD and
non-IBD fecal samples identified a microbial signature for CD disease severity
consisting of eight genera and an associated presence/absence algorithm with a
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sensitivity of around 80%, and specificities for discriminating CD from UC, IBS,
anorexia, and healthy control ranging between 90 and 95% [46]. A second
large-scale study focusing on mucosal tissue biopsies from children with new-
onset CD resulted in the development of a quantitative measure of dysbiosis
referred to as the microbial dysbiosis index (MD-index) [47]. The MD-index
correlates strongly with disease severity and is consistent with reduced species
diversity in CD. These studies demonstrate good progress towards the devel-
opment of a clinically accepted microbiome-based diagnostic for CD; however,
these methods must survive additional validation on larger populations before
they can be translated out of the research lab into routine clinical practice.

Beyond its potential value as a non-invasive clinical diagnostic technology,
the gut microbiome is useful to monitor IBD disease severity and treatment
response in research settings.

The fecal microbiome has been used to monitor the therapeutic efficacy of a
variety of dietary therapies [48, 49], including the more promising exclusive
enteral nutrition (EEN) diet [50] and the specific carbohydrate diet (SCD) [49].
An increase in microbial diversity was observed for pediatric CD patients (n =
15) enrolled in the EEN diet, and for four of eight pediatric CD patients in the
SCD diet, with the remaining four showing no change or a slight decrease in
diversity. Both studies showed significant shifts in microbial composition for all
patients concomitant with improved clinical outcomes and, for some patients
in the SCD study a compositional trajectory towards that of healthy controls.
Curiously, in the EEN study, the abundance of F. prausnitzii, which is normally
thought to have a protective role in CD, was observed to decrease with treat-
ment; however, given that diet is a major confounder of microbiome compo-
sition (and the radical nature of the diet itself), this observed decrease is not by
itself sufficient to challenge the status of F. prausnitzii as a beneficial microbe in
CD.

Although the efficacy of FMT in treating IBD has on the whole been
underwhelming, there do exist several studies that have used the gut
microbiome to monitor the therapeutic outcome of FMT where FMT has
successively induced a remission. In a double-blind randomized controlled trial
of FMT (n = 38) versus placebo (n = 37) for patients with active UC, significant
microbiome changes were observed for the treatment group relative to placebo
after 6 weeks [37]. Microbial diversity was enriched, and the active therapy
group had microbial profiles more closely resembling their donors. An increase
in species diversity and a shift towards the donor profile was similarly observed
for treatment responders in other studies of FMT for the treatment of UC [36°,
51].

One noteworthy study used a shotgun metagenomics approach to monitor
disease activity over 14 weeks in patients with CD and UC undergoing treat-
ment with anti-integrin therapy with vedolizumab [52]. Consistent with other
studies, they found significantly increased diversity in CD patients achieving
remission and a similar, albeit not statistically significant trend in UC patients.
Additionally, they found 13 significantly enriched pathways in baseline sam-
ples from CD patients achieving remission relative to nonremitters, including
branched-chain amino acid pathways involved in the biosynthesis of L-isoleu-
cine, L-citrulline, L-threonine, and L-arginine. After 14 weeks, remitters had 15
depleted pathways including several pathways involved in oxidative stress and
O-antigen building block biosynthesis. The study is significant since it
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highlights how the pathways that associate with disease, which can in theory be
supplied by a range of different microbial community compositions, might
serve as a more stable and reliable marker of disease than compositional
information alone.

Examples of the use of the microbiome to monitor prebiotic and probiotic
therapies for IBD are scarce, presumably due to their lack of demonstrated
beneficial clinical effects for these interventions [48]. Reports on the use of the
nonbacterial component of the gut microbiome for monitoring disease severity
treatment are similarly much less abundant than their bacterial counterpart,
although some promising early results are now beginning to appear [27].
Further work is necessary to determine whether these components of the
microbiome may be useful for monitoring disease severity and treatment
outcomes in IBD.

Conclusions

The therapeutic goal for IBD at present is to induce and maintain remission;
thus, there is a need for the recognition and adoption of novel therapeutics that
will ultimately cure and perhaps even prevent disease. As IBD occurs due to an
interplay between host genetics and immunology, environmental factors, and
the gut microbiome, much interest has been aimed at controlling factors proven
to be altered. Although, it is not yet wholly clear which altered aspects of gut
microbiome in IBD warrant intervention. Researchers and clinicians have great
hope that manipulating the gut microbiome will provide an answer to the
mystery of IBD and reduce reliance on immunomodulating therapy. Given the
heterogeneity of patients, phenotypes and genotypes, a more complex person-
alized medicine approach to microbiome manipulation will be an aspect to
consider in the future.
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