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Introduction

Over the past decade genetic technologies have opened new ave-
nues of investigation in inflammatory bowel disease. The first of 
these was the ability to manipulate the genome of experimental 
animals, mostly mice, by deleting (knockout) or overexpress-
ing (transgenic) individual genes collectively termed “induced 
mutant” mice. Virtually every immune gene has either been 
deleted or expressed as a transgene and a small subset of such 
mutants were found to develop inflammatory bowel disease. In 
virtually every instance, induced mutants made germ-free no 
longer developed IBD, indicating that the microbiota played a 
major role in disease pathogenesis. These models have also taught 
us that multiple pathways are involved, that CD4 T cells were 
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The interaction of the host with its abundant intestinal 
microbiota is complex and engages most of the cells in the 
intestinal mucosa. The inflammatory bowel diseases appear to 
be disorders of the host immune response to the microbiota. 
This is supported by data from induced gene mutations in 
mice and more recently by the identification of gene variants 
in humans that result in IBD or IBD susceptibility. These genetic 
studies have provided insights into the cells and molecular 
pathways involved in the host-microbiota dialog. This review 
discusses the innate, adaptive and regulatory immune response 
to the microbiota in the context of the mouse and human 
genes that are involved in maintaining intestinal homeostasis 
and preventing inflammation. These data continue to support 
the hypothesis that inflammatory bowel disease results from 
a dysregulated adaptive immune response, particularly a 
CD4 T-cell response, to the microbiota. The microbiota itself 
is an active participant in these homeostatic processes. The 
microbiota composition is perturbed during inflammation, 
resulting in a dysbiosis that may induce or perpetuate 
inflammation. However, host genotype and the environment 
have a major impact on the shape of such dysbiosis, as well as 
upon which members of the microbiota stimulate pathogenic 
immune responses.
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the major effector cells mediating inflammation in most mod-
els, and that multiple hits were required in the innate, adaptive 
and regulatory compartments for disease expression.1,2 A second 
important genetic technology has been the ability to identify IBD 
susceptibility genes in humans. The most recent version of these 
studies has been the genome-wide association studies, which 
have identified some 100 genes involved in IBD susceptibility.3 
Interestingly, given that these studies were completely indepen-
dent of the experimental models, these two scientific approaches 
have been largely convergent. Thus, many of the genes that have 
been identified by GWAS in humans fit into the current para-
digm generated from experimental models that inflammatory 
bowel disease is due to a dysregulated adaptive immune response, 
particularly a CD4+ T-cell response to the intestinal microbiota. 
A third genetic technology has been culture-independent tech-
niques allowing delineation of the intestinal microbiome, includ-
ing PCR of the 16S rDNA gene, next generation sequencing, and 
the computational resources that are required to analyze such 
data.4 Together, these powerful tools allow experiments that were 
only dreamt about just 10 y or so ago. The cost of these advances, 
however, is data that is streaming out so fast that it is like drink-
ing from the proverbial fire hose. In this review, we will start with 
the microbiota in the intestinal lumen and move into the mucosa 
discussing various cells and cell products that are involved in 
homeostasis with the microbiota (Fig. 1). The focus will be on 
gene variants or mutations that confer susceptibility to IBD as a 
framework for understanding the pathogenesis of IBD. For most 
of the gene mutations or variants, it’s unclear which cell or cells 
are most affected, and we will arbitrarily put them in the cellular 
context that seems most likely.

Microbiota Composition and Impact on the Host

The Human Microbiome Project and related studies have 
allowed a catalog to be assembled of the intestinal microbiota.5 
There is high interpersonal variation in species composition of 
the gut microbiota in humans and no single species is present 
in all humans.6 However, when the metagenome of the human 
intestinal microbiota has been analyzed, a core composition of 
genes is evident and comparable among humans.7,8 There may 
be a limited number of enterotypes, which are marked by pre-
dominance of a particular family of microbes.9 The microbiota 
effects on the host are profound and occur at multiple levels. The 
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and it’s clear that low abundance members of the microbiota can 
have a major impact on the immune system.

Microbiota Changes during Intestinal Inflammation

Numerous studies have demonstrated that the microbiota shifts 
during inflammatory bowel disease, with a decrease in strict 
anaerobes, particular Firmicutes, and a bloom of proteobacteria14 
(Table 1). There is also loss of some potentially anti-inflamma-
tory species such as Faecalibacterium prausnitzii.15 Interestingly, 
similar changes are induced during infections by enteric patho-
gens such as Salmonella,16 Citrobacter and Campylobacter.17 
Induction of non-specific inflammation with oral dextran 
sodium sulfate (DSS) also induces similar changes. The con-
sequences of these shifts in microbiota are unclear, particularly 
whether they are cause or effect. In favor of the latter, expansion 
of a particular strain of E. coli, adherent invasive E. coli, has been 
demonstrated in a subset of patients with Crohn’s ileitis.18 Tissue 
invasion by such AIEC may be due to defects in autophagy, 
which has been shown to be an important defense mechanism 
against this microbe.19 An expansion of proteobacteria has also 
been demonstrated as a feature of dysbiosis in the TRUC mouse, 
which is deficient in both T-bet and RAG genes and thus has no 
adaptive immune system and significant defects in innate immu-
nity.20 This dysbiosis is marked by expansion of enterobacteria-
ceae, particularly of Klebsiella pneumonia and Proteus mirabalis, 
and this dysbiotic microbiota can transmit colitis even to wild 
type hosts.21 Although there is a similar expansion of proteo-
bacteria, mostly Enterobacteriaceae, in a mouse line deficient in 
both IL-10 and TGFβ signaling, colonization experiments have 

microbiota clearly has a major impact on host metabolism, and 
can contribute to obesity, insulin resistance and even metabolic 
syndrome.10 The microbiota also has effects on the vascular sys-
tem, nervous system, and of course, on intestinal development 
and function. The microbiota educates and causes the matura-
tion of the immune system, both in the intestine and systemi-
cally. For example, mice with a limited microbiota have reduced 
populations of certain lymphoid subsets.11 Microbiota products 
prime neutrophils for effector function via NOD1 signaling.12 
The intestinal microbiota affect immune responses in the lung to 
influenza virus13 and also can play a role in systemic autoimmu-
nity in certain experimental models. However, the most profound 
effects are on the mucosal immune system itself, which contains 
most of the lymphocytes and immunoglobulin in the body. Not 
all members of the microbiota are equal in these various activities 

Figure 1. Innate immune interactions with the microbiota. Genes resulting in or conferring susceptibility to IBD are shown on the left. Genes targeted 
for deletion in mice that result in IBD and that have also been identified in humans as susceptibility loci are marked with an asterisk, and illustrate the 
convergence between experimental models and genome-wide association studies.

Table 1. Microbiota changes during or contributing to gut inflammation

Crohn disease ↓Firmicutes ↑Proteobacteria (AIEC) Loss 
of F. prausnitzii

Salmonella/Citrobacter 
infection

↓Firmicutes ↑Proteobacteria 
(Salmonella/Citrobacter)

TRUC mice ↑Proteobacteria-Klebsiella, Proteus

B6.L-10R2-/-.TGFßRIIDN ↑Enterobactriaceae but Bacteroides → 
colitis

129.IL-10-/- E. coli, E. faecalis → colitis

C3H/HeJBir Clostridia/Lachnospiraceae

Normal C57Bl/6 Enterotoxigenic B. fragilis
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space closest to the epithelial cells and protect against pathogens 
such as attaching effacing E. coli.29 Goblet cells also product tre-
foil factor, which is important in epithelial restitution and repair. 
In the colon, a very tight mucin layer is present in mice, which 
excludes all bacteria.30 Above this layer is a loose layer of mucin 
in which certain organisms reside. The tight layer is formed by 
Muc2, the major intestinal secretory mucin. In the mouse, this 
tight layer increases in thickness along the length of the colon, 
being thickest in the distal colon. A variant in the Muc2 gene 
confers susceptibility for human IBD and Muc2-deficient mice 
develop colitis spontaneously,31 illustrating the importance of 
the mucus layer for mucosal homeostasis. Goblet cell depletion 
and an impaired mucus layer occur in human IBD and in Crohn 
Disease; this allows bacteria to adhere directly to epithelial cells, 
which may contribute to disease progression.32 The mechanism 
by which mucosa-associated bacteria might cause more inflam-
mation is unknown. It’s often postulated that bacteria closest 
to the mucosa would be more involved in disease pathogenesis. 
However, co-evolution of microbiota with host over the millennia 
makes it more likely that bacteria that live in the mucus layer are 
beneficial to the host. Mutations of the Muc2 gene, rather than 
its total absence, in mice can also cause colitis. These mutants 
cause endoplasmic reticulum stress in goblet cells. Genetic dele-
tion of XBP1, a stress response protein, results also in depletion 
of goblet and Paneth cells and susceptibility to colitis in mice.33 
Variants in XBP1 are also linked to human IBD.3

The Epithelium

The epithelium has many functions, not least of which are diges-
tion, secretion and absorption. The intestinal epithelium forms 
tight junctions between enterocytes that can exclude small mole-
cules, thus forming a mucosal barrier to entry of most substances. 
Tight junctions are regulated by cytokines and other stimuli and 
dynamically respond to the local microenvironment. This exclu-
sion of nutrients and small molecules is usually referred to as 
barrier function, however epithelial barrier function subsumes a 
broader role in that the epithelium also forms a barrier to the 
microbiota in the lumen. Positioned between the microbiota in 
the lumen and the immune cells in the intestinal lamina pro-
pria, the epithelium communicates with and is signaled by both. 
For example, the microbiota signals enterocytes as well as innate 
cells in the lamina propria via pattern recognition molecules via 
receptors such as the TLR, NOD, etc. In fact, such microbiota 
signaling via TLRs is required for normal epithelial organization 
and resistance to injury.34 Immune cytokines such as IFNγ, IL-17 
and IL-22 have substantial effects on the epithelium. In turn, 
the epithelium secretes certain mediators, such as TSLP, IL-33 
and IL-25, that “instruct” intestinal dendritic cells to become 
tolerogenic, i.e., to preferentially induce lamina propria Treg cells 
and thus maintain intestinal homeostasis.35 It should not be too 
surprising that genes linked to epithelial renewal, repair, stress 
response, and to antimicrobial peptide secretion have all been 
linked to IBD susceptibility in humans or mice.

The epithelial layer is renewed every 2–3 d by a process involv-
ing proliferation of epithelial cells in the crypts with migration 

identified Bacteroides species, rather than Enterobacteriaceae, as 
important in triggering the colitis.22 Monocolonization of germ-
free 129.IL10-deficient mice has demonstrated, in contrast to 
the above, that colonization with E. coli and Enterococcus faecalis 
induced colitis, whereas colonization with Bacteroides vulgatus 
and Pseudomonas fluorescens did not.23 In C3H/HeJBir mice that 
develop spontaneous colitis, serologic expression cloning has iden-
tified a limited set of some 60 microbiota antigens, among which 
flagellins from Clostridia, particularly Lachnospiraceae, were the 
largest cluster.24 Half of patients with Crohn disease have serum 
IgG to this cluster of flagellins. Based on BLAST matches of the 
remaining non-flagellin antigens, a diverse assortment of bacteria 
of origin are likely. However, no E. coli, Klebsiella or Proteus 
antigens were detected. In these reports, mice are housed in dif-
ferent locations and have different genotypes that could impact 
the microbes and antigens that are inducing or being targeted by 
the immune system during IBD. The microbiota composition is 
clearly modulated by the host genotype25 and a strain that is detri-
mental for one genotype may be beneficial or neutral for another. 
There does not appear to be a single organism responsible for 
inflammatory bowel disease. Rather, these data are consistent 
with the hypothesis that a dysregulated host immune response to 
components of the microbiota is central to inflammatory bowel 
disease, but host genotype and the environment exert a major 
influence on which members and antigens of the microbiota are 
targeted by effector T cells.

Innate Immune Response to the Microbiota

Mice with innate immunity but lacking adaptive immune 
responses such as RAG-/- and SCID mice co-exist with the micro-
biota and do not develop inflammatory bowel disease spontane-
ously. However, various perturbations of such mice can result 
in inflammatory bowel disease, even in the absence of adaptive 
immunity. These include DSS-induced colitis,26 administration 
of an agonist anti-CD40 monoclonal antibody,27 T-bet-/-RAG-/- 
(TRUC) mice,20 and RAG mice infected with Helicobacter 
hepaticus.28 These model systems have allowed investigators to 
dissect mechanisms of innate inflammation and its regulation 
independent of adaptive immune cells. However, it should be 
noted that most induced mutant mice that develop IBD do not 
do so when crossed onto a RAG background, i.e., in the absence 
of adaptive immune cells, particularly CD4 T cells.1 Thus, these 
innate models are the exception rather than the rule and in most 
instances abnormalities of the innate immune response is patho-
genic by resulting in a colitogenic T-cell effector response. That 
being said, many of the gene variants identified by GWAS studies 
involve innate pathways and these will be considered in the sec-
tion below.

Mucin

The surface of the intestine is protected by an overlying layer of 
mucin that is generated by goblet cells in the epithelial layer. In 
addition to mucin proteins, the mucus layer contains antimicro-
bial peptides and IgA, which serve to select and limit access to this 
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Another pathway that is activated by cell stress is autophagy.41 
Autophagy is best known as a cellular process whereby a cell can 
recycle its components via the lysosomes, a process that is partic-
ularly important during starvation. However, autophagy is pres-
ent widely in nature and provides host resistance to intracellular 
pathogens such as mycobacteria. Two autophagy genes, ATG16L1 
and IRGM, are linked to Crohn disease.3 An ATG16L1 hypo-
morphic mouse line that expresses about 1% of the normal level 
of ATG16L1 demonstrates Paneth cell granule abnormalities 
that are very similar to those found in ileal resections in patients 
with Crohn disease who carry the relevant ATG16L1 gene vari-
ant.42 Although these ATG16L1HM do not develop IBD them-
selves, they are more susceptible to DSS-induced injury. When 
ATG16L1HM mice were re-derived virus-free, they lost the Paneth 
cell phenotype and the increased susceptibility to DSS-induced 
colitis. Infection with norovirus restored both the Paneth cell 
phenotype and the DSS colitis susceptibility, although the latter 
was prevented with treatment with broad spectrum antibiotics.43 
This is another example of a virus-immune-microbiota interac-
tion having a profound effect on disease expression. The pattern 
recognition receptor, NOD2, is highly expressed in Paneth cells 
and regulates their secretion of antimicrobial peptides.44 NOD2 
has recently been found to regulate autophagy, including the 
autophagy pathway involving ATG16L1 45 linking these two IBD 
susceptibility loci. Moreover, ATG16L1 deficiency in mice has 
been found to increase endotoxin-induced inflammasome activa-
tion, resulting in high production of IL-1β and IL-18.46 In these 
studies, mice lacking ATG16L1 on in hematopoietic cells were 
highly susceptible to DSS colitis, which was mediated by IL-1β 
and IL-18. Thus, autophagy also appears to regulate also inflam-
masome-mediated inflammation.

Recent studies have identified the inflammasome as criti-
cal to resistance to innate injury with DSS and maintenance 
of homeostasis. Inflammasomes are multimeric proteins in the 
cytoplasm that form complexes that act as sensors of damage-
associated molecular patterns and regulate the maturation and 
secretion of IL-1β and IL-18. NLRP3 inflammasomes, which 
include apoptosis-associated spec-like protein (ASC), activate 
caspase-1, which, in turn, cleaves pro-IL-1β and pro-IL-18 into 
their active forms. NLRP3 inflammasomes have been found to 
play an important role in resistance to DSS colitis. Deletion of 
NLRP3, ASC, caspase-1 or IL-18 all result in an increased sever-
ity and mortality to DSS colitis.47,48 NLRP3 gene variants have 
been linked to human IBD susceptibility, which may involve a 
similar mechanism.3

NLRP6-containing inflammasomes in colon enterocytes 
also provide resistance to DSS colitis, but surprisingly appear to 
regulate the composition of the colonic microbiota. Mice defi-
cient in NLRP6 in colon enterocytes had reduced IL-18 levels 
and an altered fecal microbiota characterized by increases in 
the Provotellaceae of the Bacteroidetes phylum and increases 
in TM7.49 This microbiota conferred increased susceptibility to 
DSS colitis, which could be transferred to neonatal or adult wild 
type mice by co-housing. The mechanism for this shift in the 
microbiota and which members of the altered microbiota account 

up on the villi in the small intestine or onto the surface epithe-
lium in the colon. The proliferation is, in turn, balanced by 
enterocyte apoptosis and shedding of the epithelium. Disruption 
of these processes impairs the epithelial barrier and results in 
chronic inflammation. NFκB signaling in intestinal epithelial 
cells stimulates important anti-apoptotic molecules. Intestinal 
epithelial cell-specific deletion of NEMO (IKKγ) or of both 
IKKα and IKKβ in mice results in apoptosis of colon epithelial 
cells, impaired expression of antimicrobial peptides, transloca-
tion of intestinal bacteria and chronic colitis.36 Concomitant 
deficiency of MYD88 prevented the colitis due to a reduction 
in TNFα-induced apoptosis.36 A second molecule regulating 
epithelial apoptosis is A20 (TNFAIP3), an E3 ligase-editing 
enzyme required for inhibition of TLR and TNFα signaling. 
A20 gene variants have been linked to Crohn disease. Epithelial-
specific deletion of A20 did not result in spontaneous colitis, but 
rendered the epithelial cells highly sensitive to TNFα-induced 
apoptosis and thus a high mortality upon challenge with DSS.37 
Generalized deletion of A20 in mice results in spontaneous dif-
fuse inflammation, including the intestine, resulting in cachexia 
and early death. This inflammation is dependent on microbiota-
mediated homeostatic TLR-MYD88 signaling in myeloid cells.38

A SNP variant of the multi-drug resistance I gene (MDR1) 
has been linked to human IBD susceptibility.3 The homologous 
gene in mice, MDR1α, is expressed in intestinal epithelial cells 
and in some lamina propria myeloid cells. MDR1α or p-glyco-
protein, is an ATP binding cassette transporter that is postulated 
to pump toxic xenobiotic molecules out of epithelial cells and 
other cells, but its exact role in intestinal epithelial cells is not 
known. Mice deficient in MDR1α develop colitis spontane-
ously and antibiotic treatment prevents this colitis.39 T cells from 
MDR1α colitic mice demonstrate increased responsiveness to the 
microbiota. Based on bone marrow chimera experiments, the dis-
ease is caused by MDR1α deficiency in non-hemopoietic, likely 
epithelial, cells making this an interesting example on which 
an epithelial cell defect results in an abnormal adaptive T-cell 
response to the microbiota.39 Colitis onset is accelerated by colo-
nization with Helicobacter bilus. Interestingly, co-infection with 
H. bilus and murine norovirus 4 increased severity of the colitis, 
demonstrating an environment-microbiota-immune interaction 
leading to severe IBD.40

Variants in the gene encoding the transcription factor XBP1 
have been linked to susceptibility to IBD in humans.3,33 XBP1 
is part of the unfolded protein response (UPR), which, in turn, 
is important for the maintenance of cellular integrity, particu-
larly of secretory epithelial cells. The UPR is activated by accu-
mulation of unfolded or misfolded proteins in the endoplasmic 
reticulum. Conditional deletion of XBP1 in intestinal epithelial 
cells resulted in apoptosis of Paneth cells, reduced numbers of 
small intestinal goblet cells and small intestinal inflammation.33 
XBP1-deficient mice were more susceptible to DSS colitis, an 
effect that was dependent on the colonic microbiota.33 Human 
ileal and colonic biopsies from patients with IBD have signs of 
ER stress, demonstrating the relevance of this mouse model data 
for human IBD.
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All of these cells appear to serve as microbe sensors in the lamina 
propria via their TLR and AHR receptors, and are able to rap-
idly produce cytokines such as IL-17, IL-22 and IL-21 when trig-
gered.56 IL-17 and IL-22 both act on the epithelium to maintain 
barrier function and thus these cells could be viewed as a way of 
tuning up or tuning down barrier function in normal homeo-
stasis with the microbiota, as well as providing rapid protection 
during infection with enteric pathogens. Given that IL-23 signal-
ing is important in at least some of these cells, this is another 
potential cell type that may be affected by variants in the IL-23 
receptor gene that have been linked to IBD.

Intestinal Macrophages

A substantial proportion of all innate myeloid cells in the intes-
tine are macrophages. Intestinal macrophages have a distinc-
tive phenotype compared with macrophages in other tissues or 
compared with blood monocytes from which they are derived. 
Human intestinal macrophages are strongly phagocytic and 
bactericidal, but do not produce cytokines and do not express a 
variety of innate immune response receptors, including CD14, 
which is required for LPS recognition.57 This state of “inflamma-
tory anergy” is induced by TGFβ derived from the stroma, which 
blocks TLR and NFκB signaling.58 Mouse intestinal macro-
phages have had limited study, but a CD11b+F4/80+CD11c- cell 
that produces IL-10, but not inflammatory cytokines, and that 
induces Treg cells, has been identified.59 Intestinal macrophages 
thus serve as non-inflammatory scavengers that clear translocat-
ing microbiota and their products, thus preventing activation of 
potentially detrimental adaptive immune responses.

During infection or inflammation, monocytes move into 
the intestine and convert into macrophages and dendritic cells 
and retain the ability to produce inflammatory cytokines.60 For 
example, during Citrobacter infection in mice, recruitment of 
myeloid cells and T cells due to NOD2-dependent CCL2 pro-
duction by stromal cells is critical to resolving the infection.61 
This appears to be a general mechanism of host defense to enteric 
pathogens but occurs aberrantly, i.e., in the absence of a patho-
gen, in inflammatory bowel disease. Interestingly, recruitment of 
innate cells to sites of acute bacterial challenge in patients with 
Crohn disease appears to be defective, and this is postulated to 
contribute to the pathogenesis of IBD.62

for the increased DSS-colitogenicity are unknown. This high-
lights an important feature of DSS-induced injury, namely that 
DSS acts in concert with the microbiota to induce injury to the 
epithelial layer. The mechanism of such injury and the specific 
role of the microbiota in this process are unknown.

Innate Lymphoid Cells

Recent studies have identified a number of innate lymphoid cells 
that respond to the microbiota and resemble lymphoid tissue 
inducer (LTi) cells (Table 2). LTi cells are required for develop-
ment of Peyer’s patches, lymph nodes and intestinal lymphoid 
follicles. LTi cells do not have antigen receptors, but are identified 
by being lineage-negative and c-Kit+, CD127+ (IL-7 receptor-α) 
and RORγτ+.50 A LTi-like set of cells has now been identified in 
the intestinal mucosa, and are referred to as innate lymphoid cells 
(ILC). These also are RORγτ-positive and produce IL-22 and/
or IL-17 rapidly upon either TLR or IL-23 signaling. These have 
been shown to play a role during innate colitis during which they 
produce IFNγ, IL-17A and IL-22,27 because ablation of these 
innate lymphoid cells ameliorated colitis in this model. A CD4+ 
LTi-like cell appears to be a dominant source of IL-22 early dur-
ing Citrobacter infection in mice and adoptive transfer of these 
cells could rescue normal lymphoreplete mice from death from 
Citrobacter infection.50 These innate lymphoid cells also express 
the aryl hydrocarbon receptor (AHR) and are dependent on 
AHR signaling for IL-22 production and survival.51 LTß recep-
tor signaling in dendritic cells also regulates IL-22 production by 
innate lymphoid cells.52 A similar cell, but with Natural Killer 
cell (NK)-like markers, has also been found to be present in 
both human and mouse intestine.53 This cell has the NK marker 
CD56 and expresses either NK-p44 in humans or NK-p46 in 
mice. Both in human and mouse, these cells express the RORγτ 
transcription factor and are CD127 (IL-7Rα) positive and pro-
duce IL-22. The microbiota appears to drive their generation. 
This cell type has been found to be decreased in Crohn Disease 
mucosa.54 Yet another cell type that has similar function to ILCs 
are a subset of Tγδ T cells, which are also RORγτ+, AHR+, CC6+ 
and IL-23R+. These Tγδ cells secrete IL-17, IL-21 and IL-22 in 
response to either IL-23 or IL1β without any TCR engagement.55 
These cells express TLR1, TLR2 and Dectin-1 and can rapidly 
produce IL-17, amplifying IL-17 production by CD4+ T cells. 

Table 2. Innate lymphoid cells

Cell Markers Cytokines References

LTi Lin- ckithi, CD127hi RORγt+

LTi-like CD90+, CD4- or +, IL-23R+, RORγt+ IL-17, IL-22, IFNγ 27

Lin-, ckit+, CD4+, CD44+, CD127+, CD90+, CCR6+, IL-23R IL-22 50, 132

CD3-, CD127+, CD4+ IL-22, IL-17 133

AHR 51

NK-like CD56+, NKp44+, CCR6+ (Human), CD96+, CD103+, IL-23R, RORα+, RORγ+, AHR+, IRF4
IL-22, IL-26, LIF (without IL-23 stimula-

tion)
53

NKp46+, NK1.1+/- (mouse) IL-22 46, 53

γδ T cells CCR6+, IL-23R+, RORγ+, AHR; TLR1, 2, Dectin-1 IL-17, IL-22; IL-17, Il-21, IL-22 55, 56

LTi, lymphoid tissue inducer; LTi-like, innate lymphoid cells with features in common with LTi cells; NK, natural killer.
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IL-23R SNPs have been linked to IBD in humans.3 IL-23 
is produced by lamina propria dendritic cells and acts on both 
innate and adaptive immune cells. IL-23 is critical for induction 
of IL-22, a cytokine that enhances epithelial barrier function 
and antimicrobial peptide production and is absolutely required 
for resistance to infection with Citrobacter rodentium, a murine 
enteropathogen.73 IL-23 is also critical for the survival of CD4 
Th17 cells, an effector subset discussed below, which is patho-
genic in IBD and in several experimental autoimmune models. 
Monoclonal antibody neutralization of IL-23 in a microbiota-
specific CD4+ T-cell transfer model of colitis prevented and 
treated disease.74 Perhaps related, an IL-23R SNP in humans is 
protective for Crohn disease, and this SNP has been shown to 
encode a truncated splice variant resulting in a soluble receptor 
inhibitor of IL-23.75

NOD2 is an intracellular pattern recognition receptor that 
binds muramyl dipeptide, a component of bacterial peptido-
glycan. NOD2 gene polymorphisms are risk factors for Crohn 
Disease. NOD2 is present in many cell types and has a number 
of functions. For example, acute muramyl dipeptide stimulation 
of DCs results in NFκB and MAP kinase activation and inflam-
matory cytokine production. However, chronic stimulation of 
DCs with MDP reduces TLR- and NOD-induced cytokine pro-
duction. Both of these effects are impaired in DCs from indi-
viduals with Crohn disease-associated polymorphisms.76 NOD2 
has more recently been found to stimulate autophagy in DCs, 
which is required for resistance to intracellular bacteria and for 
antigen-specific MHC class II stimulation of CD4+ T cells.77 
NOD2 was found to recruit ATG 16L1 to the plasma membrane 
at the bacteria (Salmonella) entry site.45 Crohn Disease-related 
polymorphisms in either NOD2 or ATG 16L1 impaired this 
bacterial handling function.78 These data link two major suscep-
tibility loci for Crohn disease into a single pathway of response 
to bacteria.

Adaptive Response to Microbiota in IBD

Although the host innate response to the microbiota plays a cru-
cial role in the maintenance of intestinal immune homeostasis 
and in the pathogenesis of IBD, deficiencies in innate pathways 
alone, in most model systems, do not result in the disruption 
of homeostasis and development of intestinal inflammation. The 
latter requires an adaptive immune response to the microbiota. 
Host and microbiota interact with each other in an interde-
pendent manner: colonization of intestinal tract with a diverse 
microbiota profoundly influences the development and function 
of both innate and adaptive arms of the host immune system, and 
educates local immune cells to generate a homeostatic response 
characterized by active immune readiness against pathogens and 
hyporesponsiveness against microbiota. Conversely, the host 
immune system shapes the composition of the gut microbiota 
both through innate responses and the production of bacteria-
reactive IgA by B cells.79 The effects of the microbiota on the 
mucosal immune system are best demonstrated by germ-free (GF) 
mice in whom mucosal immunity is impaired. Reconstitution of 
GF mice with microbiota results in the expansion of innate cells, 

Signal transducer and activation of transcription 3 (STAT3) 
mediates signaling of a number of cytokines, including IL-10. 
STAT3 has been identified as a susceptibility gene for human 
IBD. Conditional STAT3 deletion in macrophages and neutro-
phils results in colitis in mice, a phenotype that is quite similar to 
IL-10 deficiency. Macrophages from these mice do not respond 
to IL-10 and produce high amounts of TNFα, IL-1, IL-6 and 
IFNγ.63 Similarly, conditional deletion of STAT3 in bone mar-
row myeloid cells results in a severe enterocolitis in mice.64 
Thus, IBD susceptibility due to STAT3 gene variants might be 
macrophage-mediated. However, STAT3 is expressed widely 
in multiple cells and the effects of its deletion appear to be cell 
intrinsic. For example, intestinal epithelial STAT3 is important 
for cell survival65 and epithelial repair,66 and T-cell STAT3 is 
required for induction of colitis in the CD45RBhi transfer model 
of colitis.67

Dendritic Cells

A number of genes affecting dendritic cell (DC) function cause 
or contribute to IBD. The intestinal lamina propria contains 
numerous DCs of different subsets. Mucosal DCs have distinc-
tive properties and cell markers compared with DCs in lymphoid 
or other tissues.68 Among these are the preferential induction of 
Treg cells, induction of gut homing receptors on B cells and T 
cells, and the selective induction of IgA antibodies, all of which 
contribute to maintenance of gut homeostasis.69,70 Thus, like 
intestinal macrophages, under homeostatic conditions mucosal 
DCs are anti-inflammatory. Many of these features are due to 
DC conditioning by epithelial cells,35 and interestingly, these 
tolerogenic properties of mucosal DC require signaling via the 
β catenin-WNT pathway, which is critical in epithelial cell turn-
over.71 This situation changes during inflammatory conditions, 
with chemokines recruiting inflammatory DCs into the lamina 
propria from the circulation.60,72 The transition from homeo-
static to inflammatory DCs occurs during pathogen invasion of 
the gut, but what triggers this shift in chronic relapsing IBD is 
unclear.

IL-10 is a critical cytokine for intestinal homeostasis. IL-10 
deficiency in mice results in spontaneous colitis as it does also 
in humans. In the gut, IL-10 is produced by multiple cell types, 
including DCs. In DCs it provides feedback inhibition of IL-12 
and TNFα. IL-10 signals via the transcription factor STAT3, 
genetic variants of which have also been linked to human IBD. 
STAT3 deficiency in mice results in chronic colitis with a phe-
notype similar to IL-10 deficiency. Myeloid cell-specific STAT3 
deficiency results in a Crohn disease-like IBD syndrome, indicat-
ing that myeloid DCs are the critical cell in STAT3 deficiency-
IBD.63 IL-10 deficient mice made germ-free do not develop colitis 
unless colonized by microbiota.23 Mono-association studies of 
germ-free IL-10 deficient mice have shown that E. faecalis and  
E. coli can induce colitis, whereas neither B. vulgatus nor P. 
fluoresceins did so.23 In this mono-association system, E. faecalis 
induced more distal disease and E. coli more proximal disease, 
suggesting that disease localization in IBD may be due to the 
biogeography of the microbiota in the lumen.
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the cecal and colon mucosa. Interestingly, colonization with 
Clostridia also induced epithelial cell expression of indoleamine-
2,3-dioxygenase (IDO), which could induce Treg cells locally. 
In a more truly mutualistic immunological adaptation model, 
colonization of GF mice with ASF was also shown to be able 
to induce Treg cells in the intestinal mucosa.84 Thus, the ability 
of certain microbiota species to induce either Th17 cells or Treg 
cells reflects a differential regulation of the mucosal immune sys-
tem by different members of the microbiota resulting in mainte-
nance of immune homeostasis with the host.

Effector T cells in IBD

Both Th1 and Th17 cells have been implicated as important 
mediators of inflammation in IBD.74,89-92 There is an increased 
production of IL-12 and IL-23 in Crohn disease, and MLN DC 
from patients with Crohn diseases induce both Th1 and Th17 
immune responses.93-97 T cells of inflamed Crohn disease lesions 
contain high levels of activated STAT4 and T-bet, the Th1-
associated transcription factors indicative of IL-12 signaling.98,99 
The important role of Th17 cells, which express the IL-23 recep-
tor (IL-23R) on their surface, in the pathogenesis of IBD is sup-
ported by recent genome-wide association studies indicating that 
IL23R and other genes involved in Th17 differentiation (IL12B, 
JAK2, STAT3, CCR6 and TNFSF15) are associated with suscep-
tibility to Crohn disease and partly also to ulcerative colitis (Fig. 
2).100-102 Anti-IL-12/IL-23p40 antibody therapy, which targets 
both Th1 and Th17 cells, is effective in Crohn disease.103,104 Anti-
IL-23p19 mAb prevents as well as treats colitis in a colitis model 
induced by microbiota-specific T cells, further confirming a role 
of the IL-23/Th17 pathway in the pathogenesis of chronic intes-
tinal inflammation.74 However, in patients with Crohn disease, a 

B cells and T cells in all mucosal compartments in the intes-
tine to a level comparable to that of specific pathogen-free (SPF) 
mice. Both B cells and T cells, including T helper 1 (Th1), Th17 
and Foxp3+ regulatory T (Treg) cells, are important for intes-
tinal immune homeostasis in the presence of a nonpathogenic 
microbiota.

Influence of Microbiota Components  
on Adaptive Cells

Several recent studies have shown that members of the micro-
biota may act together or may act individually to affect muco-
sal adaptive responses.80-84 Some specific organisms have defined 
effects on mucosal immune function. Intestinal lamina propria 
has been identified as a “natural site” for Th17 cell development, 
in that Th17 cells are enriched in the intestinal lamina propria 
(LP) of SFP mice whereas they are absent in GF mice, indicat-
ing that microbiota induce Th17 cells in the lamina propria. 
Monocolonization of GF mice with segmented filamentous bacte-
ria (SFB) restores mucosal Th17 cells, indicating that SFB stimu-
late mucosal Th17 cell development. Interestingly, SFB have also 
been shown to induce intestinal IgA. How SFB promote intesti-
nal Th17 cell development and IgA production is still unknown, 
although the close interaction of SFB with epithelial cells and 
Peyer’s patches could be involved in such effects. A toxigenic form 
of human B. fragilis is also able to induce mucosal Th17 cells 
and causes colitis, which is associated with toxin-induced signal 
transducer and activator of transcription (STAT)-3 activation in 
epithelial cells and immune cells.85 A recent study demonstrated 
that, in the absence of a mutualistic Treg cell response, intesti-
nal altered Schaedler flora (ASF), which contains eight defined 
bacteria but no SFB or B. fragilis, could also induce intestinal 
Th17 cells, indicating that combinations of microbial species can 
induce Th17 cells in the intestine.86 Although induction of Th17 
cells by SFB has been implicated in the pathogenesis of arthritis 
and experimental autoimmune encephalomyelitis (EAE),85,87 the 
role of SFB induction of Th17 cells in the pathogenesis of IBD 
is unknown. SFB together with multiple defined SPF species was 
effective in triggering intestinal inflammation in reconstituted 
SCID mice whereas there was no colitis in GF mice colonized 
either with the defined SPF species or monoassociated only with 
SFB.88

Treg cells are also constitutively present and enriched in the 
intestinal lamina propria. There is evidence that indigenous 
microflora are potent inducers of mucosal Treg cells.80,83,84,86 
Colonization of GF mice with commensal Bacteroides fragilis 
(B. fragilis) was able to induce the development of CD4+Foxp3+ 
regulatory T (Treg) cells that produced interleukin (IL)-10. 
This effect was mediated through production of polysaccharide 
A (PSA) as it did not occur after colonization with a B. fragilis 
PSA mutant. Importantly, B. fragilis-induced Treg cells protected 
mice from colitis induced by Helicobacter hepaticus infection via 
Treg production of IL-10.83 The colonization of GF mice with a 
defined mixture of 46 strains of commensal Clostridia was able 
to induce Treg cells.80 These Clostridia species, mostly members 
of class XIVa, preferentially colonize and form a thick layer on 

Figure 2. Genes involved in the adaptive immune response and linked 
to IBD susceptibility. The asterisk denotes genes linked to IBD in both 
experimental models and in human genome-wide association studies.
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mouse colon are different from those of receptors on T cells from 
other organs.109 Many of these TCRs on colonic Treg cells recog-
nize antigens derived from the intestinal microbiota. In addition, 
colonic mucosal Treg cell numbers are decreased in GF mice and 
antibiotic-treated mice.80,86 It is thus likely that most Tregs in the 
intestine are induced by the microbiota, which plays a critical 
role in the accumulation and functional maturation of intestinal 
Treg cells. It has been shown that colonization of GF mice with 
commensal B. fragilis, Clostridium spp or ASF induces Treg cells 
in intestinal mucosa, although the mechanisms involved could 
be different.80,83,84,86

Germline mutation in Foxp3 in humans results in multiple 
organ inflammation (X-linked IPEX syndrome),110 indicating 
the importance of Treg cells in maintaining intestinal homeo-
stasis in humans. Mice with Foxp3 deficiency also develop fatal 
multiorgan inflammation including chronic intestinal inflam-
mation that can be suppressed by adoptive transfer of Foxp3+ 
Treg cells. Treg cells also inhibit experimental colitis induced 
by adoptive transfer of CD4+CD45RBhi naive T cells to immu-
nodeficient mice and Treg can cure established transfer colitis 
in an IL-10 dependent manner.111 Among several independent 
mechanisms mediating the regulatory activity of Treg cells, mice 
lacking anti-inflammatory cytokine IL-10 or TGFβ in T cells 
develop wasting disease and colitis when they are housed under 
SPF conditions,112,113 highlighting the importance of IL-10 and 
TGFβ in intestinal homeostasis. Foxp3+ and Foxp3- Treg cells 
in the colonic LP CD4+ T-cell population produce IL-10 with 
about one-third of the IL-10-producing colon CD4+ T cells being 
Foxp3+.114 CD4+ T cell- or Treg-specific deletion of IL-10 in mice 
results in spontaneous colitis. Thus, Treg production of IL-10 is 
indispensable for the maintenance of intestinal immune homeo-
stasis. Recent GWAS studies have identified IL-10 as a suscep-
tibility locus for the development of IBD in humans and the 
patients lacking functional IL10 receptor (IL10R) develop early 
onset colitis,115,116 implicating IL-10 in the regulation of human 
intestinal immune homeostasis and its impairment in the patho-
genesis of IBD in humans. It is currently unknown, however, 
why T-cell-produced TGFβ and IL-10 play such a decisive role 
when TGFβ and IL-10 produced by other cells are readily avail-
able in the intestinal environment.

T regulatory cells in IBD. Paradoxically, in patients with UC 
and CD, as well as in animal models of colitis, there are increased 
numbers of Foxp3+ Tregs and high levels of their signature cyto-
kines TGFβ and IL-10 in inflamed intestinal lesions.111,117-120 
Tregs can constitute as much as 20–30% of total CD4+ T cells in 
inflamed lamina propria (LP), which is much higher than the per-
centage of Tregs in the steady-state (5–10%). Tregs in inflamed 
lesions express TNFR2 and anti-TNFα treatment, effective in 
a majority of IBD patients to inhibit intestinal inflammation, 
results in a decrease of local mucosal Tregs with a concomitant 
increase of blood Tregs,119 suggesting that high levels of inflam-
mation and inflammatory cytokines can also promote Treg 
expansion and accumulation in inflamed lesions. It is still hotly 
debated whether Tregs in inflamed lesions remain functional, 
as some report functional Tregs while others describe resistance 
of effector T cells to Tregs in the inflamed lesions in IBD. The 

subset of CD14+ macrophages producing IL-23 and TNFα has 
been identified that contributes to the pathogenesis of Crohn 
disease by promoting IFNγ production rather than IL-17 pro-
duction by lamina propria mononuclear cells.105 Significant IL-17 
mRNA upregulation is found in lamina propria CD4+ cells 
from patients with ulcerative colitis, whereas IFNγ is increased 
in Crohn disease, arguing somewhat against the concept that 
IL-23 contributes only to Th17 cytokine production,94 because 
IL-23 can well promote Th1 cell IFNγ production. A number of 
reports have identified a subset of Th17 cells that co-produce the 
Th1 cytokine IFNγ.106,107 This is particularly prominent at sites 
of inflammation such as those found in active Crohn disease.107

Microbiota antigen stimulation of T cells plays a crucial role 
in the pathogenesis of colitis. T cells respond to specific antigens 
but little is known about which microbiota antigens are driving 
the pathogenic T-cell response in IBD. Using serologic expression 
cloning, microbiota flagellins have been identified as immuno-
dominant antigens in patients with Crohn disease and in multi-
ple models of colitis.24 Flagellin possesses the properties of both a 
potent antigen for adaptive responses and is a ligand for Toll-like 
receptor (TLR)-5 ligand that stimulates innate responses. Thus, 
flagellin can bridge innate and adaptive responses, and provides 
a window into the normal host immune response to its micro-
biota and abnormal responses resulting in colitis development. 
In an adoptive transfer model, Th17 cells specific for CBir1 fla-
gellin were more potent than CBir1 flagellin cells in the induc-
tion of colitis. However, Th17 cells are not stable and some Th17 
cells produce IFNγ and convert into Th1 cells during intesti-
nal inflammation, which might contribute to their increased 
potency. Interestingly, IL-17 produced by Th17 cells promotes 
T-cell IFNγ production via induction of local mucosal DC IL-12 
and IL-23 production in the inflamed lesions.108 However, the 
complex relationship between Th1 and Th17 cell-mediated 
pathophysiology has not been completely analyzed due to a lack 
of appropriate reporter mice and suitable colitis models. This will 
be of great importance for delineating the specific contributions 
of these cells to chronic intestinal inflammation, especially to the 
persistence and progression of colitis.

Adaptive Regulatory Cells

The role of Treg in intestinal homeostasis. Among the mul-
tiple mechanisms that regulate intestinal immune homeosta-
sis and control the compartmentation of immune responses to 
microbiota antigens, regulatory T cells (Treg), mainly including 
CD25+CD4+Foxp3+ Tregs and Tr1 cells, play an essential role. 
Treg cells constitutively express their signature transcription fac-
tor Foxp3, which is required for their development as well as their 
regulatory activity. CD25+CD4+Foxp3+ Tregs can be generated 
in the thymus (natural Treg cells) as well as in periphery (induced 
Treg cells) through antigen stimulation in the presence of TGFβ. 
Foxp3+ Treg cells distribute to essentially all lymphoid organs 
with the frequencies of approximately 10% within the CD4+ cell 
subset, but are enriched in the intestinal mucosa. Although both 
natural and induced Treg cells are present in intestinal lamina 
propria, the amino-acid sequences of TCRs on Treg cells from the 
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generated.124,125 These data indicate that the T-cell-dependent 
IgA response is predominant in the intestine. Among multiple 
mechanisms regulating IgA production, TGFβ is probably 
the most important cytokine that promotes IgA induction, as 
TGFβ-/- mice have low levels of IgA and there is almost a com-
plete absence of IgA in mice deficient for TGFβ receptor II.126 
Acute depletion of Treg cells results in a decrease of lamina pro-
pria IgA+ B cells, with a substantial reduction in luminal total 
and anti-CBir1 flagellin-specific IgA. Adoptive transfer of Tregs 
restores total and CBir1-specific intestinal IgA production in 
TCRβxδ-/- mice. Further studies indicate that Treg cells promote 
B cell AID expression and IgA production through production 
of TGFβ.124 Collectively, these data demonstrate that Tregs 
play a dominant role in regulating intestinal IgA production to 
microbiota antigens, and in preventing systemic T-cell activation 
to them in mice.

Regulatory B cells. In addition to producing antibody and 
presenting antigens to T cells, some murine B cells negatively 
regulate immune responses. Regulatory B cells (Breg) have been 
shown in experimental autoimmune diseases, such as EAE, as 
well as in IBD. Breg were first described in IBD in TCRα-/- mice, 
which develop a UC-like colitis spontaneously; B cell-deficient 
TCRα-/- double KO (DKO) mice developed much more severe 
intestinal inflammation.127 Breg have been identified also in some 
Crohn Disease-like disease models. A potent subset of regulatory 
B cells, B10 cells, with a phenotype of CD1dhiCD5+, has been 
shown to regulate DSS-induced colitis in an IL-10-dependent 
manner.128 B10 cells are the predominant source of B-cell IL-10 
production. Adoptive transfer of antigen-primed B10 cells ame-
liorates the severity of colitis in TCRα-/- mice as well as in the 
DSS-model.128,129 Interestingly, Breg numbers are increased in 
autoimmune diseases as well as in IBD, thus Breg are possibly 
induced under inflammatory conditions and are capable of sup-
pressing the exacerbation of inflammation and/or enhancing the 
recovery process.

Unanswered Questions and Future Investigation

The relationship between innate and adaptive immunity is 
poorly understood, particularly how defects of innate immunity 
result in disease. A common assumption is that innate immune 
stimulation, for instance via TLR ligands, in turn activates 
adaptive immunity. This is thought to be the basis of adjuvant 
function for vaccine immunization. However, surprisingly, TLR-
activating adjuvants were able to immunize mice in which all 
TLR signaling was ablated. The microbiota stimulation of innate 
immunity appears to be required for induction of colitis, even 
colitis induced by colitogenic CD4 T cells reactive to a micro-
biota flagellin.130 That being said, decreased innate immune 
reactivity has been found to be associated with increased T-cell 
responses to microbiota antigens such as flagellin.131 Thus, how 
genetic variants or defects in innate immunity result in patho-
genic CD4 T cell responses to microbiota antigens remains a 
topic that needs further investigation. Norovirus infection exac-
erbates the Mdr1α-/- colitis and is required for the Paneth cell 
abnormality and DSS sensitivity seen in ATG16L1HM mice. The 

presence of increased Tregs in the affected tissues of patients with 
IBD and animal models may mean that failed regulation in the 
inflamed tissues is due to an insufficient or defective Treg func-
tion as a result of intrinsic defects in Tregs or Teff or extrinsic fac-
tors present at the site of intestinal inflammation. However, due 
to a lack of suitable models, most studies have been done either in 
vitro or ex vivo, and these did not completely reproduce the phys-
iological conditions in inflamed intestinal lesions. Investigating 
Treg and Teff functions during the course of chronic intestinal 
inflammation and mechanisms of Treg expansion during inflam-
mation will be essential to allow us to achieve the goal of restor-
ing intestinal homeostasis in IBD patients.

The T regulatory-IgA axis. A key component of intestinal 
homeostasis is IgA, the most abundant antibody isotype pro-
duced in vivo, which accounts for over 75% of the total antibody 
synthesized. Unlike the other isotypes, which are mainly found 
in serum and other lymphoid organs, IgA is a mucosal immuno-
globulin and is secreted across the mucosal epithelium. Intestinal 
IgA plays a key role in intestinal immune protection in a non-
inflammatory manner. Secreted IgA limits bacterial association 
with the intestinal epithelial cell surface and restricts the penetra-
tion of symbiotic bacteria across the gut epithelium by inducing 
bacterial agglutination, masking of bacterial proteins involved in 
epithelial attachment and anchoring bacterial cells to mucus. IgA 
also shapes the microbiota bacterial communities in the intestine 
and decreases the inflammatory tone of the intestines. Intestinal 
IgA has also been shown to shape the metabolic features of intes-
tinal epithelial cells and such function depends on the presence 
of intestinal microbiota.121 Lack of IgA changes the composition 
of the intestinal microbiota in a manner that can cause hyperac-
tivation of the immune system and inflammation.79,122,123 IgA has 
long been shown for a long time to participate in host responses 
against infection, however, the major role of IgA probably is to 
maintain a balance between the host and its microbiota, as evi-
denced by SPF mice that have no pathogen exposure but have 
abundant IgA, and the greatly reduced intestinal IgA levels in 
germ-free mice.

IgA also regulates systemic T-cell responses to microbiota.124 
Large amounts of IgA against microbiota antigens are present 
in the intestinal lumen. For example, high levels of intestinal 
IgA but not systemic IgG responses against commensal CBir1 
flagellin are detected in wild-type mice. CBir1 Tg T cells do not 
respond to CBir1 flagellin delivered mucosally into wild-type 
mice but do proliferate well to mucosal CBir1 challenge when 
transferred into IgA-/- mice. Collectively, these studies indicate 
that antigen-specific intestinal IgA plays a critical role in regulat-
ing systemic CD4+ T-cell responses to commensal bacterial anti-
gens by limiting microbiota antigen uptake.

IgA induction against commensal bacteria occurs in the 
intestine in both a T-cell-dependent and independent man-
ner. Although some studies suggested that the production 
of low affinity IgA response for microbiota is mainly T-cell-
independent, in TCRβxδ-/- mice lacking both αβ and γδ T cells, 
the total levels of secretory IgA, as well as commensal bacterial 
antigen-specific intestinal IgA, are reduced to about one-fourth 
of the wild-type levels, even though the same specificities are 
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a pathogenic T-cell response. Do rare strains with potent biologic 
effects have more of an impact in IBD compared with an altered 
community composition of the microbiota? Lastly, what are the 
antigens driving pathogenic CD4 T-cell responses? Clearly there 
is selectivity and immunodominance among certain classes of 
antigen. How this immunodominance is determined is at present 
unknown but ripe for future investigation. This is an exciting 
time for this field of research because we now have the tools to 
answer these and other important questions in IBD.
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