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Abstract

Inflammatory bowel disease (IBD) is thought to result from a dysregulated immune response to
intestinal microbial flora in individuals with genetic predisposition(s). Genome wide association
studies (GWAS) in human IBD have identified more than 150 associated loci, some of which are
key players in innate immunity and bacterial handling, reflecting the importance of the microbiota
in disease pathogenesis. In fact, the presence of a microbial flora is not only crucial to the
development of a normal murine immune system but also critical for the development of disease
in the majority of animal models of IBD.

Although animal models do not perfectly recapitulate human IBD, they have led to the discovery
of important concepts in IBD pathogenesis, such as the central role of microbiota in disease
development and perpetuation. Many genetically susceptible models do not develop colitis when
raised in a germ-free or Helicobacter-free environment. In fact, disease in most models can be
attenuated or completely abolished with antibiotic treatment. Moreover, an interplay between
intestinal microbiota and mucosal immune activation is suggested by the presence of serum
antibodies against the Chirl flagellin, an immunodominant antigen that activates TLR5, in certain
models of spontaneous colitis as well as in human patients. Furthermore, T cells reactive to Chirl
are able to induce disease in recipient mice upon adoptive cell transfer, demonstrating the pro-
inflammatory properties of certain bacterial products. In fact, it has been shown that transfer of
certain intestinal bacteria from a specific genetically altered mouse model with spontaneous colitis
can induce disease in wild-type mice upon co-housing or direct feeding. These observations
demonstrate the pathogenic potential of intestinal microbiota in IBD.

However, intestinal bacteria are not always maladaptive in mucosal homeostasis. Both
Bacteroides fragilisand Clostridium species promote the number and function of a certain
regulatory T cell subset in the colon leading to protection against murine colitis. In fact, normal
development of regulatory cells and epithelial cell integrity are abolished in the absence of an
intestinal flora, suggestive of the need for certain microbial components to induce beneficial anti-
inflammatory mechanisms.

All in all, altered immune responses to microbes play a crucial role in IBD pathogenesis.
However, certain components of the microbiota are also likely critical for normal development of
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regulatory mechanisms that contribute to mucosal homeostasis. Findings in animal models
highlight the concept that IBD is a disease that results from the interplay of genetics and
microbial/environmental factors.

Inflammatory bowel disease (IBD), which encompasses Crohn’s disease and ulcerative
colitis, affects 1 million individuals in the United States with often devastating impact on
patient quality of life. The last two decades of discovery have underscored the complexity of
IBD pathogenesis. Partial heritability of disease has long been recognized with a
concordance rate in monozygotic twins of 10-15% in ulcerative colitis and 30-35% in
Crohn’s disease [1] but underscores the potential contributors of additional host factors such
as possible infectious triggers or environmental variations. More recently, genome-wide
association studies (GWAS) in patients with IBD have identified more than 150 associated
loci with many of the genetic variants pointing to the importance of barrier function,
microbial defense, innate immunity regulation, autophagy, regulation of adaptive immunity,
and metabolic pathways associated with cellular homeostasis [2—4]. However, despite rapid
progress in identifying these various genetic susceptibility loci, they account for only <30%
of the disease risk, which is evidence that IBD is a multi-factorial disease that encompasses
not only genetic predisposition but also effects from the environment [5]. Thus, much
attention has been directed to further elucidate the dynamic interaction between the mucosal
immune response and the estimated 100 trillion microorganisms in the human gut [6].
Presently, inflammatory bowel disease is thought to result from a loss of homeostasis
between the intestinal immune system and the intestinal microbial milieu in patients with
specific genetic predispositions.

Investigations into the effects of the microbial flora and intestinal mucosal homeostasis has
been made plausible with the use of various animal models of IBD, which were first
identified in the early 1990’s starting with three genetically altered mice—T-cell receptor
alpha (TCRa) [7], interleukin (IL)-2 [8], and IL-10 knockout (KO) mice [9], all noted to
spontaneously develop chronic colitis [10]. Paralleling the complexity of the genetics
implicated in IBD risk, more than 60 experimental models of IBD have been developed,
each with varying strengths and limitations (ease and length of experiments, acute vs
chronic inflammation, spontaneous vs chemically induced onset, subtle versus severe
phenotype, susceptibility to colitis-induced cancer) [11]. The experimental models can be
best characterized by the mechanism driving mucosal inflammation, the most common
being genetic alterations resulting in universal or conditional knockout of a gene involved in
maintenance of epithelial barrier or mucosal homeostasis. Additional mechanisms of colitis
initiation include spontaneous disease development in certain inbred mice, chemical
induction of disease (e.g. 2,4,6-trinitrobenzenesulfonic acid [TNBS], dextran sodium sulfate
[DSS], and oxazolone), or adoptive transfer of naive CD4* T cells into immunodeficient
mice [12].

As appreciated in human IBD, the importance of the intestinal flora in disease development
in experimental models is being increasingly recognized. Even more than ten years ago,
attenuated disease was noted in some genetically altered mice (including IL-10 and TCRa
KO animals) when raised in germ-free conditions and varying degrees of severity of disease
was observed in the IL-10~/~ mice maintained in specific pathogen-free compared to
conventional housing conditions [13, 14]. Early investigation into the role of microbial flora
include observations of higher numbers of bacteria adherent to the epithelium in IL-10 KO
compared to control mice despite similar total colonic bacterial counts between the two
groups [15]. In addition, it was noted that antibiotics administered in various regimens,
including continuous versus only during the first few weeks of life versus delayed initiation,
resulted in attenuation of disease in these genetically altered mice [15]. Since then,
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antibiotics have been demonstrated to prevent disease in other models of colitis, such as
mice with defective TGFp and IL-10 (the two most crucial anti-inflammatory cytokines)
signaling in which administration of antibiotics with activity against aerobic and anaerobic
bacteria (ciprofloxacin and metronidazole) completely prevented disease and resulted in
near-complete abrogation of pro-inflammatory cytokine production [16]. Garrett et al. also
demonstrated complete resolution of colitis in Thet/RAG-2 double KO (TRUC) mice with
broad-spectrum antibiotic treatment with vancomycin, metronidazole, neomycin, and
ampicillin [17]. In these studies, conventional culture of fecal pellets of antibiotic-treated
compared to control mice demonstrated relatively unchanged aerobic colony counts (1010-11
versus 1010-16) byt dramatically decreased anaerobic colony counts (10974 versus <104-92;
logl®CFU/gram dry weight of stool) [17].

In an attempt to identify a particular member of the microbiome with colitogenic potential,
Helicabacter species, a group of gram-negative, microaerophilic, helical-shaped organism,
have been intensely investigated. Since its first identification in the early 1990s,
Helicobacter hepaticus has been shown to be associated with chronic typhlocolitis in
multiple immunodeficient but not immunocompetent mice [18-20]. In fact, many of
genetically altered models of colitis do not develop disease when re-derived in an
Helicobacter-free environment and re-introduction of one or several Helicobacter
speciesleads to recapitulation of disease originally observed in normal specific pathogen-
free conditions [21]. The pathogenicity of additional enterohepatic Helicobacter species,
such as H. bilisand H. rodentium, has also been recognized [22]. However, it is not clear
whether Helicobacter species themselves are directly pathogenic in genetically predisposed
animals or whether they act through altering the intestinal microbial membership.

Additionally, infection with Helicobacter has been recognized to also drive the development
of colitis-associated colorectal cancer. In RAG-2 KO mice, infection with H. hepaticus
resulted in high-grade dysplasia and progression to adenocarcinoma arising from colitis-
associated dysplastic epithelial foci [23]. Similarly, Maggio-Price et al. found dual-infection
of mdrla KO mice (which lack the membrane efflux pump p-glycoprotein) with H. bilisand
H. hepaticus developed the most severe dysplasia relative to uninfected mice with a 5- to
12-fold increased expression of the oncogene c-myc relative to wild-type and uninfected
mice by quantitative real-time polymerase chain reaction on colonic epithelial preparations
[24]. Furthermore, colon cancer developed in Smad3 KO mice (which have defective TGF-
signaling) only in the setting of Helicobacter infection where dual-infection with H. bilis
and H. hepaticus resulted in colitis and colorectal cancer in 50-60% of Smad3 KO mice [24,
25]. The mechanism underlying oncogenesis induced by Helicobacter is not clear, but it is
known that adoptive transfer of CD4*CD25"CD45RBI° regulatory T cells (Tregs) into Rag
KO mice significantly reduced H. hepaticus-induced inflammation and carcinogenesis in
these mice [23].

A recently described innate immune-driven model of colitis has clearly demonstrated the
colitogenic and oncogenic potential of certain members of the intestinal microbiota. Severe
colitis was noted to occur by 4 weeks of age in T-bet/RAG-2 double KO (TRUC) mice,
which lack both lymphocytes (due to RAG-2 deficiency) and T-bet, a member of T-box
transcription factor family that regulates the differentiation and function of immune cells
[17]. However, disease is completely abrogated by treatment with a combination of
vancomycin, metronidazole, neomycin, and ampicillin with more than 100,000-fold
decrease in cultureable fecal anaerobes but relatively unchanged aerobic colony counts,
again suggesting the potential pathogenicity of anaerobic community [17]. Most
interestingly, Garrett et al. questioned whether this population of potentially colitogenic
anaerobic commensals could transfer disease either vertically to offsprings or horizontally to
housemates. In cross-fostering experiments, wildtype and RAG-2~/~ mice (which usually do
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not have any abnormal gross phenotype) were observed to develop colitis when fostered by
TRUC mothers, confirming vertical transmission of colitis by pathogenic microbial
members even to mice without genetic predisposition [17]. Additionally, horizontal
transmission of colitis was observed to occur in adult wildtype and RAG-2 KO mice co-
housed with adult TRUC mice for 8 weeks.

By phylogenetic analysis with 16S rRNA sequencing of stool, fifty-seven candidate
colitogenic bacterial species were identified in TRUC mice [26]. Given that treatment with
gentamicin and metronidazole, but not vancomycin alone, abrogated disease, the candidate
species were narrowed to two gram-negative facultative organisms, Klebsiella pneumoniae
and Proteus mirabilis. With successful treatment of disease using anti-tumor necrosis factor
(TNF)-a antibody therapy, significant decreases in K. pneumoniae and P. mirabilis
colonization was observed [26]. Additionally, K. pneumoniae and P. mirabilis were detected
in the fecal samples of the cross-fostered RAG-2 KO and wild-type mice at levels
comparable to age-matched TRUC-fostered TRUC mice but not regular wildtype and
RAG-2 KO mice [26]. Infection with either K. pneumoniae or P. mirabilis led to disease in
T-bet-sufficient mice housed in SPF conditions. However, co-colonization of germ-free
mice with the two Enterobacteriaceae did not result in colitis, suggesting a still unknown
interaction with the gut microbial community is required to cause disease [26].

These provocative studies continue to highlight the complexity of the interactions between
the gut microbial community and the host immune system. Although the pathogenicity of
Helicobacter, K. pneumoniae and P. mirabilis has been demonstrated, the specific
mechanism underlying the interaction with the host immune system remains unknown.

On a molecular level, given the constant exposure of the host intestinal epithelial cells and
the mucosal immune system to a large amount of microbial antigens, innate immune
recognition of an expansive assortment of microbe-associated molecular patterns on
pathogens and commensals by Toll-like receptors (TLRs) is important in controlling
infections; however, this same process may sometimes elicit an inappropriate immune
response [27]. The fact that Nod2, an intracellular protein that recognizes muramy! dipeptide
(a peptidoglycan constituent of bacteria) is defective in a subset of patients with Crohn’s
disease [28] underscores the association between microbial detection and IBD. Using a
molecular technique called serological expression cloning on sera from colitic C3H/HeJBir
mice (a substrain of mice with spontaneous colitis), Lodes et al. identified a family of
related novel flagellins, which activate TLR5, as a class of immunodominant antigens [27].
These 15 novel flagellin clones were most closely related to flagellins from Butyrivibio,
Roseburia, Thermotoga, and Clostridium within the Clostridium subphylum cluster X1Va of
gram positive bacteria. In fact, antibodies to Chirl, a particular commensal-derived flagellin,
were also detected in other mouse models of colitis including mdrla KO mice that have
epithelial barrier dysfunction and B6.1L-10 KO mice that lack the down regulatory cytokine
IL-10 [27]. Not only did the three mouse models of colitis examined have T cells reactive to
Cbirl but adoptive transfer of Cbirl-specific CD4* T cells into immunodeficient scid mice
induced colitis in all recipients. Strikingly, similar to the murine models, serologic testing of
a large panel of Crohn’s disease patients and controls found a significantly higher level of
anti-CBirl antibody in the serum of Crohn’s disease patients than that of unaffected controls
or patients with ulcerative colitis [27]. Expanding on the finding of CBirl antibodies in
colitic humans and animals, Hand et al. hypothesized that acute gastrointestinal infection
could lead to the priming of the adaptive immune system with not only antigens derived
from the specific pathogen but those from commensals as well [29]. With a model of acute
gastrointestinal infection with Toxoplasma gondii, the authors observed an increased
physical association between commensal bacteria and the intestinal epithelium with bacterial
translocation and marked increased bacterial load in mesenteric lymph nodes, spleen, and
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liver [29]. In addition, more than half of the resulting IFN-y-producing T cells were not
reactive to T. gondii but presumably commensal bacteria [29]. When transferred to T.
gondii-infected hosts, T cells from a TCR transgenic mouse with reactivity to Chirl were
shown to proliferate whereas T cells transferred into uninfected hosts did not, suggesting
that T cells specific to commensals could be induced to respond in the setting of acute
infection. Furthermore, CBirl-specific T cells were shown to be activated in mice treated
with DSS [29], again supporting the hypothesis that compromise of mucosal integrity can
lead to loss of CD*4 T cell tolerance to commensal antigens.

Also prompting an adaptive immune response, a particular member of the intestinal
microbiota was recently found to be responsible for the induction of the helper T cell subset
Th17, which produces interleukin (IL)-17, a cytokine that plays a crucial role in controlling
bacterial and fungal infections [30]. Th17 cells were first noted a few years ago to be present
in the intestinal lamina propria of wild-type B6 mice from Taconic Farms but notably absent
in wild-type B6 mice from Jackson Laboratory [31], raising the speculation that differences
in the gut microbial community was driving this difference. This hypothesis was proven by
the induction of Th17 cells in the Jackson mice by transferring ileal or colonic bacteria from
Taconic mice into Jackson mouse recipients [30]. Investigating the differences in bacterial
composition of the small intestine contents of the Taconic and Jackson mice using 16S
ribosomal RNA microarray revealed statistically significant differences of 479 taxa; yet,
only two taxa were >25-fold more abundant in Taconic mice [30]. These two taxa were
identified as members of Lactobacillaceae and Clostridiaceae families -
Lactobacillusmurinus ASF361 and a segmented filamentous species of the candidate genus
Arthromitus. Because Lactobacillaceae is known to be intentionally introduced into all
Taconic mice strains and, in germ-free models, it has not been shown to induce Th17 cells,
investigations were focus on the segmented filamentous species (SFB).

Segmented filamentous species, first discovered by Davis and Savage [32] in 1974, are yet
to be cultured. They are commensal, gram-positive, anaerobic spore-forming bacteria with
long filamentous morphology and well-defined septa often spanning the length of multiple
villi. Segmented filamentous species are known to interact with the host immune system
with colonization of germ-free animals leading to IgA production and recruitment of
intraepithelial lymphocytes in the gut [33-35]. Using germ-free animals, lvanov et al.
demonstrated induction of Th17 cells after colonization with SFB, and ultimately, these
Th17 cells were protective against experimental Citrobacter infection [30], suggesting a
possible role in defense against intestinal pathogens. Further study is needed to understand
the impact of Th17 induction as these cells have been implicated in the pathogenesis of
autoimmune disease, including experimental autoimmune encephalomyelitis and colitis [36,
37].

Given the central role of Tregs in the maintenance of mucosal homeostasis, it was of high
interest that two recent studies have implicated particular members of the commensal
microbiota in induction of these regulatory cells. Given the temporal correlation between the
timing of increasing Tregs in the intestinal lamina propria and the increasing exposure to
commensals after birth, Atarashi et al. hypothesized a central role of a microbial community
member in colonic Treg induction [38]. The use of antibiotics implicated an important role
of gram-positive commensal bacteria in the accumulation of Tregs in the lamina propria as
only animals treated with vancomycin showed a decreased presence of Tregs in the colon.
Furthermore, animals inoculated with 3% chloroform-resistant fecal microorganisms (spore-
forming fraction) were shown to have similar numbers of accumulated Tregs compared to
untreated fecal inoculation, suggesting the critical organism to be spore-forming [38].
Within this subset of the commensal flora, Clostridiumwas hypothesized to be the particular
organism given it is one of the most prominent organisms in the murine gastrointestinal tract
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and prior studies have implicated Clostridium clusters IV and X1Va (also known as
Clostridiumseptum and coccoides groups, respectively) as potentially important in
maintaining mucosal homeostasis in inflammatory bowel disease [39, 40]. Using germ-free
mice, Atarashi et al. demonstrated colonization with 46 strains of Clostridium led to marked
induction of IL-10-producing Tregs in the colonic lamina propria [38]. This Treg
accumulation correlated with protection against colitis initiated with dextran sodium sulfate
(DSS) or oxazolone administration [38]. This finding is in line with the fact that intestinal
epithelial cells from mice colonized with Clostridium produce indoleamine 2,3-dioxygenase
(IDO) [38], which is known to induce Tregs and limit disease severity in several colitis
models [41, 42]. Ultimately, the authors also showed the impact of Clostridium inoculation
to be most significant when exposure occurred early in life (at 2 weeks of age) [38],
supporting the widely held hypothesis that early exposures have significant impact on adult
gut microbial populations.

Induction of protective IL-10 Tregs has been additionally observed in association with
Bacteriodes fragilis [43]. In germ-free mice, Tregs were found in similar percentages in the
mesenteric lymph nodes and colon as compared to mice raised under conventional
conditions, yet the production of IL-10 within the intestine was marked reduced in the germ-
free mice. However, germ-free animals mono-associated with B. fragilis had a 2-fold
increase in the percentage of 1L-10-producing Foxp3* Tregs, as well as resurgence of the
expression of the anti-inflammatory cytokine TGF-p2. Previously, Mazmanian et al. had
demonstrated that polysaccharide A (PSA), a molecule produced by B. fragilis, exerted a
protective effect against a murine model of colitis by suppressing IL-17 production [44].
Here, the induction of IL-10-producing Tregs with B. fragilis monoassociation was found to
be dependent on PSA through toll-like receptor 2 signaling. Similar to studies by Atarashi et
al. [38], Treg induction with PSA was associated with attenuation of TNBS-induced colitis
given either as pretreatment or 1-2 days after TNBS initiation [43].

With more understanding, the importance of the interaction between the intestinal microbial
milieu (especially the anaerobic community) and the host immune system in the
development and potentiation of human disease has become increasingly apparent. In
multiple examples, certain immune defects (e.g. TRUC mice) can create a niche for
potentially colitogenic microbes, which may (e.g. Helicobacter) or may not be part of the
commensal flora (e.g. K. pneumoniae and P. mirabilis). Additionally, some gut microbes
(e.g. Helicobacter) can cause not only colitis but also colorectal cancer, while certain
commensals play a critical role in the development of T cell subsets in the examples of SFB,
Clostridium, and B. fragilis. Such findings in animal models highlight the interplay of
genetics, microbial and environmental factors in the pathogenesis of inflammatory bowel
disease (Fig. 1).
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Figure 1. Complex interactions of host immunity, intestinal microbiota, and environmental
factorslead to inflammation

Inflammatory bowel disease is thought to result from a loss of homeostasis between the host
intestinal immune system and the intestinal microbial milieu (especially the anaerobic
community) in genetically susceptible individuals. In animal models, several particular
microbial members (e.g. Helicobacter, K. pneumoniae, and P. mirabilis) have been
associated with colitis development while certain commensals (e.g. SFB, Clostridium, and
B. fragilis) play a critical role in the development of T-cell subsets, some of which may
protect against intestinal inflammation.
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