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Host–microbe interactions in the gut: lessons learned
from models of inflammatory bowel diseases

Eytan Wine*

ABSTRACT
The mammalian gut is the richest immune organ in the body and serves as a central location for immune system
development, processing, and education. Inflammatory bowel diseases (IBD) provide excellent models for study-
ing both innate and adaptive responses to gut microbes and the host-immune system – microbe interactions in
the gut. Microbes are linked to almost all of the known disease-associated genetic polymorphisms in IBD and
are critical mediators of environmental effects (through food, hygiene, and infection). Human and animal-based
research supports the central role of microbes in IBD pathogenesis at multiple levels. Animal models of IBD
only develop in the presence of microbes, and co-housing mice that are genetically susceptible to gut inflamma-
tion with normal mice can lead to the development of bowel injury. Recent advances in research technologies,
such as deep-sequencing that enables detailed compositional analyses, have revolutionized the study of host–
microbe interactions in the gut; however, knowing which bacteria are present in the bowel is likely not sufficient.
The function of the microbiota as a community is recognized as a critical factor for gut homeostasis. Animal mod-
els of IBD have provided critical insight into basic biology and disease pathogenesis, especially regarding the role
of microbes in IBD pathogenesis. Although many of these recent discoveries on host–microbe interactions are not
yet applied to patient care, these basic observations will certainly revolutionize patient care in the future. Using
such data, we may be able to predict risk of disease, define biological subtypes, establish tools for prevention,
and even cure IBD using microbes or their products. A broad spectrum of therapeutic tools spanning from fecal
transplantation, probiotics, prebiotics, and microbial products to microbe-tailored diets may supplement current
IBD treatments.

Introduction

Microbial involvement in health and disease
(focus on inflammatory bowel diseases)

Immediately after birth the entire gut is populated by
large numbers of microbes. These extend from the
mouth to the anus with increasing numbers from the
proximal to distal bowel. A total of 1000–1500 indivi-
dual microbial species, many of which are noncultur-
able, are thought to inhabit the human gut. The total
number of microbes in the intestine is estimated to be

100 trillion, outnumbering the number of somatic
human cells by a factor of 10:1. The largest concentra-
tion is found in the terminal ileum and colon (locations
most commonly affected in inflammatory bowel dis-
eases (IBD)), where up to 1012 microbes can be found
in every millilitre of bowel content (Backhed et al.
2012). This concentration is the highest achievable,
even under ideal laboratory conditions, demonstrating
the high level of mutual adaptation and symbiosis exist-
ing between microbes and the mammalian gut. The
critical role and importance of the intestinal microbiota
is demonstrated by the collective metabolic activity,
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exceeding that of the liver, and a collective microbial gen-
ome, termed “microbiome”, which includes 2–3 million
genes, about 150-fold higher than the human genome
(Ding and Schloss 2014). This emphasizes the huge
potential for this accessory organ in the human super-
organism. As a result, the collective microbiome has
the capacity to undertake diverse metabolic tasks,
many of which are critical for nutrition, immune system
function, and homeostasis (Eckburg et al. 2005; Qin
et al. 2010).

Microbes have been clearly defined as critical contri-
butors to the pathogenesis of IBD (including 2 main
clinical forms: Crohn disease (CD) and ulcerative colitis
(UC)), as illustrated in Figure 1 (Sartor 2008; Mani-
chanh et al. 2012; Kostic et al. 2014; Wine 2014). This
is supported by observations in patients such as the pre-
sence of most IBD-related inflammation in the distal
small bowel and colon (Levine et al. 2011), which inha-
bit the highest concentration of bacteria in the gut; a
resolution of symptoms with diversion of fecal flow
(through a surgical ileostomy) and a recurrence of
symptoms with reinfusing the bowel contents (D’Haens
et al. 1998). In addition, the use of antibiotics, and more
recently probiotics (defined as live microorganisms that
benefit the host when provided in sufficient amounts),
have also suggested that microbes might be involved
in pathogenesis (Shanahan 2000; Huynh et al. 2009;
Gareau et al. 2010; Turner et al. 2014). Some of the

most convincing evidence is found in animal studies,
mainly because animals reared without bacteria, such
as germ-free mice, do not develop bowel inflammation
when challenged with different disease models and
that exposing these animals to bacteria induces disease
(Knights et al. 2013). Even basic physiologic gut func-
tions, such as the enteric nervous system and motility,
are driven by microbes likely through interactions with
macrophages and other immune cells in the muscularis
layer (Muller et al. 2014). However, despite advances in
research methods over the last few years, insights into
disease mechanisms and understanding the involve-
ment of bacteria in pathogenesis, as well as utilizing
microbes for treating patients, are still lacking or are
in the early stages of development.

Microbes and IBD pathogenesis

It is important to recognize that as IBD are complex,
multifactorial groups of disorders, patients with IBD do
not follow a single etiology and pathogenesis. Rather,
each individual patient is more likely to have a private
set of circumstances leading to a similar phenotype.
Nevertheless, the traditional model for IBD pathogen-
esis, suggesting that disease develops in genetically sus-
ceptible individuals as a result of an aberrant immune
response to environmental triggers, is well supported
and accounts for the diversity of causes and biological
processes leading to bowel inflammation. Within this
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Figure 1: Multiple lines of evidence supporting the involvement of microbes in the pathogenesis of
inflammatory bowel diseases.
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context, recent literature supports involvement of
microbes in all aspects of disease (Knights et al. 2013).
Most of the 163 genes linked to IBD in recent studies
relate to host–microbe interactions, likely leading to
effects on microbial composition and immune response
to microbes throughout life (Jostins et al. 2012). Envir-
onmental exposures further influence microbes
throughout development in a way that could contribute
to the etiology of IBD. Many IBD-associated exposures
present during early life including mode of delivery,
exposure to breast milk, location of upbringing, and
immigration during childhood; these associations are
likely related to the hygiene hypothesis (Figure 2;
Shaw et al. 2010; Castiglione et al. 2012; Shanahan
2012; Ng et al. 2013; Perez-Cobas et al. 2013). An exam-
ple for the involvement of the hygiene hypothesis in
IBD pathogenesis is a potential protective role against
IBD for childhood helminth infection (Chu et al.
2013) as well as some controversial evidence supporting
helminths as therapy for active IBD (Garg et al. 2014).
Later in life, infection, nutrition, and air pollution
(Beamish et al. 2011) also affect microbes and have
been linked to IBD. Conversely, inflammation itself
can impact microbes, likely in a way that is detrimental
to the host; this could create a vicious cycle where
inflammation and microbes could escalate gut disease
(Wine 2014). Multiple animal models also support the
involvement of microbes in inducing intestinal inflam-
mation, as all mouse models of IBD require the presence

of microbes to develop their phenotype. An excellent
example for this is the TRUC model (Tbet–/– RAG2–/–

double knock-out (KO) mice that develop a UC-like
phenotype). These mice spontaneously develop colitis
(but only in the presence of bacteria) through regulation
of tumour necrosis factor (TNF)-α by dendritic cells
and disruption of the epithelial barrier. One of the cur-
ious findings of this study was that colitis was commu-
nicable in these mice, as cohousing (healthy and sick
mice living in the same cage) or cross-fostering (switch-
ing pups between dams from different groups) of the
double-KO mice with genetically normal (wild type
(WT)) mice led to colitis in the normal mice, suggesting
that “colitogenic” microbes develop in the double-KO
environment and then transfer the disease indepen-
dently (Garrett et al. 2007). For all of these reasons, bet-
ter understanding the role of microbes in disease
pathogenesis and targeting microbes at various stages
may lead to novel treatments and possibly the ability
to prevent IBD.

Innate immunity and host defence:
bridging between the host and
microbes

Innate defences in the gut are diverse and complex,
and they are critical for homeostasis and the prevention
of disease (Belkaid and Hand 2014). It is important to
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Figure 2: The traditional model focuses on the interplay between host genetics, environmental
exposures, and an aberrant immune response, leading to IBD (A). The proposed comprehensive
model takes into account the progression of immune response in the gut and the role of exposures
during different stages of life, with specific emphasis on the involvement of microbes in all stages.
Genetic susceptibility is always present and relevant; however, environmental exposures and triggers
vary with age (early life events are on the left). These insults, on the appropriate genetic background,
lead to inflammation through changes in microbes. Once IBD develops it can lead to a positive
feedback loop with inflammation, which further affects microbes and various exposures (B). (Modified
from Wine (2014).)
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recognize that innate immunity extends beyond
immune cells and pattern recognition molecules
(PRMs). Additional layers of host defence including
the epithelial monolayer and mucins as well as pH,
motility, and digestive factors should all be seen as
part of the global host innate defences. In fact, even
the gut microbes themselves are pivotal to host defence,
as demonstrated in germ-free animals (Figure 3). The
main physical portion of the intestinal barrier is com-
posed of a single layer of dynamic and constantly
renewing epithelial cells. The epithelial barrier integrity
is maintained mainly by apical junctional complexes
(AJC; includes tight junctions and adherens junctions),
which form a continuous fence-like ring around cells
(Camilleri et al. 2012). Pathogens have developed spe-
cialized virulence traits to target AJC proteins, the cytos-
keleton, and related signalling pathways, thus enabling
them to disrupt this critical innate defence layer and
penetrate into the submucosal layers. Additional extra-
cellular protection is maintained by factors secreted
into the lumen, including anti-microbial factors (e.g.,
defensin, cathelicidin), immunoglobulin (Ig)-A, and
mucins. In fact, when functioning normally, all of these
factors are capable of maintaining a sterile environment
within the dense mucus layer covering the epithelium
and within intestinal crypts (Everard et al. 2013; Shan

et al. 2013; Cupi et al. 2014). Central to production of
these factors are goblet cells (produce mucins; located
throughout the bowel epithelium and between absorp-
tive epithelial cells) and Paneth cells (produce anti-
microbial factors; located at the base of the crypts of
the small bowel), (Peterson and Artis 2014; Shanahan
et al. 2014). Paneth cell function is dependent on autop-
hagy, as a common IBD risk allele in the autophagy
gene ATG16L1 results in an abnormal phenotype of
Paneth cells linked to microbial handling in both mice
and humans (Cadwell et al. 2010; Lassen et al. 2014;
VanDussen et al. 2014). A potential link between autop-
hagy and antimicrobial activity of Paneth cells likely
involves endoplasmic reticulum (ER) stress, as patients
with Crohn disease carrying the ATG16L1 risk allele
had increased ER stress linked to presence of pathogenic
adherent-invasive Escherichia coli in mucosal biopsies
(Deuring et al. 2014).

PRMs, located on and within epithelial and immune
cells in the gut, have a critical role in maintaining
tolerance and homeostasis. They serve as sensors of
microbial motifs, termed microbe-associated molecular
patterns (MAMPs), usually leading to the production
of cytokines and downstream activation of transcription
factors, such as nuclear factor (NF)-κB (Santaolalla
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Figure 3: The epithelial monolayer serves as the backbone of the gut barrier; however, the barrier is further enhanced
by additional luminal factors, such as IgA, antimicrobial peptides, and the commensal microbiota as well as the sub-
epithelial immune cells. Paneth cells control microbial colonization through secretion of antimicrobial peptides. M cells
and dendritic cells allow for microbial sampling and immune processing and mucosal immune cells balance host
responses through pro-inflammatory and counter-regulatory activities (e.g., regulatory T cells).
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and Abreu 2012). Interactions between microbes
and these pathways result in the induction of pro-
inflammatory cytokines and chemokines in some cases,
or down-regulation of these factors and expression of
inflammation-suppressing cytokines in other cases
(Neurath 2014). Host immune pathways have evolved
to tolerate commensal organisms and defend against
pathogens through carefully controlled epithelial
responses to microbial agents. In contrast, response to
pathogens leads to inflammation, necessitating counter-
mechanisms to limit the destructive consequences of
immune activation. This diverse array of ligands, recep-
tors, pathways, and the gene products involved, many of
which interact with each other, contributes to the flex-
ibility and regulation of immune responses, and it is
likely disrupted in individuals with IBD.

It is also important to recognize the diversity of host
cell types implicated in IBD pathogenesis. In addition
to epithelial cells, neutrophils and other immune
cells play critical roles. For example, neutrophil- and
macrophage-derived cytokines are increased in IBD
patients and animal models (Knutson et al. 2013;
Wine et al. 2013). In fact, fecal calprotectin and myelo-
peroxidase, neutrophil products linked to bowel inflam-
mation, are increased in healthy twins of IBD patients,
suggesting a fundamental role for neutrophils in disease
pathogenesis (Zhulina et al. 2013).

PRM groups include the toll-like receptors (TLRs),
nod-like receptors (NLRs), retinoic acid-inducible gene
I-like receptors (RLRs), C-type lectin receptors (CLRs),
and AIM-2-like receptors (ALRs) (Hussey et al. 2009).
A review of all PRMs and MAMPs is beyond the scope
of this paper. However, several pathways of particular
relevance to IBD models are highlighted below. NLRs
are broadly classified as those that activate “proinflam-
matory” transcription factors and cytokine production
(e.g., NF-κB) and those that mediate assembly and acti-
vation of the inflammasome (described below). NOD2,
the first identified and still most prominent IBD sus-
ceptibility gene, is an example for the former group of
NLRs, with critical, but still not completely clear, roles
in regulation of host defence and immune homeostasis
in the gut (Corridoni et al. 2014).

The inflammasome has also attracted attention in
many immune-mediated conditions, including IBD.
Although various triggers of inflammasome activation
have been identified, highlighting its fundamental role
in response to danger signals, microbes remain some
of the best-defined activators (Ayres 2013). As a result

of inflammasome assembly, pro-inflammatory cyto-
kines [interleukin (IL)-1β and IL-18] are activated
(Lamkanfi and Dixit 2014). This can lead not only to
an anti-microbial effect, but can also cause “collateral
damage” when over-activated, as seen in auto-
inflammatory conditions (Ratsimandresy et al. 2013).
We have recently demonstrated this critical balance in
inflammasome responses using an infectious model of
IBD in mice. Mice lacking NACHT, LRR, and PYD
domains-containing protein (NLRP)-3, a key compo-
nent of the NLRP-3 inflammasome, were more suscep-
tible to infection with the mouse pathogen Citrobacter
rodentium, which also led to colitis, relative to infected
WT mice. Administration of IL-1β to the NLRP-3–/–

mice, in an attempt to overcome this defect, protected
these mice and reduced bacterial colonization, as
expected. What we did not expect was a detrimental
effect of IL-1β administration on WT mice, where bac-
terial colonization and tissue damage were worsened
by providing IL-1β (Alipour et al. 2013). This highlights
the importance of appropriate and balanced activation
of innate responses in the bowel to enable effective elim-
ination of bacteria while preventing excessive damage
by immune activation, which may be relevant to IBD.

The intestinal flora has a dynamic relationship with
the host epithelial innate response. Microbiota do not
generate inflammation in most cases; they can, however,
induce the expression of antimicrobial factors that inhi-
bit the growth of bacterial pathogens or elicit anti-
inflammatory responses to minimize damage (O’Hara
et al. 2006; Vaishnava et al. 2008). For example, RegIIIγ
(an antimicrobial C-type lectin) modulates commensal–
epithelial interactions by physically limiting surface con-
tact between organisms and cell surfaces and through
binding carbohydrate motifs on the peptidoglycan bac-
terial wall (Vaishnava et al. 2011). In fact, exogenous
administration of LPS or flagellin is able to restore
TLR4 or TLR5 signalling in antibiotic-treated mice
by up-regulating the expression of RegIIIγ, which then
decreases bacterial colonization, supporting a protective
role for antimicrobial factors through engagement of
PRMs (Brandl et al. 2008).

However, many pathogens have developed counter-
mechanisms to evade and bypass host recognition and
down-regulate and interfere with inflammation. On
the other hand, host responses leading to inflammation,
including diarrhea, barrier breakdown, and colonic
hyperplasia, may actually benefit pathogens by enhan-
cing their colonization, survival, and spread (Klapproth
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et al. 2005; Baxt et al. 2013; Benjamin et al. 2013; Czucz-
man et al. 2014; Peterson and Artis 2014).

Microbial composition and function
in IBD patients

In the past, most studies used culture-based methods
to characterize microbiota, which was limited by the fact
that the majority of bacteria were not culturable. Later
advances in sequencing technologies, initially focusing
on the bacterial 16S rRNA gene (conserved in all pro-
karyotes and therefore useful for compositional analy-
sis), and more recently using metagenomics (enabling
sequencing of the complete microbial genetic material),
have provided robust data on microbial composition
and function in patients, especially in those with IBD.
In addition, there have been advances in microbial cul-
ture and isolation techniques, such as culturomics
(Gouba et al. 2014). An early key comprehensive study
used tissue samples collected during endoscopy and
stool to demonstrate major shifts in microbes in IBD
patients relative to controls (Peterson et al. 2008). A
landmark study by Qin et al. (2010) sequenced the full
metagenome of 124 Europeans, which provided the first
detailed human gut microbial catalogue. This was based
on full sequencing of all genetic material in the stool
(i.e., metagenomics) with a total of 576 gigabases
sequenced, revealing 3.3 million microbial genes.
Twenty-five of these individuals suffered from IBD,
and these patients showed clear separation from the
healthy controls, with reduced microbial richness
(defined as fewer microbial genes). This suggests that
IBD patients have, in addition to shifts in composition,
reduced microbial metabolic potential and diversity,
although it does not clarify whether this is a cause or
result of inflammation (Qin et al. 2010). Further
advancements, just published by the same research
initiative (termed MetaHit – Metagenomics of the
Human Intestinal Tract, as part of the international
Human Microbiome Project) (Gevers et al. 2012), pre-
sent a catalogue containing close to 106 integrated
microbial genes and using more than 1250 patient sam-
ples. This study will not only serve as a valuable refer-
ence for future metagenomic studies but also suggests
country-specific gut microbial signatures, which are
yet to be clearly defined (Li et al. 2014). The term enter-
otypes was coined to summarize patterns of composi-
tional shifts in IBD patients, where dominance of
specific taxa and functional capacity appear to charac-
terize various clinical settings, but such a simplified
summary of extensive datasets comes with the price of
loss of detail (Arumugam et al. 2011). Some data on

the microbiome in children with IBD are also available;
using stool collected during early stages of disease from
a cohort of North American children hospitalized for
severe acute UC, we demonstrated a reduction in
microbial diversity in these patients relative to healthy
controls. Interestingly, we also found that the number
of bacterial species (i.e., microbial richness) found
on day 3 of intravenous corticosteroid treatment was
lower in those patients that eventually failed standard
treatment and required second line therapy or colect-
omy, suggesting that microbial patterns could be used
as a clinical predictor of response to therapy (Michail
et al. 2012).

It is also important to recognize that although most of
the current research focuses on bacterial involvement in
IBD pathogenesis there is clearly a role for other
microbes including helminths, fungi, and viruses.
Recent insights into the interplay between viruses and
helminths reveal not only the role of these microorgan-
isms in immune regulation but also that many of these
effects are independent of microbes (Osborne et al.
2014; Reese et al. 2014; Veldhoen and Heeney 2014).
Further attention to involvement of understudied non-
bacterial microbiota in IBD pathogenesis is therefore
required.

Advancements in research tools
used to study microbes and their
effects

Exciting advances in research methods over the last
decade, with the development of a multitude of
“omics”-based analyses, have revolutionized host–
microbe research (Wu and Lewis 2013; Goodrich et al.
2014). These methods are now cheaper, more robust,
and more available than ever before. Although most stu-
dies to date have focused on sequencing the bacterial
16S rRNA gene, metagenomics enables the study of the
entire genetic potential of gut microbiota (including
fungi, viruses, and even bacteriophages) (Dalmasso et al.
2014), and metabolomics proved information on pro-
ducts of microbial metabolism and function. These
methods have added critical layers of data to our under-
standing of this fascinating ecosystem (Wu and Lewis
2013). Such approaches will advance the understanding
of detrimental alterations in microbial composition
(dysbiosis), which are associated not only with IBD
but also with many other chronic immune-mediated
conditions outside of the gut (Nicholson et al. 2012).
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A few examples of recent host–microbe studies are
presented to illustrate the potential for this research
and how it may advance science and impact on patient
care in the future. Using a combination of microbial
sequencing with analyses of specific pathways and
metabolites (through metabolomics), Machiels et al.
(2013) demonstrated that patients with UC have specific
reductions in butyrate-producing bacteria (including
Faecalibacterium prausnitzii, also shown to be protec-
tive in CD patients (Sokol et al. 2008) and Roseburia
hominis). These compositional changes were associated
with reductions in short-chain fatty acids, suggesting
that complementing patients with these bacteria may
benefit them (Machiels et al. 2014). An excellent exam-
ple of how microbes can indirectly affect host factors
related to chronic disease is shown using a model for
type-1 diabetes, the non-obese diabetic (NOD) mouse.
Interestingly, male NOD mice are protected from
developing diabetes, suggesting a role for sex hormones,
but this protective effect was absent in germ-free
mice, implicating microbial involvement. Transfer of
microbes (or, alternatively, T lymphocytes from mice
housed with microbes) from male mice to females
maintained this protective effect, suggesting that
microbes induce autoimmunity through sex hormones
and T cells (Markle et al. 2013). Another mouse model
demonstrated the long-term effects of bacterial infection
on the gut, even long after the infection is cleared. These
effects included changes in microbial composition and
inflammation and presented a potential challenge in
identifying microbial causes of IBD, as the culprit bac-
teria may be long gone by the time patients develop
clinical symptoms (Chassaing et al. 2014).

Another fascinating study supporting a complex role
for microbes in disease pathogenesis utilized germ-free
mice colonized with human stool samples. Stool sam-
ples from 371 Malawian twins, 43% of whom were dis-
cordant for the development of Kwashiorkor (severe
protein malnutrition), were analyzed. The authors
demonstrated limited microbial metabolic potential in
malnourished infants as well as induction of severe
weight loss in germ-free mice transplanted with
microbes isolated from Kwashiorkor infants (but not
their well-nourished twins). This effect was not rescued
by nutrition alone, further supporting a direct role for
microbes. Dramatic shifts in metabolic pathways were
also observed in these mice, highlighting potential func-
tional mechanisms (Smith et al. 2013). Together, these
studies offer a glimpse into future host–microbe
research and how such techniques could be applied to
elucidate microbial involvement in IBD.

Using host–microbe research to
advance patient care

Most current treatments for IBD patients use immu-
nosuppressive drugs such as corticosteroids, thiopur-
ines, methotrexate, or anti-TNF monoclonal antibodies
(e.g., infliximab and adalimumab). Such medications
expose patients to increased risks of infections and other
adverse events including cancer. In addition, these non-
specific treatments do not target the original causes of
disease but are rather used to control the host inflam-
matory response. However, there are some established
microbe-focused therapies used in treating IBD, includ-
ing antibiotics and probiotics, but these are not consid-
ered to be as effective as drugs that manipulate the
immune response (Khan et al. 2011; Whelan and Quigley
2013). One potential explanation for the reduced effi-
ciency of probiotics or antibiotics is that current tools
to select the correct treatment for each patient are lacking
(Levine and Turner 2011). Some experience with fecal
microbial transplantation in IBD has also been demon-
strated, although results are still controversial and may
be considered risky especially in children (Anderson et al.
2012; Kao et al. 2014). Of interest is the use of nutritional
therapy, an effective and attractive treatment for pediatric
CD, which could act through altering microbes and elim-
inating adverse changes in microbes in response to food
(Tjellstrom et al. 2012; D’Argenio et al. 2013; Levine
and Wine 2013). Several concepts of microbe altering
or targeted approaches to treat IBD patients in the future
are presented as potential future developments in this
field.

Microbial composition-guided therapies

Analyses of microbial composition and (or) function
may reveal their role in pathogenesis or, at the very
least, it could provide disease biomarkers. As these
data are being collected, they could, over time, lead to
the development of computer-assisted biological path-
way analyses that could assist in sub-classifying disease
type, predicting prognosis, and guiding treatment.
A relatively simple example, mentioned previously, is
the reduced microbial richness observed in children
with severe UC as a predictor of failure to respond to
intravenous corticosteroids (Michail et al. 2012). Such
approaches could be coupled with multiple omics ana-
lyses, which could then lead to microbe-guided persona-
lization of treatment (Chen et al. 2012). With such data
available, one could consider either complementation of
the gut flora with microbes thought to be beneficial that
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are found to be missing in an individual patient or tai-
lored antibiotics (or other specific anti-microbials such
as microbe-binding antibodies), targeted to bacteria
found in excess that are thought to be harmful. An alter-
native approach to modifying microbes and their func-
tion could be through diet, which impacts microbes
significantly (see below). As technology continues to
advance, these ground-breaking approaches will pene-
trate further into patient care.

Manipulating host immune responses
using microbes and nutrition

Microbes are usually referred to as propagators of dis-
ease, but innovative uses of microbes could potentially
serve much more novel functions. Effects of microbes
on the development, “education”, and maintenance of
host immunity are well established and are the basis
for the hygiene hypothesis (Bach 2002). Such insights
could be used for therapeutic applications. One example
demonstrated by Atarashi et al. (2013) used chloroform
treatment to select microbiota isolated from human
stool; these bacteria were then able to enrich the Treg

capacity after passage through a few generations of
germ-free mice. The investigators were able to isolate
specific Clostridia species that maintained higher Treg

responses and protected mice from an experimental
colitis model (Atarashi et al. 2013). In another study,
short-chain fatty acids (end products of microbial meta-
bolism, which are usually considered to be beneficial to
the gut) were found to regulate Tregs and prevent T-cell
transfer-colitis, possibly through similar mechanisms
(Smith et al. 2013). B cells are also affected by microbes
as early development and recombination of immuno-
globulin receptors on early B-lineage takes place in the
gut lamina propria in response to microbial signals
(Wesemann et al. 2013). In fact, microbes have also
been shown to activate sensory neurons in the skin,
leading directly to pain and inflammation (Chiu
et al. 2013).

One important additional approach used to manipu-
late microbes and change bowel homeostasis is through
nutrition. Human studies have shown dramatic changes
in microbes and their function with controlled dietary
modifications (Wu et al. 2011; David et al. 2014).
Changes in nutrition, such as the exclusive nutritional
therapy mentioned previously, can significantly
alter microbes and their effects. Some of these altera-
tions are immediately relevant to clinical settings
including atherosclerosis, metabolic syndrome, and

IBD (Tremaroli and Backhed 2012; Ridaura et al.
2013; Tang et al. 2013; Winter et al. 2013). An excellent
example for this is demonstrated by the promotion
of growth of mouse colitogenic bacteria, Bilophila
wadsworthia, in response to saturated milk fat through
taurine-conjugation of bile acids by the milk fat. This
then leads to an increase in organic sulphur, which
promotes growth of these bacteria leading to colitis
(Devkota et al. 2012). In another very recent example
that focused on the role of microbes in intestinal cancer
development (Arthur et al. 2012) altering microbes with
antibiotics, or even providing microbial metabolites,
effectively protected mice susceptible to colon cancer
from DNA mismatch repair, which is a leading cause
of human colon cancer (Belcheva et al. 2014).

Microbes and host genetics

Host genetic factors are central to interactions with
microbes and can be used to direct therapy. Microbes
have extensive effects on host expression profiles, as
exemplified in a study showing changes in the expres-
sion of thousands of genes when germ-free mice were
exposed to bacteria and the most dominant changes
were found in the small bowel including changes in
energy harvesting and immunity (Larsson et al. 2012).
In a more personalized approach, specific bacteria could
be used to induce specific pathways and could be
developed as targeted treatments. An excellent example
for how defining one’s “immune tone” could impact
response to treatment is demonstrated through macro-
phage responses toMycobacterium tuberculosis. Research
in both humans and animals has shown that heterozyg-
osity for the leukotriene gene LTA4H is optimal for effec-
tive host defence against Mycobacteria, as homozygous
low LTA4H activity leads to macrophage killing by myco-
bacteria, whereas homozygous LTA4H high activity
results in an exaggerated TNF response and macrophage
necrosis, leading to the same final result of macrophage
death and progressive infection. Having this information
available could direct treatment by increasing antimicro-
bials in the former or enhancing immunosuppression
(e.g., anti-TNF treatment) in the latter (Tobin et al.
2012; Roca and Ramakrishnan 2013). A potential specific
application was demonstrated by another recent study,
focused on IL-1 and M. tuberculosis, which suggested
that host-directed immunotherapy with prostaglandin
E2 agonists could compensate for excessive interferon
(IFN)-γ and protect mice from infection; this could be
applied to humans with reduced IL-1 or excessive IFN
activity (Mayer-Barber et al. 2014).
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Fecal microbial transplantation (FMT)

FMT has attracted much attention and controversy
over the last few years, especially with the publication
of a randomized-controlled trial using FMT to treat
Clostridium difficile infection. This study was termi-
nated prematurely, owing to profoundly favourable out-
comes in the FMT-treated group (81% cure vs. 31% in
vancomycin-treated controls) (van Nood et al. 2013).
In contrast, data on FMT in IBD are still lacking,
although several studies have been published. A meta-
analysis, published in 2012, identified 17 uncontrolled
studies, 9 of which were case series or case reports,
and in 8 cases FMT was used to treat infection in IBD
patients, mainly C. difficile. Of the 41 patients included
in the reviewed studies, data were available for 25
patients of which 19 improved (Anderson et al. 2012).
More recently, Kunde et al. (2013) published an open
label study on 10 children with moderate–severe UC.
The children were treated with FMT, 5 daily enemas,
and 6 of 9 who completed the study showed a response
at 1 month, but this effect persisted in only 3 of the 9
patients at 3 months (Kunde et al. 2013). Although
these studies are still small, they do not present the
same promise FMT has shown in treating C. difficile
infection, but it is possible that better results will be
achieved in the future with appropriate patient selection
guided by microbe analyses. However, much of the lead-
ing research on FMT is currently demonstrated using
animal studies, employing germ-free mice colonized
with human microbiota (another form of “humanized
mice”). In one such study mice were transplanted with
stool microbes from twins discordant for obesity. Those
receiving microbes from the obese human twin accumu-
lated fat, whereas those exposed to “lean stool” from a
lean twin did not, implicating a role for microbes in
fat deposition. Furthermore, cohousing lean-FMT with
obese-FMT mice appeared to be protective to the obese
FMT-exposed mice, suggesting that microbes from the
lean environment have an invasive potential and can
displace other bacteria (as confirmed by longitudinal
microbial analyses in this study). Finally, the ability of
“lean bacteria” to be protective is overridden when
mice are exposed to a high-fat diet, suggesting complex
interactions between microbial communities, metabo-
lism, and diet (Ridaura et al 2013).

Concluding remarks

There certainly have been dramatic advances in host–
microbe research technologies over the last few years;
however, several obstacles still remain impeding

translation of this exploding area of research into clini-
cal care. One such challenge is lack of standardization of
sample selection, collection, storage, handling, and con-
ducting microbiome research (Santiago et al. 2014).
Together with high intra- and interpersonal variability,
complexity and abundance of outcomes, and high cost
for sequencing and analyses small changes in any of
these protocols can lead to huge differences in results.
More importantly, bio-informatics and analyses of the
tremendously complex datasets produced by this
research lead to either superficial summarization of
findings (and loss of detail) or complex, difficult to pre-
sent and understand results (which only few can truly
make sense of). An additional challenge is that much
of the mechanistic insight into these complex conditions
is derived from murine models; therefore, more human-
based research is required to avoid over interpretation
of disease models, which fail in many cases to translate
into clinical care (Perrin 2014). The future will likely
involve computer-assisted tools to define microbial
themes in individual patients. This will enable harnes-
sing bacteria to benefit patients with IBD and other
immune-mediated conditions. Current treatment stra-
tegies focused on altering microbes, and responses to
them are therefore limited; however, as research tools
are further advanced and developed, microbial compo-
sition, functional research, and mechanistic insights
into host–microbe interactions will enable personaliza-
tion of management of IBD patients and development
of novel treatment approaches.
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