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Abstract

Insights into inflammatory bowel disease (IBD) are advancing rapidly owing to immunologic 

investigations of a plethora of animal models of intestinal inflammation, ground-breaking 

advances in the interrogation of diseases that are inherited as complex genetic traits, and the 

development of culture-independent methods to define the composition of the intestinal 

microbiota. These advances are bringing a deeper understanding to the genetically determined 

interplay between the commensal microbiota, intestinal epithelial cells, and the immune system 

and the manner in which this interplay might be modified by relevant environmental factors in the 

pathogenesis of IBD. This review examines these interactions and, where possible, potential 

lessons from IBD-directed, biologic therapies that may allow for elucidation of pathways that are 

central to disease pathogenesis in humans.
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INTRODUCTION

The two major clinically defined forms of inflammatory bowel disease (IBD), Crohn’s 

disease (CD) and ulcerative colitis (UC), are chronic remittent or progressive inflammatory 

conditions that may affect the entire gastrointestinal tract and the colonic mucosa, 

respectively, and are associated with an increased risk for colon cancer. IBD has long been 

appreciated to have a genetic basis and likely involves a response of the immune system to 

some environmental agent(s). The discordance of IBD among monozygotic twins (1) and the 

development of IBD in immigrants to high-prevalence countries (2) and in countries 

undergoing rapid Westernization also highlights the importance of environmental factors in 

disease pathogenesis (3).

The discovery that interleukin-2 (IL-2), IL-10, or T cell receptor (TCR) (4–6) mutant mice 

develop IBD-like enterocolitis, and the success of tumor necrosis factor (TNF)-α blockade 
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in treating patients with CD, stimulated a new era of investigation in the early 1990s. 

Mechanisms deduced from numerous animal models (7) could be tested for relevance in 

human IBD by target-specific biologics (8). Since the recent dramatic expansion of studies 

into the genetic basis of complex diseases such as IBD (9), and the possibility to study the 

intestinal microbiome by sequencing (10), the pace of pathophysiologic discovery has 

further quickened. Genetically based interactions between the human intestinal microbiome 

and mucosal immune system and the manner in which environmental factors modify these 

relationships appear particularly relevant for the development of IBD. Among the insights 

that have emerged is the central role played by the innate immune system and its 

relationship to the commensal microbiota and adaptive immune system in the initiation and 

perpetuation of IBD. This review aims to integrate recent discoveries in the genetics, 

microbiology, and immunobiology of IBD together with lessons learned from the 

application of biologic therapies to emphasize the dynamic relationships of each of these 

components and the importance of considering them in their totality in order to understand 

the pathogenesis of these disorders.

GENETIC BASIS OF IBD

Both types of IBD occur in genetically susceptible individuals through interplay with poorly 

understood environmental factors. IBD, considered a polygenic disorder, is familial in 5–

10% of individuals and sporadic in the remainder (1). Monozygotic twins exhibit phenotypic 

concordance in 50–75% of CD patients, and the relative risk of developing CD is 800-fold 

greater compared to the general population (1). In UC, phenotypic concordance in 

monozygotic twins is less frequent (10–20%), suggesting that heritability is less important in 

UC, that the relevant environmental exposure(s) is less common, or that copy number 

variations and/or epigenetic differences between twin pairs are more frequent, thus limiting 

the possibility for true concordance (1). Genetic studies, including candidate gene 

approaches, linkage mapping studies, and in particular genome-wide association studies 

(GWASs), have significantly advanced our understanding on the importance of genetic 

susceptibility in IBD (11). The GWASs performed to date together with a meta-analysis of 

several GWASs involving CD have identified more than 30 risk-conferring loci (see 

References 9, 11, and 12 for recent reviews of IBD genetics). These studies highlight 

pathways previously identified through immunologic studies [e.g., IL-23 and T helper (Th) 

17 cells (13)], but have also discovered previously unappreciated pathways such as 

autophagy (14), raising novel hypotheses about disease pathogenesis (summarized in Figure 

1 and in Supplemental Table 1; follow the Supplemental Material link from the Annual 

Reviews home page at http://www.annualreviews.org).

Interestingly, GWASs have also revealed a substantial overlap in genetic risk factors 

between CD and UC (15, 16). However, it is possible that these similarities are not shared at 

the level of structurally or functionally relevant polymorphisms because causal variants are 

mostly unknown. The wide phenotypic diversity of cystic fibrosis associated with diverse 

CFTR variants might serve as precedent (17). However, some loci are quite unique for CD 

or UC. For example, autophagy genes (e.g., ATG16L1, IRGM), NOD-like receptors (e.g., 

NOD2), and intelectins (ITLN1) are highly specific for CD, whereas loci related to 

regulatory pathways (IL10 and ARPC2), intestinal epithelial cell (IEC) function (e.g., 
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ECM1), and an E3 ubiquitin ligase (e.g., HERC2) appear to be specific for UC 

(Supplemental Table 1). Moreover, associations within the HLA/MHC region are stronger 

with UC compared to CD, a genetic trait of IBD shared with a number of other autoimmune 

diseases (9, 15). Although IBD is classified as an immune-mediated disease, there is no 

evidence to date that autoimmunity plays a direct pathogenic role in either UC or CD despite 

the existence of detectable autoantibodies that are cross-reactive with bacterial antigens (18). 

These genetic associations within the HLA/MHC region raise the possibility, however, that 

autoimmunity may ultimately be defined as another pathogenetic mechanism.

In addition to the HLA/MHC region, a number of other IBD risk loci are also associated 

with a diverse set of immune-related diseases. These include type 1 diabetes mellitus (e.g., 

PTPN2 and PTPN22), type 2 diabetes mellitus (e.g., CDKAL1), asthma (e.g., ORMDL3), 

psoriasis (e.g., CDKAL1 and GCKR), systemic lupus erythematosus (e.g., PTPN22), Graves’ 

disease (e.g., PTPN22), and rheumatoid arthritis (e.g., PTPN22) (9, 15, 19). The sharing of 

associations among different diseases implies that a general inherited propensity to develop 

immune-related diseases may exist and that environmental (or epigenetic) factors may 

determine not only disease phenotype but also the specific immune-mediated disease that 

develops. Moreover, IBD risk loci vary remarkably between different populations. For 

example, NOD2 and autophagy genes, the major risk loci in the Caucasian population, are 

not susceptibility factors in the Asian population (3). Hence, despite commonalities in the 

genetic basis of CD and UC (15), substantial genetic heterogeneity exists within and 

between populations. However, despite genotypic differences among various populations, 

the clinicopathologic phenotype is largely similar, as is the overall response to various 

therapies (3). This might predict that a large variety of genotypes converge on a limited set 

of phenotypic pathways that are responsible for initiating disease and are amenable to 

therapeutic manipulation.

A striking but potentially instructive outcome of GWASs is that the vast majority of 

identified loci individually confer extremely modest risk [odds-ratios (ORs), mostly between 

1.11 and 1.29]. Collectively, the loci identified to date represent ≈10–20% of the overall 

variance of potential disease risk; a dominant contribution is provided by the three common 

NOD2 variants (20). Moreover, for most of the confirmed loci the causal gene(s) or 

variant(s) (ranging from rare to common) is not yet known (9, 11, 12). This “missing 

heritability” has led to at least two potential interpretations. The genetic basis for common 

phenotypic traits such as sporadic IBD may be due to the cumulative effect of interactions 

between an unknown quantity of potentially hundreds or thousands of common single 

nucleotide polymorphisms (SNPs) of minor individual biologic impact (21) and/or that IBD, 

especially the familial form, may be due to the effects of rare variants with profound impact 

that may be modified by more common variants (21, 22). In this latter model, at least a 

subset of IBD, such as those with a familial pattern of inheritance, may potentially be due to 

a “more” Mendelian form of heredity, which is supported by several lines of evidence. First, 

multiple rare primary genetic syndromes with Mendelian inheritance may develop IBD as a 

part of the syndrome (e.g., Wiskott-Aldrich Syndrome, Hermansky-Pudlak Syndrome, 

glycogen storage disease type 1b, and immunodeficiency polyendocrinopathy with eczema 

and X-linked, or IPEX). Second, a familial form of early-onset CD has been recently 
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identified as a monogenic disorder due to homozygous mutations in either IL10RA or 

IL10RB, which encode subunits of the IL-10 receptor (23). Moreover, these IL-10R variants 

appear to functionally map to hematopoietic cells, as cure was observed after allogeneic 

hematopoietic stem cell transplantation, a modality recognized as of potential utility in a 

select subset of IBD subjects (24). It is therefore interesting that Il10−/− (5) and Il10rb−/− 

(25) mice as well as mice with Stat3 deletion in macrophages (26) all develop spontaneous 

intestinal inflammation. Although IL-10R1 (encoded by IL10RA) is unique to IL-10R, 

IL-10R2 (encoded by IL10RB) is shared with other receptors such as IL-22, which may 

protect against colitis via goblet cells (27). Thus, rare variants with strong biologic effects 

and common variants may reside within a functional pathway, as may be the case for 

IL-10R, IL-10, and STAT3. As spontaneous IBD rarely develops in animal models targeted 

at IBD susceptibility loci, it may be speculated that those cases that do develop disease in 

rodents might be monogenically inherited in humans (e.g., IL-10).

ROLE OF THE MICROBIOTA AS A MAJOR ENVIRONMENTAL DRIVER OF 

IBD

Insight into the genetic basis of IBD has focused attention on the relationships between the 

immune system and the intestinal microbiota. The intestinal microbiota profoundly affects 

host immune composition under physiologic conditions and is likely the most important 

environmental factor in IBD as the target of the inflammatory response (28). This is 

supported by a wide variety of observations in humans and mouse models, as recently 

reviewed elsewhere (7, 29). Perhaps most important among these are the observations that 

numerous genetic mouse models of intestinal inflammation do not develop disease after 

germ-free rederivation (30), and T cell lines specific for bacterial antigens, but not when 

nonspecifically activated, can induce intestinal inflammation (31, 32). IBD may represent an 

inappropriate immune response to the commensal microbiota in a genetically predisposed 

host. This finding has led to an intense interest in the composition of the intestinal 

microbiota, its regulation by the host and environmental factors, and the interactions 

between the microbiota and host.

Regulation of Mucosal Immune Functions by the Commensal Microbiota

Humans (and experimental animals) associate with numerous microorganisms at 

environmentally exposed surfaces of the body (10). The gastrointestinal tract harbors more 

than 1014 microorganisms of more than 1000 species (33, 34), mostly contained within the 

colon and not accessible to conventional culture techniques (10). Most (>90%) belong to 

two different phyla that account for the majority of gram-negative bacteria (Bacteroidetes) 

and gram-positive bacteria (Firmicutes); the remainder belong to rarer phyla such as 

Proteobacteria (containing genuses such as Escherichia and Helicobacter) and 

Actinobacteria as well as viruses, protists, and fungi (10). Collectively, the microbiota 

carries out many physiological functions important in mammalian biology (35). In fact, the 

microbiota is required for the development and differentiation of local and systemic immune 

and nonimmune components (28). As an example, Bacteroides thetaiotaomicron affects 

innate immune capabilities by regulating antimicrobial peptide (e.g., angiogenin) expression 

within the intestinal epithelium through direct activation of Toll-like receptors (TLR) on 
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Paneth cells (36). Similarly, adaptive immune functions within the intestines related to 

TCRαβ intraepithelial lymphocytes (37), T regulatory cells (Tregs) (38), and Th17 cells 

(39–41) are determined by specific bacteria, although the mechanisms behind these effects 

cannot yet be explained by simple rules. Systemic immune responses are also impaired in 

germ-free mice, including the development of adequate Treg responses leading to increased 

systemic autoimmunity (38, 42), which may have implications for the development of 

extraintestinal manifestations in IBD. An example of a microbial mechanism that affects 

host inflammatory responses and that is also affected by dietary intake, i.e., environmental 

factors, is that associated with short-chain fatty acids (SCFA). SCFA derive from microbial 

fermentation of dietary fiber, bind to G protein–coupled receptor 43 (GPR43), and play a 

profound role in various inflammatory conditions, such as colitis, arthritis, and asthma (43). 

Consequently, Gpr43−/− mice, similar to germ-free mice that lack SCFA, exhibit a profound 

impairment in the resolution of inflammation (43). Overall, the commensal microbiota has 

major effects on the composition and function of innate and adaptive immune pathways as 

they may relate to IBD.

Determinants of Commensal Microbiota Composition: Nature and/or Nurture?

Large throughput and next generation sequencing of variable regions of microbial 16S 

rRNA have allowed for detailed insights into the composition of the intestinal microbiota 

and their functional genes (i.e., microbiome) in animal models and humans (10). These 

studies reveal an astounding degree of complexity as defined by phylotypes, with 

remarkable interindividual differences observed even in healthy subjects (34) and an 

important role for environmental as well as genetic factors in determining the microbial 

niche. Specifically, twin studies revealed only a slightly decreased similarity of community 

structure in dizygotic compared to monozygotic twins, while exhibiting substantial 

similarity with their mothers (34). This finding suggests that microbial commensalism is 

largely “inherited” from the mothers and modified by genetic and other environmental (e.g., 

dietary) factors. Despite the significant interindividual differences at the phylotype level, 

there is an apparent effort on the part of the host and microbial communities to achieve the 

existence of a defined “core microbiome” of predicted metabolic functionality that is shared 

under disparate genotypes (34). This is perhaps the most important virtue of the microbiota 

in exerting its influences on homeostasis and/or disease. How this attribute relates to IBD 

has not yet been studied (10).

Animal studies do support the notion that host factors affect microbial commensalism, 

however. For example, Cd1d−/− mice exhibit an overgrowth of commensal bacteria upon 

monocolonization from the germ-free state and an alteration of the overall architecture of 

their microbial communities (44). This effect might be mediated by Paneth cells given their 

altered morphology and function in Cd1d−/− mice. Thus, host innate immune factors that act 

through Paneth cells (44–47) or other (potentially genetically defined) factors affecting the 

composition of mucins (48) or microbial adherence to IECs (49) may also be determinants 

of the microbial niche. One example of altered colonization is the upregulation of 

carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAM6) on the cell surface 

of IECs in IBD, which serves as ligand for certain Proteobacteria such as enteroadherent 

Escherichia coli that may bloom in a subset of individuals with intestinal inflammation (50). 

Kaser et al. Page 5

Annu Rev Immunol. Author manuscript; available in PMC 2015 October 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CEACAM6 on IECs likely accounts for the localization of enteroadherent E. coli on 

inflamed epithelium adjacent to ulcerated areas, implying an important secondary factor in 

further promoting intestinal inflammation (50). Similarly, adaptive immune factors such as 

secretory IgA may also affect commensalism, and the commensals in turn drive the 

generation of secretory IgA (51).

Composition of Commensal Microbiota in Intestinal Inflammation and IBD

Recent studies have sought to determine whether specific alterations can be identified in the 

intestinal microbiota in IBD. 16S rRNA sequencing revealed a detectable difference 

between the intestinal microbiota in CD and UC compared to healthy controls (52). This 

difference in microbial phylotypes largely arises from a distinct subset of CD and UC 

patients (so-called IBD subset) with the remaining IBD patients being similar to healthy 

controls, although this awaits further more extensive metagenomic analyses. This IBD 

subset is characterized by depletion of commensal bacteria with a tenfold lower bacterial 

load and affects both major classes of commensal phyla, Firmicutes and Bacteroidetes (52). 

Whether this “dysbiosis” in the IBD subset is associated with particular genotypes (and 

hence a primary effect antecedent to inflammation) or is a consequence of inflammation per 

se is unknown (see Table 1). Several genetic loci associated with IBD (e.g., NOD2, 

ATG16L1, XBP1) affect or have been predicted to affect Paneth cells (e.g., ITLN1 or 

intelectin 1) (20, 45–47, 53), which secrete abundant quantities of antimicrobial factors. 

Hence, the function of a number of genes could affect microbial community structure and 

predispose to inflammation. For example, NOD2 expression is regulated by the microbiota 

and, in turn, regulates the quantity of bacteria within the intestines, perhaps via Paneth cells 

(54). However, dysbiosis in the absence of NOD2 appears neither inflammatory in its own 

right nor secondary to inflammation given the absence of spontaneous inflammation in 

Nod2−/− mice (47, 55). It is interesting to note that NOD2 polymorphisms were recently 

identified as risk factors for Mycobacterium paratuberculosis (MAP) infection in cattle (56), 

which phenocopies IBD of the small intestine (29). However, the major NOD2 

polymorphisms linked to CD are not associated with the presence of MAP in the peripheral 

blood as detected by PCR (29). Nonetheless, these insights suggest that, in the context of 

inflammation, an overgrowth of certain organisms (e.g., enteroadherent E. coli or MAP) 

together with altered interactions between these organisms with the host (e.g., increased 

CEACAM6) may be a relevant secondary factor in driving inflammation in IBD.

A recent study on the transcription factor T-bet (encoded by Tbx21) has provided strong 

support for the possibility that dysbiosis could contribute to intestinal inflammation. 

Specifically, T-bet deficiency in the innate immune system together with an absence of 

Tregs led to spontaneous colitis, which was abrogated by antibiotics, supporting a role for 

the commensal flora (57). Although colonic dendritic cell (DC)-derived TNF was a critical 

mediator of the induction of colitis and induced IEC apoptosis via TNFR1, colitis was 

strikingly vertically (mother-pup) and horizontally (adult-adult) transmitted via the intestinal 

microbiota from Rag2−/−Tbx21−/− mice to T-bet intact immunodeficient and 

immunocompetent mice (57). Hence, the colonic environment in Rag2−/−Tbx21−/− mice 

indeed created a milieu that supported the development of a colitogenic microbial 

community (57). It is therefore intriguing to speculate that TNF could be a decisive factor in 
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regulating microbial community structure including its colitogenic nature, which has 

important ramifications for both forms of IBD given the responsiveness of both CD and UC 

to anti-TNF therapies (see below and in Supplemental Table 2). Although there is little 

evidence that human IBD is a transmissible disease, these observations suggest that the host 

can primarily (perhaps through TNF) or secondarily through inflammatory mediators and 

their consequences (e.g., altered mucin content or antimicrobial peptides) affect the 

intestinal microbiota and its relationship with the host in a manner that induces or 

perpetuates inflammation. Regardless of the mechanism that creates this microbial niche, 

these studies show that the commensal microbiota can assume an overall structure that is 

inflammatory.

Host inflammation per se, induced by a pathogen (e.g., the model pathogen Citrobacter 

rodentium), chemically (dextran sodium sulfate, DSS), or genetically through Il10 deletion, 

leads to profound alterations of colonic microbial community structure (58) (see Table 1). In 

each of these models, inflammation was associated with a decrease in Bacteroidetes and 

with maintenance, and thus relative increase, of Proteobacteria, in particular aerobes within 

Enterobacteriaceae (58). Upon pathogenic invasion, C. rodentium filled the void in the 

microbial niche normally occupied by commensals (58) and appeared to co-opt the 

inflammatory response to gain a foothold in the intestinal microenvironment. Such a 

pathogen-induced dysbiosis could be inflammatory in its own right because it would enable 

the pathogen to maintain its control of the local environment. If dysbiosis includes the 

overgrowth of other proinflammatory species such as pathogenic E. coli, it is possible that 

inflammation is perpetuated through these other inflammatory allies of the invading 

pathogen until homeostasis is restored upon removal of the inciting agent (50). Because 

chemically or genetically induced inflammation in animal models and human IBD (52) 

seemingly phenocopies these pathogen-induced changes in the microbiota, inflammation per 

se may cause dysbiosis with the aforementioned consequences. These studies also support 

the idea that the genetically susceptible host with IBD responds to the commensal 

microbiota as if it were a pathogen.

These observations predict that more severe inflammation might be associated with more 

profound changes in the microbiota, which in turn would increase the quantity of pathogenic 

bacteria (i.e., commensal microbiota with pathogenic tendencies), thus perpetuating 

inflammation. It is interesting to speculate whether the IBD subset described by Frank et al. 

(52) is indeed associated with more severe inflammation together with a more robust host 

immune response to the commensal microbiota (e.g., robust IgG response to specific 

microbial antigens including flagellin or outer membrane protein C) (59). Altogether, these 

observations raise questions concerning the mechanisms whereby inflammation affects 

microbial composition.

Mechanisms of Host-Commensal Interactions and Their Relationship to Inflammation

The host mechanisms that provide the niche for the gut microbiota and how these change 

with inflammation are largely unknown. In Drosophila, five commensal species dominate 

the gut microbiota, making Drosophila more amenable for study than mice or humans (60). 

In Drosophila, inhibition of the intestinal homeobox gene Caudal increases NF-κB-
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dependent antimicrobial peptide expression, which in turn alters the commensal populations 

in the intestine (60). The consequential dominance of one particular gut microbe results in 

gut cell apoptosis and host mortality, whereas reintroduction of the Caudal gene restores a 

healthy microbiota and normal host survival (60). Thus, NF-κB-regulated antimicrobial 

peptides secreted by IECs including Paneth cells could represent a mechanism whereby 

specific microorganisms may bloom (34) during inflammation.

The ability of microorganisms to control NF-κB may therefore be critical. Probiotic 

bacteria, for example, may stabilize IκB or promote peroxisome proliferator-activated 

receptor γ (PPARγ), which diminishes NF-κB (RelA) retention in the nucleus (61, 62). 

Another example is NADPH oxidase (or dual oxidase) of Drosophila [functionally 

homologous to NCF4, a genetic risk factor for CD (63) that encodes the human neutrophil 

NADPH oxidase factor 4], which regulates the quantity of bacteria in the gut (64, 65).

Thus, a proper balance of commensal community architecture and antimicrobial activities of 

the epithelium (including goblet cells, absorptive epithelial cells, and Paneth cells), innate 

immune cells (e.g., neutrophils, macrophages), and the adaptive immune system (e.g., IgA) 

are critical in maintaining the proper composition of the “metagenome,” the expressed 

genetic composition of the commensal bacteria and host (33, 34).

The Role of Environmental Factors in Regulating Commensalism and Intestinal 
Inflammation

These observations on the alterations of microbial composition that are observed in humans 

with IBD or in experimental model systems may also provide a window into an 

understanding of the role of certain modifying environmental factors in the pathogenesis of 

IBD such as diet (66), antibiotics, and most importantly pathogenic infections.

Support for this concept comes from studies with Helicobacter hepaticus, a commensal 

bacterium with pathogenic potential (38, 67). Although colonization of wild-type mice with 

H. hepaticus does not result in inflammation, H. hepaticus induces colitis in Il10−/− (68) or 

scid/Rag2−/− hosts that received naive CD4+CD45RBhigh T cells (67). This colitis is driven 

by T cells, including those specific for the flagellar hook protein (FlgE) of H. hepaticus (69). 

In both of these cases, H. hepaticus–induced colitis requires aggressive T cells in the 

absence of Tregs, similar to the original observations of Powrie and colleagues (70). 

Notably, this colitis is prevented by cocolonization with the symbiont Bacteroides fragilis, 

suggesting that, although not specifically shown, this organism may have been depleted by 

H. hepaticus infection (38). Notably, protection by B. fragilis is dependent on a single 

microbial molecule (polysaccharide A, PSA) and involves decreased colonic TNF and 

increased IL-10 from CD4+ T cells (38). Hence, a symbiotic bacterial molecule might 

network with the immune system to coordinate anti-inflammatory responses required for 

homeostasis. Such a symbiont and its protective factor may be lost during infection or in a 

host genetically susceptible for IBD (38). Along similar lines, decreased Faecalibacterium 

prausnitzii, a major commensal Firmicute, is associated with post-operative recurrence of 

CD. F. prausnitzii exerts anti-inflammatory properties and induces IL-10 in hematopoietic 

cells (71). In summary, these observations suggest that initiation of chronic intestinal 
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inflammation requires perturbations of both the commensal microbiota and host immune 

system; in other words, a two-hit hypothesis for the initiation of IBD (72).

Commensal Microbiota, Innate Immunity, and Adaptive Immunity: A Continuum

Although an adaptive immune system is not necessary for development of colitis in 

Rag2−/−Tbx21−/− mice (57), it is no doubt a critical factor with the involvement of both 

bacterial antigen–specific T and B cells. Transfer of flagellin-specific CD4+ T cells into 

immunodeficient scid mice can induce colitis (73). Similarly, in human IBD there is a 

notable serologic switch from a homeostatic IgA-dominant to an IgG-dominant response 

within the intestines that is largely directed at bacterial antigens (74). This excessive 

production of IgG in IBD is likely to be inflammatory, as the neonatal Fc receptor (FcRn) 

within hematopoietic cells promotes intestinal inflammation in response to bacterial 

flagellins in the presence of anti-flagellin IgG (75). However, mice deficient in innate 

immune responses (i.e., Myd88−/−Trif−/−) do not develop intestinal inflammation despite 

increased bacterial translocation into the spleen and a dramatic increase in antibacterial IgG 

responses (76). Hence, though primary alterations in innate immunity may be antecedent to 

abnormal adaptive immune responses to the commensal microbiota in IBD, they do not 

necessarily transform into intestinal inflammation.

In this context, one of the most dominant bacterial antigens inducing IgG responses in 

human CD and mouse models of colitis are flagellins. Although flagellins are expressed by 

many intestinal commensals, this IgG response is mainly directed at Clostridia-related 

species expressing specific flagellins (CBir1–15) (73). The flagellar antigen recognized by 

anti-CBir1 is notably present in colitic and noncolitic mouse strains (73), indicating that the 

presence of the antigen (and the IgG response) itself does not correlate with colitis. 

Consistent with this, neither Myd88−/−Trif−/− mice (with elevated antibacterial IgG) (76) nor 

mice transgenic for a TCR specific for a CBir1 flagellin develop intestinal inflammation 

(77). To the contrary, the flagellin-specific TCR transgene results in enhanced Treg 

responses that appear to promote IgA production with all of its beneficial consequences 

(77). Consistent with this, Tlr5−/− mice develop spontaneous colitis (78), which suggests 

that an innate inability to respond to flagellin induces a loss of Treg responses, increased 

bacterial specific IgG, and bacterial dysbiosis due to a loss of commensal specific IgA; 

altogether these effects culminate in a loss of tolerance to the microbiota and intestinal 

inflammation.

Taken together, this suggests that the presence of inflammatory bacterial antigen(s) (e.g., 

flagellin) within the microbiota is inadequate to induce intestinal inflammation even in the 

presence of a broad loss of innate immune function, despite an adaptive immune system 

geared toward inflammation as revealed by the presence of an IgG-dominated B cell 

response or even an absent adaptive immune response as observed in Rag2−/− mice. Hence, 

a critical accumulation of irregularities in the intestinal microenvironment is necessary for 

inflammation to occur; albeit these irregularities may evolve from single critical 

perturbations, as discussed throughout this review.
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THE CENTRAL ROLE OF INNATE IMMUNITY IN IBD AND ITS 

RELATIONSHIP TO THE COMMENSAL MICROBIOTA

Genetic studies, animal models, and the apparent superior efficacy of biologic agents 

directed at innate, as opposed to adaptive, immune factors in the treatment of IBD (see 

Supplemental Table 2) suggest abnormal innate immune responses toward the microbiota as 

a central underlying theme of IBD (Figure 2).

NOD2 and Pattern Recognition of the Microbiota

NOD2 polymorphisms were the first firm genetic association between an individual gene 

and a polygenic disease (79–81). Between 30% and 40% of patients with CD in the Western 

hemisphere (compared to ≈10% in healthy controls) carry NOD2 polymorphisms on at least 

one allele. NOD2 is not a genetic risk factor for UC, but other NOD2 polymorphisms have 

been linked to Blau syndrome (82). NOD2 is structured into two N-terminal caspase-

activation and recruitment domains, a central nucleotide-binding and oligomerization 

domain, and a C-terminal leucine-rich repeat ligand-binding domain (83). Three individually 

uncommon (minor allele frequency <5%) polymorphisms that affect protein structure, 

R702W (NOD2C2104T, “SNP8”), G908R (NOD2G2722C, “SNP12”), and 1007fs 

(NOD23020insC, “SNP13”), account for 32%, 18%, and 31% of CD-associated variants, 

respectively, whereas additional rare variants cumulatively account for 19% of the risk 

associated with NOD2 (84). Altogether, 93% of the variants are located in the leucine-rich 

repeat region (84), which is involved in binding of N-acetyl muramyl dipeptide (MDP) 

derived from bacterial peptidoglycan (83) and N-glycolyl MDP from mycobacteria (85), as 

well as viral ssRNA (86). The OR for CD for simple NOD2 heterozygotes is 2.4, and for 

homozygotes or compound heterozygotes 17.1 in Caucasians (79, 84), rendering NOD2 as 

the locus with the strongest effect size among all currently known IBD-associated loci (20).

NOD2 is expressed intracellularly, including in myeloid cells, IECs, Paneth cells (87, 88), 

and, as recently reported, T cells (89). NOD2 activation by MDP results in binding to 

receptor-interacting serine-threonine kinase 2 (RIP2; also known as RICK, CARDIAK), 

which in turn results in NF-κB essential modulator (NEMO; also known as IκB kinase γ) 

ubiquitination via the E3 ubiquitin ligase TRAF6 (90–92). Ubiquitinated NEMO recruits the 

TGF-β-activated kinase (TAK1) complex to phosphorylate the IκB kinases (IKK), which 

promote IκB degradation and consequently release NF-κB into the nucleus to transduce 

expression of chemokines (e.g., CXCL3/CXCL14 and CCL2) and cytokines (e.g., TNF and 

IL-6) (92). TLRs signal via a similar pathway with which NOD2 may synergize (92). 

ssRNA binding to NOD2 results in interaction with mitochondrial antiviral signaling 

protein, consequent IRF3 activation, and IFN-β production (86). Neither Nod2−/− nor 

Nod22939insC mice (knock-in of human NOD23020insC) develop enteritis or colitis (47, 55), 

and a comprehensive pathway to disease has not yet been elucidated. In the search for 

NOD2 functions in CD, several lines of evidence suggest hypomorphic function of the CD-

associated variants, which are related to bacterial innate immune recognition, as detailed 

below.
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The three common CD-associated NOD2 polymorphisms abrogate RIP2 binding and NEMO 

ubiquitination (90) and result in decreased NF-κB transactivation (93), implying 

hypomorphic NOD2 function. Consequently, PBMCs from patients homozygous for these 

variants exhibit decreased inflammatory cytokine secretion upon MDP stimulation or MDP-

stimulated TLR ligation (94). Accordingly, macrophages from Nod2−/− mice exhibit 

diminished IκBα phosphorylation upon MDP stimulation and decreased IL-6 and IL-12p40 

secretion upon costimulation with TLR ligands (47). However, chronic stimulation of NOD2 

via MDP, as predicted to occur in the context of the intestinal microbiota, “tolerizes” against 

subsequent stimulation through TLRs, which is lost in CD patients homozygous for the 

NOD23020insC allele (95). Consistent with this, NOD2 signaling may even be inhibitory to 

TLR2-mediated activation of NF-κB in antigen-presenting cells (APC), which is lost with 

the murine homolog of the NOD23020insC variant (96). Increased NF-κB activation upon 

MDP stimulation has also been observed in mice engineered to express the mouse homolog 

of NOD23020insC (Nod22939insC). These mice were more susceptible to DSS colitis, which 

could be prevented by recombinant IL-1Ra (55). Along the same lines, Nod2−/− APCs 

induced height-ened IFN-γ responses in antigen-specific CD4+ T cells, and transfer of 

OVA-TCR transgenic CD4+ T cells into recipient mice and subsequent exposure to OVA 

expressed by orally administered E. coli resulted in more severe colitis compared to Nod2+/+ 

recipient mice (97). However, Nod2−/− mice also exhibit diminished humoral adaptive 

immune responses to a model antigen in vivo (47), highlighting the complexity of NOD2 

functions.

CD-associated NOD2 variants also exhibit a gain of function through active inhibition of 

(anti-inflammatory and regulatory) IL10 transcription via blockade of p38 interactions with 

nuclear ribonucleoprotein hnRNP-A1 (98), consistent with decreased TLR ligand–induced 

IL-10 production of monocytes from patients homozygous for NOD23020insC (98, 99). 

Altogether, these aspects of NOD2 function on NF-κB, TLRs, and IL-10 predict impairment 

of the normal innate response toward commensal flora required for the maintenance of 

tolerance.

Nod2−/− mice also exhibit decreased α-defensin expression in Paneth cells and increased 

systemic translocation of the orally infected model pathogen Listeria monocytogenes (47), 

as well as increased overall bacterial load in the intestinal lumen (54). Similarly, Paneth 

cells from NOD23020insC homozygous patients exhibit decreased α-defensin HD4 and HD5 

expression (53), though inflammation could also contribute to downregulation (100). 

Furthermore, IEC-expressed NOD2 may provide protection against intracellular bacteria 

like Salmonella typhimurium, a function lost with the NOD23020insC variant (88, 101). 

NOD2 is also involved in the autophagic response to invasive bacteria (see Autophagy and 

IBD section, below) as it induces the recruitment of the autophagy protein ATG16L1 to the 

entry site of bacteria at the plasma membrane (102, 103). Notably, the major CD-associated 

NOD2 variants fail to induce autophagy via ATG16L1, and consequently autophagic 

wrapping of invading bacteria is impaired (102, 103). These altered NOD2 functions could 

contribute to the increased association of intestinal bacteria with the epithelium, which has 

been observed in IBD (104), as well as lead to an inability to manage pathogens and the 
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commensal flora, setting the stage for an inflammatory environment, as described above 

(47).

NF-κB and Its Regulation in IBD

As detailed above, there is an intricate relationship between NOD2 and NF-κB, with 

underlying hypomorphic induction of NF-κB by CD-associated NOD2 variants and its 

complex outcomes. This relationship draws specific attention to the complex role of the NF-

κB pathway (105) in the mucosal immune system with vastly divergent effects in different 

cellular compartments.

Increased NF-κB activation, associated with increased IL-1β, TNF-α, and IL-6 expression 

(106), in macrophages and IECs has been reported in CD, UC, nonspecific colitis, and 

diverticulitis, but not in uninflamed mucosa, and correlates with inflammatory activity 

(107). NF-κB p65 (RelA) antisense oligonucleotides administered intravenously or rectally 

ameliorate trinitrobenzene sulfonic acid (TNBS)-induced colitis and colitis in Il10−/− mice 

(106). Similarly, administration of BMS-345541, a pharmacological inhibitor of IκB 

destruction, ameliorates DSS colitis (108). Also similarly, deletion of IKKβ (Ikbkb) in 

macrophages and neutrophils improves colitis in Il10−/− mice (109). In contrast, genetic 

deletion of IKKβ specifically in IECs results in increased severity of DSS colitis (109, 110), 

which appears secondary to decreased recruitment of inflammatory cells that contribute to 

production of barrier protective mediators such as IL-11, IL-22, and heat shock protein 70 

(109–111). Consistent with this, IEC-specific Ikbkb deletion did not affect chronic colitis in 

Il10−/− mice, in contrast to IKKβ deletion in myeloid cells (109), supporting a protective role 

for IKKβ in the epithelium in contrast to an inflammatory role in myeloid cells (109). 

Overall, these divergent outcomes resemble TLR4 signaling in the mucosa (promotion of 

mucosal healing versus promotion of inflammation) (112, 113).

In addition, IKKβ within IECs can direct adaptive immune functions in the lamina propria 

via distal effects on DCs (114). Specifically, the intestinal microbiota drives expression of 

thymic stromal lymphopoietin (TSLP) in IECs via an IKKβ-dependent pathway (115, 116), 

which renders mucosal DCs noninflammatory, characterized by IL-10 and IL-6, but not 

IL-12, secretion (117). IEC-specific IKKβ (IkbkbVillin-Cre) deletion results in decreased 

TSLP expression in IECs and a consequent inability to eradicate Trichuris muris infestation 

secondary to a failure to develop a protective Th2 response (116, 118). Instead, mucosal 

DCs in IkbkbVillin-Cre or TSLP-receptor (Crlf2)-deficient mice exhibit increased 

IL-12/23p40 and TNF expression and CD4+ T cells deviated to IFN-γ and IL-17 secretion. 

Consequently, these mice develop severe intestinal inflammation (116). Indeed, 

neutralization of IL-12/23p40 and IFN-γ in Trichuris-infested IkbkbVillin-Cre or Crlf2−/− 

mice results in decreased IFN-γ and IL-17 expression and a concomitant increase in IL-13 

expression, restored goblet cell function via increased RELMβ expression, and worm 

expulsion (116, 118).

Another important aspect of IECs lies in their roles as physical barrier and source of 

antimicrobial peptides, both in defense against pathogenic invasions and in the maintenance 

of bacterial commensalism (36, 44, 76). Deletion of NEMO (Ikbkg), or both IKKα (Ikbka) 

and IKKβ, in IECs results in severe spontaneous colitis secondary to apoptosis of colonic 
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IECs (119). This is associated with decreased production of antimicrobial peptides and 

translocation of bacteria into the mucosa, which triggers a spontaneous MyD88- and 

TNFR1-dependent chronic inflammatory response in the colon (119).

A20 (Tnfaip3) is a potent inhibitor of NF-κB signaling by restricting TNF and TLR signals 

via ubiquitin editing of RIP (120) and TNF receptor-associated factor 6 (TRAF6) (121), 

respectively. A20 also restricts MyD88-independent TLR signals by inhibiting Toll/IL-1 

receptor domain-containing adaptor inducing IFN-β (TRIF)-dependent NF-κB signals (122) 

and MDP-induced NOD2 signaling (123). In a direct feed-back loop, A20 is phosphorylated 

by IKKβ, which increases its ability to inhibit NF-κB activation. Altogether, these properties 

render A20 a critical negative regulator of microbially derived signals, and Tnfaip3−/− mice 

succumb to severe inflammation in various organs, including the intestine (124). Notably, a 

polymorphism at rs7753394, with the closest gene being TNFAIP3, has been associated with 

CD (and other immune-related diseases) (125), implying a more general role of A20 in 

disease pathogenesis in addition to its role in restricting NOD2 signals.

METABOLIC ABNORMALITIES AND IMMUNE FUNCTION OF THE 

INTESTINAL EPITHELIUM IN IBD

The studies on NOD2 and NF-κB summarized above have furthered the interest in the 

intestinal epithelium in IBD as an immunophysiologic barrier rather than simply as a 

structural barrier whose “leakiness” might represent the sole factor antecedent to the 

development of IBD (Figure 2).

Endoplasmic Reticulum Stress of the Intestinal Epithelium

The unfolded protein response (UPR) is activated upon accumulation of misfolded proteins, 

which cause endoplasmic reticulum (ER) stress (126). Among three proximal effector 

pathways, inositol-requiring enzyme 1 (IRE1)/X-box binding protein 1 (XBP1) is the 

evolutionarily most conserved (126). UPR molecules are ubiquitously expressed, and the 

relative contribution of individual pathways in various cell types varies profoundly (126, 

127). The intestinal epithelium is unique in that it selectively expresses an additional 

isoform of IRE1α, IRE1β, predicting critical dependency on an efficient UPR (128). Indeed, 

IRE1β−/− (Ern2) mice are more susceptible to DSS colitis in association with increased ER 

stress (128). IRE1 activates XBP1 via an unconventional splicing mechanism by excising a 

26-nucleotide sequence from the unspliced XBP1 mRNA, resulting in a frameshift and 

consequent production of an active transcription factor (XBP1s) that contains a DNA 

transactivating domain at the C terminus (126). Xbp1 deletion in the intestinal epithelium 

results in unabated ER stress in the epithelium, spontaneous enteritis in the small intestine, 

and increased susceptibility to DSS colitis (46). Deletion of only one allele is sufficient to 

induce profound overactivation of IRE1 and enteritis in approximately one-third of mice 

(46). XBP1 regulates Paneth cell function, with a consequent defect in handling oral Listeria 

monocytogenes infection (46), similar to Nod2−/− mice (47). Deletion of Xbp1 results in 

apoptotic depletion of Paneth cells and reduction in goblet cells, whereas IECs exhibit 

increased inflammatory responsiveness to TLR and cytokine signals (46). A candidate gene 

study revealed significant associations of the complex XBP1 locus with both CD and UC 
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(46). Three-fold more rare SNPs in CD and UC compared to healthy controls were found by 

deep sequencing, and CD-/UC-associated variants exhibit hypomorphic induction of UPR 

target genes (46).

A forward-genetic approach recently yielded the Winnie and Eeyore mouse models with 

spontaneous colitis resembling UC, which mapped to missense mutations in the Muc2 gene 

(129). These variants led to aberrant MUC2 oligomerization and induction of ER stress in 

goblet cells, and goblet cells in UC exhibited a similar phenotype (129). The woodrat (wrt) 

forward-genetic model with a missense mutation in the membrane-bound transcription 

factor peptidase site 1 (S1P)-encoding gene (Mbtps1) provides another example of a link 

between the UPR and intestinal inflammation (130). S1P activates ATF6α, another proximal 

UPR mediator, upon ER stress (126). Mbtps1wrt/wrt mice exhibited increased sensitivity to 

DSS colitis, with abnormal Mbtps1 function mapping to nonhematopoietic cells (130). 

Moreover, administration of the ER stress inducer tunicamycin results in severe colitis in 

Mbtps1wrt/wrt but not in wild-type mice (130).

The HLA-B27 transgenic rat model of spontaneous colitis may serve as a final example of 

the association between ER stress and intestinal inflammation (30). The human HLA-B27 

heavy chain is remarkably unstable, suggesting that its misfolding induces ER stress in 

certain tissues (e.g., stomach, intestines, joints, liver, skin), which in turn correlates closely 

with the extent of colitis (131), presumably through mechanisms as described above. This 

observation could also explain the high prevalence of (asymptomatic) ileitis in patients with 

HLA-B27-associated spondyloarthropathies.

In summary, a proper ER stress response in the intestinal epithelium appears to be necessary 

to maintain homeostasis, with the most highly secretory cell types (Paneth and goblet cells) 

most vulnerable to these effects. XBP1 and ER stress in general may regulate the ability of 

the intestinal epithelium to both regulate and sense the composition of the luminal 

microbiota, which sets the inflammatory tone of the IEC. These studies also suggest that 

alterations in IECs may be a primordial factor in the development of IBD. Environmental 

and microbial factors can modulate ER stress in beneficial and detrimental ways (72), and 

increased ER stress may be a common occurrence in human IBD (46, 129, 132). Thus, 

primary (genetic) or secondary (environmental) pathways (and their interactions) that lead to 

ER stress within environmentally exposed and highly secretory cells appear to be an 

important pathway for development of IBD (133).

Autophagy and IBD

Macroautophagy, a fundamental and evolutionary highly conserved response to fasting, is a 

lysosomal pathway that is involved in the turnover of cellular macromolecules and 

organelles and plays an important role in a variety of biological processes as diverse as 

infection, immunity, cancer, and aging (134). Autophagy is activated by a variety of 

conditions of cellular stress including ER stress (135) and involves formation of double-

membraned autophagosomes engulfing cellular contents that later fuse with lysosomes. The 

connection between ER stress and autophagy involves several levels and likely differs 

between cell types (135). ER stress may activate autophagy through the ability of IRE1 to 
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associate with TRAF2 and activate JNK or through PERK-mediated inhibition of eIF2α 

(135).

It is thus interesting that a GWAS discovered ATG16L1 as a genetic risk factor that is 

specific for CD, but not for UC (14). Virtually all the risk of this locus was exerted by 

rs2241880, which codes for a T300A substitution (14). rs2241880 was also one of the main 

associations reported in another GWAS on CD (63). Together with the identification of 

polymorphisms close to another gene involved in autophagy, IRGM (125), these studies 

together revealed a previously unanticipated role for autophagy in the pathogenesis of CD.

Insight into the potential mechanism of ATG16L1 in CD stems from studies in Atg16l1 

hypomorphic and deficient mice. ATG16L1 deficiency disrupts the recruitment of the 

ATG12-ATG5 conjugate to the isolation membrane, and a consequence is severe 

impairment in autophagosome formation and degradation of long-lived proteins (136). 

Stimulation of Atg16l1−/− macrophages with LPS resulted in high production of IL-1β and 

IL-18 via TRIF-dependent activation of caspase-1, showing that ATG16L1 regulates LPS-

induced inflammasome activation (136). Deficiency of ATG16L1 in bone marrow resulted 

in increased susceptibility to DSS colitis, which could be alleviated by IL-1β and IL-18 

blockade (136). Hypomorphic ATG16L1 variants and IEC-specific Atg5 deletion revealed 

abnormalities in the granule exocytosis pathway of Paneth cells, including disorganized 

granules and decreased granule numbers (45). Similar alterations were found in CD patients 

homozygous for the ATG16L1 risk allele (45). Despite these abnormalities, ATG16L1 

hypomorphic mice—in contrast to Nod2−/− (47) and Xbp1Villin-Cre (46) mice, which also 

exhibit Paneth cell defects—exhibited no impairment upon oral Listeria monocytogenes 

infection. Paneth cells in ATG16L1-hypomorphic mice also revealed altered expression of 

genes involved in PPAR signaling and lipid metabolism together with increased production 

of the adipocytokines, leptin, and adiponectin (45), implicating them in the regulation of 

intestinal inflammation. Mice deficient in ATG16L1 in the bone marrow—or ATG16L1 

hypomorphic mice—do not, however, develop spontaneous enteritis (45, 136). A knock-

down/reconstitution strategy in vitro revealed that the ATG16L1T300A variant resembles 

NOD2 function (88, 101) by exhibiting impaired capture of Salmonella typhimurium within 

autophagosomes with no effect on basal autophagy (137). Consistent with this, the 

autophagic response can be triggered by NOD1 or NOD2 upon intracellular infection with 

invasive bacteria, which function in inducing the recruitment of ATG16L1 to the plasma 

membrane (102, 103). The ATG16L1T300A is associated with impaired NOD2-dependent 

induction of autophagy upon stimulation with MDP (102, 103). Thus, these two genetic risk 

factors (NOD2 and ATG16L1) function in a common pathway that involves bacterially 

induced autophagy and the consequent induction of antigen-specific T cells, and this 

pathway is also impaired in the absence of normal NOD2 function (103).

A 20-kb deletion polymorphism immediately upstream of IRGM, resulting in an altered 

expression pattern (138), was identified as the potential causal variant of the second 

autophagy gene discovered in association with CD (125, 139). IRGM belongs to the IFN-γ-

induced p47 immunity-related GTPase family (140). Its mouse homolog, LRG-47 (encoded 

by Irgm1), controls intracellular pathogens by autophagy (141), and Irgm1−/− mice exhibit 

increased susceptibility to Toxoplasma gondii, Listeria monocytogenes, and Mycobacterium 
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tuberculosis infection (142) due to decreased bacterial killing in Irgm1−/− macrophages 

(142).

These studies reveal a convergence of several genetic risk factors for IBD (NOD2, XBP1, 

and ATG16L1) on the function of the intestinal epithelium and especially Paneth cells and 

concurrently on the regulation of inflammatory pathways in both the epithelium and myeloid 

cells. Hence, these epithelial cell functions, which are likely susceptible to environmental 

modification, may be important determinants of the propensity to develop IBD. Although 

Paneth cell dysfunction may lead to dysbiosis or altered adherence of bacteria to the 

epithelium (36), isolated Paneth cell deletion (143) and inability to activate their 

antimicrobial function (144) are not associated with spontaneous intestinal inflammation. It 

might therefore be hypothesized that dysbiosis must be coupled with immune 

hypersensitivity to the commensal microbiota to develop intestinal inflammation.

Organic Carnitine and Cation Transporters and β-oxidation

The UPR and autophagy pathways regulate important cellular “metabolic” functions 

associated with diet (145, 146). Given the complex metabolic environment at the host-

microbiota interface, and the potential contribution of environmental/nutritional factors to 

IBD [e.g., increasing incidence upon “Westernization” (3, 147)], it is notable that another 

genuine metabolic function, β-oxidation, is implicated in CD pathogenesis. Expression 

quantitative trait locus (eQTL) analysis suggests that SLC22A5 (20), encoding OCTN2, is 

the associated gene at the IBD5 locus (148). OCTN2 is a Na+-dependent, high-affinity L-

carnitine transporter and a polyspecific Na+-independent cation transporter (149). Carnitine 

has an obligatory role for transport of long-chain fatty acids into mitochondria for β-

oxidation, which is of particular importance to the energy metabolism of IECs and liver 

(150). Gastrointestinal carnitine content in Slc22a5−/− mice is reduced to 5–10% of normal 

(151). This is associated with increased IEC apoptosis, abnormal villus structure, and 

inflammatory infiltration in the mucosa with the spontaneous development of small 

intestinal perforations and (micro) abscesses (151). Similarly, pharmacological inhibition of 

gut fatty acid β-oxidation also results in experimental colitis (152). Genetically decreased 

SLC22A5 expression in CD (20) may become particularly relevant in metabolically 

“challenged” IECs owing to alterations in the microbiota or, in the context of inflammation, 

when energy needs are increased, due to increased catabolism.

Role of CD1d-Restricted Natural Killer T Cells in IBD

In concluding a discussion of metabolic factors and immune function, we briefly consider 

the biology of natural killer T (NKT) cells in relationship to IBD. NKT cells respond to 

phospholipids or glycolipids that are presented by CD1d on an APC leading to an “innate-

like” rapid response through secretion of abundant numbers of Th1, Th2, and Th17 

cytokines that subsequently trigger almost all branches of the innate and adaptive immune 

systems (153). NKT cells can be activated by various mechanisms, including direct 

activation by presentation of self- or microbial-derived lipids by the nonclassical MHC class 

I molecule CD1d and indirect cytokine-mediated activation mainly through IL-12 and IL-18 

(153). The inflamed lamina propria of UC but not of CD patients contains increased 

numbers of T cells expressing the NK marker CD161, which respond to CD1d with 
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increased secretion of IL-13 (154). However, in humans these NKT cells do not react with 

CD1d tetramers loaded with the invariant (i) NKT cell ligand α-galactosylceramide and 

therefore must be considered as type II or noninvariant NKT cells (154). Consistent with 

this, mice deficient in CD1d and NKT cells are resistant to oxazolone colitis, a murine 

model of ulcerative colitis (155). However, in contrast to human UC, invariant NKT cells 

were observed to be the main effectors in oxazolone colitis (155).

The mechanism(s) by which CD1d and NKT cells may be involved in UC pathogenesis 

remains to be established, but several possibilities exist. Many different cell types that are 

present in the intestines express CD1d, including DCs, macrophages, B cells, and IECs 

(156). This raises the questions of whether a particular cell type is responsible for NKT cell 

activation in colitis and whether the various CD1d-expressing cells in the intestines play 

differential, protective, or pathogenic roles in colitis as previously described for NF-κB 

(109, 157) and TLR4 (112). Interestingly, IEC-specific deletion of the microsomal 

triglyceride transfer protein that normally lipidates apolipoprotein-B during absorption of 

dietary lipids, and that also assists in loading nascent lipid antigens onto CD1d within the 

ER and is necessary for CD1d-restricted antigen presentation (158), leads to increased 

mortality upon oxazolone challenge, which can be prevented by systemic antibody-mediated 

blockade of CD1d (T. Olszack, S. Zeissig, A. Kaser, and R.S. Blumberg, unpublished 

observations). These findings suggest a protective role of CD1d on IECs in murine 

oxazolone colitis in contrast to a pathogenic role of CD1d on hematopoietic cells. The 

importance of these findings is high-lighted by the fact that IECs of IBD subjects exhibit 

decreased CD1d expression (159) while overall CD1d expression in the lamina propria is 

increased, presumably owing to mononuclear cell infiltration (160). This proinflammatory 

effect of CD1d on hematopoietic cells may be mediated by IL-23 and the IL-23R, both of 

which are genetic risk factors for both CD and UC (see below). IL-23R is expressed on NKT 

cells and regulates IL-17 expression by NKT cells (161). CD1d-restricted NKT cells have 

also been linked to the pathogenesis of asthma, which, similar to UC, is associated with 

increased secretion of IL-13 (162).

INNATE IMMUNE CYTOKINE PATHWAYS AND IBD

Abnormalities of innate immune function and their relationship to the commensal 

microbiota have been identified to be key properties that characterize the immunogenetic 

profile of human IBD and animal models of intestinal inflammation, as described in detail 

above. Another line of evidence that supports a central role of innate immune functional 

abnormalities in IBD pathogenesis is the cytokine environment that is observed, as well as 

the efficacy of therapies that are directed at the specific cytokines and the cells that are 

responsible for their production. The experience with biologic therapies in humans with IBD 

is particularly instructive in furthering our understanding of the immunogenetic 

pathogenesis of these disorders and in assigning relevance to potential functional pathways 

(see Supplemental Table 2).

TNF and TNF-Related Cytokines (TL1A)

The currently most efficacious treatment for IBD is anti-TNF antibodies (8). Surprisingly, 

the mechanistic basis of their effectiveness remains enigmatic, as does the specific 
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relationship of TNF to the genetic underpinning of IBD. It is noteworthy that TNF is located 

1 MB apart from the MHC locus, which has been associated with UC more so than with CD 

(163). The dramatic efficacy of anti-TNF antibodies predicts it is a major factor on which 

many pathways associated with IBD converge.

TNF acts as a transmembrane or soluble protein by transducing signals ranging from cellular 

activation and proliferation to cytotoxicity and apoptosis through two distinct TNF 

receptors, TNFR1 (p55) and TNFR2 (p75) (164). NF-κB and NF-AT control Tnf 

transcription, and AU-rich elements (ARE) in the 5′ UTR control mRNA destabilization and 

translational repression (165). TnfΔARE mice overproduce TNF and develop inflammatory 

polyarthritis and spondyloarthritis and CD-like deep transmural intestinal inflammation with 

granulomas primarily in the terminal ileum (165, 166). Intestinal pathology is attenuated in 

Tnfr2−/−TnfΔARE double mutants and is absent in Tnfr1−/−TnfΔARE mice (165). 

Rag1−/−TnfΔARE mice exhibit only mild inflammation confined to the intestinal mucosa 

(165). This suggests that TNF can inflict superficial injury in the absence of mature B and T 

cells, but such are required for transmural inflammation typical of CD and severe disease 

observed in TnfΔARE mice. The superficial inflammation observed in Rag1−/−TnfΔARE mice 

is reminiscent of TNFR1-dependent inflammation observed in Rag2−/−Tbx21−/− mice (57). 

Bone marrow and parenchymal cells are equally responsive to the pathogenic effects of TNF 

in the development of intestinal inflammation in the TnfΔARE model (166, 167). 

Interestingly, TNFR1 on mesenchymal cells adjacent to IECs appears to be particularly 

important for disease in TnfΔARE mice, which may regulate the balance of matrix 

metalloproteinases (MMP) and inhibitor of MMP (TIMP) expression, leading to leukocyte 

recruitment and tissue destruction (166, 168). Thus, one mechanism of anti-TNF therapies 

may be through blockade of a superficial pathway of tissue injury that is common to both 

UC and CD and involves TNF production by parenchymal cells or innate immune cells that 

act upon TNFR1 within superficial cellular structures of the gut. Consistent with this, human 

colon IECs express TNF (along with GM-CSF, CXCL8, CCL2, and IL-6) ex vivo upon 

exposure to inflammatory stimuli or pathogenic bacteria (169). Moreover, IEC apoptosis is 

increased in CD and reduced upon anti-TNF antibody treatment (170). In a similar manner, 

blockade of TNF reduces IEC apoptosis in the Rag2−/−Tbx21−/− (57), IkbkgΔIEC (119), and 

SAMP1/YitFc (171) models.

Transmural, CD-like inflammation in TnfΔARE mice requires CD8+ T cells, is dependent on 

IL-12/23p40 and IFN-γ, and is regulated by CD4+ T cells (167). IFN-γ-secreting CD8+ 

effector T cells are also involved in a hapten-mediated colitis model (172), suggesting that 

CD8 effectors are more important in IBD than currently appreciated. Myeloid cells or T 

(Th1) lymphocytes may be sources of TNF (167). However, numerous other cell types, 

including Paneth cells and adipocytes, exist that may promote inflammation within their 

specific intestinal microenvironments (173). TNF also plays an important role in other 

models of intestinal inflammation, like TNBS-induced models (174), in Il10−/− mice (175), 

and in the spontaneous UC-like disease in the cotton-top tamarin model (176). Notably, 

nonlymphocyte-derived TNF was sufficient for the development of colitis in the 

CD45RBhigh transfer model with TNF found in macrophages (localized close to epithelial 

erosions) and colonic epithelial cells, especially during early phases of disease (177). In the 
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CD45RBhigh transfer model of colitis, continuous anti-TNF antibody treatment was required 

to decrease disease severity (178). Expression of noncleavable membrane-bound TNF in 

Rag2−/−Tnf−/− recipients that lack soluble TNF is sufficient to cause colitis upon transfer of 

TNF-deficient CD4+CD45RBhigh T cells (179). TNF+ cells are increased in the lamina 

propria of both UC and CD, with localization confined to subepithelial macrophages (UC) 

or evenly distributed throughout the lamina propria (CD) (180). Overall, these studies 

suggest that in transmural colitis, TNF is likely derived from many different cell types and 

that pathogenic T cells may create a permissive environment for the inflammatory effects of 

TNF to occur. Moreover, they highlight the pathologic potential of TNF in both UC and CD 

and the importance of the membrane-bound TNF in its own right, which is consistent with 

the role of anti-TNF-induced apoptosis as a therapeutic pathway in CD (181). Specifically, 

retrograde signaling via transmembrane TNF has been suggested to distinguish effective 

(anti-TNF) and ineffective (TNFR2-Fc) TNF-targeted therapies in CD (8, 181). However, it 

should be noted that in oxazolone-induced colitis (155, 182), a TNFR1-IgG1-fusion protein 

led to more extensive disease (183), which was associated with decreased TGF-β1. TGF-β1 

usually limits the extent of disease to the distal part of the colon (184). Because TNFR1-Fc 

(and TNFR2-Fc) may bind both soluble TNF and lymphotoxin-α, this may reflect a role for 

lymphotoxin-α in regulating TGF-β production and intestinal inflammation.

Polymorphisms in TNFSF15 (encoding TL1A, TNF ligand–related molecule 1A), another 

TNF-related family member, confer substantial risk for CD in Japanese and Korean cohorts 

with ORs of up to 2.40 and 3.49, respectively (185, 186), as compared to the relatively 

modest OR of 1.22 exhibited in the Caucasian GWAS meta-analysis (20). TL1A is a TNF-

like cytokine that is increased in CD and interacts with the death domain receptor (DR3), 

which signals through NF-κB (187). TL1A is produced by human DCs and monocytes and 

enhances IFN-γ production by T and NK cells (187). Both DSS-induced colitis and the 

spontaneous colitis in SAMP1/Yit mice exhibit increased expression of TL1A, DR3, and 

Th1 and Th17 cytokines, which are decreased together with mucosal inflammation by 

neutralization of TL1A (188, 189). This highlights TL1A as another example of an innate 

immune-derived (TNF-related) molecule that drives adaptive immune-mediated, intestinal 

inflammation, and it is tantalizing to speculate that this might be a particularly interesting 

therapeutic target in Asians with IBD.

IL-6, gp130, JAK2, and STAT3

IL-6 signals through the IL-6R expressed on the cell surface and through soluble IL-6R 

(sIL-6R) via binding of the sIL-6R/IL-6 complex to the transmembrane receptor β subunit 

gp130 (trans signaling) (190). Redundancy within the IL-6 family, which comprises IL-6, 

IL-11, leukemia inhibitory factor, oncostatin M, ciliary neurotrophic factor, and 

cardiotrophin-1, is attributed to the common use of gp130. gp130 signals via two distinct 

pathways: The first is Janus kinase (JAK) 1, JAK2, and tyrosine kinase 2 (Tyk2) and 

consequent signal transducer and activator of transcription 3 (STAT3) activation. The 

second pathway is through STAT1 leading to activation of NF-κB. The second pathway 

involves engagement of src-homology tyrosine phosphatase (SHP2) and subsequent 

activation of the Ras-ERK pathway.
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IL-6 and sIL-6 secretion is increased in both CD and UC mucosa and likely derives 

predominantly from non-T cells (191). Phosphorylated STAT3 expression indicates T cells 

and macrophages as the major targets of IL-6 signaling (191). IL-6 trans signaling is 

important for the survival of CD4+ T cells, and possibly macrophages, and for their 

production of inflammatory cytokines such as TNF, IFN-γ, and IL-1β (191, 192). IL-6 plays 

an important role in immune-deviating T cells from a Treg fate toward an inflammatory (i.e., 

Th17) phenotype (193–195). Consistent with this, blockade of IL-6 trans signaling via a 

gp130-Fc decoy receptor or complete IL-6R signaling via an anti-IL-6R antibody 

ameliorates colitis in the CD45RBhigh transfer model, in the TNBS model, and in Il10−/− 

mice (191, 192). This is associated with increased apoptosis of lamina propria mononuclear 

cells implying that excess IL-6 secretion by innate immune cells promotes the survival and 

activity of proinflammatory T cells (and possibly macrophages), which drive inflammation 

(191, 192).

Accordingly, a placebo-controlled pilot trial reported benefit of an anti-IL-6R in active CD 

(Supplemental Table 2). Polymorphisms close to STAT3 and within STAT3 have been 

associated with CD (20, 125) and UC (196). Moreover, a polymorphism in the JAK2 

promoter region also associates with CD (20) and UC (197), highlighting the importance of 

IL-6-gp130-JAK2-STAT3 related pathways in both forms of IBD. However, the pleiotropic 

relationships that JAK2 (e.g., gp130 family members, IFN-γ, IL-12) and STAT3 (e.g., 

gp130 family members; IL-10; leptin; IL-12; and γc family members such as IL-2, IL-7, 

IL-9, IL-15, and IL-21) have with cytokine signaling pathways are considerable such that it 

cannot be concluded that the associations identified between JAK2 and STAT3 and IBD are 

definitively related to the biology of IL-6-mediated signaling.

Additional complexity stems from the fact that gp130 signaling involves two cascades with 

distinct biologic consequences (STAT1/STAT3-NF-κB mediated and SHP2-Ras-ERK 

mediated) that have unique effects on the intestinal epithelium. Deletion of the STAT 

binding domain (gp130ΔSTAT) leads to spontaneous ulcerations of the rectum (198) and 

augments DSS-induced colitis (199), implying a cytoprotective role for gp130-induced 

STAT3 (and STAT1) signaling in IECs (200, 201). In line with this, IEC-specific Stat3 

deletion results in augmented DSS-induced epithelial erosions and subsequent mucosal 

inflammation, whereas STAT3 overactivation confers protection (202). Gp130ΔSTAT mice 

also lack intestinal epithelial trefoil factor (TFF) 3 expression (199), a cytoprotective 

molecule associated with mucins, and Tff3−/− mice consequently phenocopy the sensitivity 

to DSS administration (203) observed in gp130ΔSTAT mice. IECs also express the IL-6R on 

the basal surface, and its ligation activates NF-κB (200, 201), which, as discussed above, 

provides important protective signals to the epithelium.

Mice with disabled gp130-related SHP2-Ras-ERK activation, however, do not exhibit 

spontaneous mucosal ulcerations, are protected from DSS colitis, and exhibit increased 

levels of TFF3 expression and increased STAT1/STAT3 activation (199). If one takes 

together (a) the genetic studies that find an association of JAK2 and STAT3 with IBD, (b) the 

amelioration of colitis in mouse models through blockade of IL-6 signaling (191, 192), and 

(c) the potential benefit of anti-IL-6R therapy in human CD (Supplemental Table 2), then in 

IBD there may be loss of epithelial cytoprotective function of IL-6. This loss of function is 
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due to disabled STAT1/STAT3-mediated, gp130-associated signaling together with excess 

promotion of inflammatory pathways by IL-6, derived predominantly from innate immune 

cells within the lamina propria.

Apart from IECs, STAT3 activation by IL-6, IL-10, and other cytokines (mentioned above) 

in myeloid cells also has important implications for IBD. Deletion of floxed exon 22 of 

Stat3 in macrophages and neutrophils via LysM-Cre results in spontaneous transmural 

enterocolitis with depletion of goblet cells (26), along with augmented LPS-induced 

expression of inflammatory cytokines (26). A comparable phenotype is observed upon 

deletion of exons 18–20 of Stat3 in bone marrow and endothelial cells by Tie2-Cre (204), 

which is associated with the formation of granuloma-like structures and crypt abscesses. 

Similar to Stat3Lys M-Cre, LPS-stimulation of Stat3Tie2-Cre myeloid cells leads to increased 

IκBα phosphorylation along with increased NF-κB DNA binding activity (204).

These studies suggest that, in the context of a specific inability of macrophages in the 

intestines to respond to STAT3-mediated signals as may be delivered by IL-10, augmented 

responses to microbial signals and consequently intestinal inflammation are observed. 

Accordingly, enterocolitis is improved in Tlr4−/−Stat3Lys M-Cre mice. Moreover, this 

macrophage-induced inflammation in the absence of STAT3 requires IL-12p40 and 

lymphocytes because inflammation is ameliorated in Il12b [p40]−/−Stat3Lys M-Cre and 

Rag2−/−Stat3Lys M-Cre mice, respectively (205). Because inflammation is not ameliorated by 

loss of STAT1 expression, which is essential for IFN-γ signaling, it might be surmised that 

the critical cytokine derived from aggressive STAT3-deficient macrophages leading to 

inflammation is IL-23, although this needs to be directly tested.

NLRP3 and the IL-1 Cytokine Family

Although the prototypical innate proinflammatory mediator IL-1β has been known for 

decades as an important contributor to mucosal inflammation (206, 207), recent evidence 

has reinvigorated interest in the relationship of IL-1β to IBD. Specifically, polymorphisms in 

NLRP3, encoding NALP3/cryopyrin, have been associated with CD in a candidate-gene 

study (208). NALP3 within the inflammasome directs the conversion of procaspase-1 to 

caspase-1 and generates secretory IL-1β and IL-18 (206, 207). Hypermorphic missense 

mutations of NLRP3 and consequently increased IL-1β are linked to rare autoinflammatory 

disorders (206). Notably, CD-associated NLRP3 polymorphisms appear to be linked to 

decreased IL-1β secretion from LPS-stimulated peripheral blood cells (208). A primary 

relationship between IL-1/IL-18 and IBD is also highlighted by a CD- and UC-associated 

SNP within the IL-18 receptor accessory protein gene (IL18RAP) that identifies a 350-kb 

haplotype block in strong linkage disequilibrium containing IL1RL1-IL18R1-IL18RAP-

SLC9A4 (209). Decreased IL-1β production upon MDP stimulation has similarly been 

reported in myeloid cells of patients carrying risk-associated NOD2 variants (94, 210, 211). 

These genetic studies suggest that inadequate innate IL-1β (and possibly IL-18) activity 

could be a risk pathway for CD and UC, perhaps at the level of the epithelial barrier.

However, these considerations contrast with observations in human IBD tissues and in 

experimental models. IL-1β expression, relative to IL-1 receptor antagonist (IL-1ra), is 

increased in IBD intestinal tissues (212). Moreover, administration of anti-IL-1β (213) or 
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IL-1ra (214) ameliorates experimental rabbit immune complex colitis, whereas 

neutralization of IL-1ra increases its severity (215). Similarly, IL-18 expression is increased 

in IBD, particularly in IECs (216, 217). Neutralization of IL-18 ameliorates DSS colitis, 

and, of note, increased IL-18 expression in this model localizes to IECs (218). 

Administration of the natural IL-18 antagonist, IL-18 binding protein (IL-18BP), also 

ameliorates DSS colitis (219). A major proinflammatory role of IL-18 in experimental 

intestinal inflammation was also deduced from experiments in the TNBS (220, 221) and scid 

transfer (222) models of colitis. Genetic deletion of caspase-1, which impairs the 

downstream function of the NALP3 inflammasome and hence IL-1β and IL-18 processing, 

similarly ameliorates DSS colitis (223). These studies suggest that excessive IL-1 and IL-18 

may promote chronic intestinal inflammation.

To reconcile these data with the genetic studies, it is reasonable to consider the possibility 

that an inadequate IL-1 (and potentially IL-18) response during innate management of the 

luminal interface may predispose to IBD through an uncontrolled adaptive immune 

response. IL-1 and IL-18 are also both important links to balanced expression of Th17 (224–

226) and Th1 (206) pathways, respectively. In addition, IL-1 may intersect with other 

primary (genetically mediated) risk pathways. For example, IL-1β expression is increased in 

Atg16l1−/− myeloid cells (136); IL-1β is an important inducer of IL-6, and, interestingly, 

several α-defensins, including human α-defensin 5, decrease IL-1β secretion, raising the 

final possibility that elevated IL-1β may result from Paneth cell dysfunction (227).

ADAPTIVE IMMUNE PATHWAYS AND THEIR RELATIONSHIPS WITH 

INNATE IMMUNE PATHWAYS

As reviewed above, a model for the pathogenesis of IBD emerges that supports an 

inappropriate relationship between the commensal microbiota—the IEC barrier—and innate 

immunity that leads to inappropriate release of cytokines and other mediators that are 

inflammatory in their own right, abnormalities of the physiologic barrier that exists between 

the intestinal lumen and lamina propria and its consequences as well as cytokines that 

promote the inflammatory activity of adaptive immune cells. There are many layers in this 

model, some of which are outlined above and include both an inappropriate drive to innate 

immune signaling from an abnormal commensal bacterial architecture and an inadequate 

degree of innate immune regulation through pathways intrinsic to the pattern-recognition 

receptor (PRR)-associated pathways themselves. In this section, we review the manner in 

which innate immune signaling links to the adaptive immune system that leads to the 

chronic inflammation characteristic of IBD as well as the abnormalities that appear to reside 

within regulatory pathways that typically provide restraint to both innate and adaptive 

immune pathways. Because these latter topics have been extensively reviewed recently 

(228), they are only discussed in an abbreviated manner here.

IL-12 and IL-23

IL-12 and IL-23, secreted by DCs secondary to PRR-derived signals, are highly related 

heterodimeric cytokines sharing the IL-12p40 subunit (12). IL-12 (p35 and p40 heterodimer) 

supports Th1, while IL-23 (p19 and p40) supports Th17 pathways (229). IL-12 was 
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originally linked with intestinal inflammation in the TNBS colitis model based upon studies 

that neutralized the p40 chain (230). Anti-IL-12p40 treatment resulted in decreased IFN-γ 

production from lamina propria CD4+ T cells (230). Further support for the IL-12/Th1 

pathway emerged when abrogation of the Th1 effector cytokine IFN-γ in the CD4+ 

CD45RBhigh/Rag−/− transfer model potently protected from colitis and when T-bet-deficient 

CD4+CD45RBhigh cells were unable to induce colitis in Rag−/− recipients (178, 231, 232). 

Moreover, human lamina propria mononuclear cells exhibit increased IFN-γ secretion in CD 

in contrast to UC and controls (233). In the context of the epidemiologically detrimental 

relationship of smoking and CD, it is notable that chronic stimulation of the α7 nicotinic 

acetylcholine receptor on T cells leads to Th1 responses (234, 235).

These studies led to the development of anti-IL-12p40 (ABT864 and ustekinumab) and anti-

IFN-γ antibodies as potential therapeutics for CD. Treatment with ABT864 increased 

response rates compared to placebo, although remission rates were not different 

(Supplemental Table 2). Neutralization of IL-12p40 decreased Th1- and Th17-associated 

cytokines within the intestinal tissues. In contrast, IFN-γ neutralization with fontolizumab 

was unexpectedly not or only partially effective in CD (Supplemental Table 2). Although 

these studies are consistent with a role for IL-12p40, the effector arm of this pathway in 

human IBD remains unclear.

The first GWAS in Caucasians detected a strong association of IL23R polymorphisms with 

CD and UC (13). Specifically, an uncommon coding variant (rs11209026, IL23RG1142A, 

Arg381Gln) conferred protection from disease, and additional noncoding IL23R variants 

were independently shown to confer risk (13). Because the IL23R locus is also associated 

with psoriasis and ankylosing spondylitis, this pathway may be of general importance for 

auto-inflammatory diseases (15, 236). Similarly, polymorphisms at IL12B (encoding 

IL-12p40) have been associated with both CD (139) and UC (196, 237).

These observations followed the first report on the then novel cytokine IL-23 in 2000 (238) 

and the realization that several pathologies, in particular experimental autoimmune 

encephalitis (EAE) (239) and collagen-induced arthritis (240), that had been ascribed to 

IL-12 are also linked to IL-23. In EAE and uveitis models, IL-12 and IL-23 are both 

pathogenic and contribute to distinct patterns of inflammation (241, 242). The relative roles 

of IL-12 and/or IL-23 have also been reevaluated in experimental colitis. In a model of 

innate experimental colitis induced in immunodeficient Rag1−/− mice by agonistic anti-

CD40 antibodies, IL-23 blockade via anti-IL-23p19 blocked intestinal pathology but did not 

affect wasting disease or systemic inflammation; in contrast, anti-IL-12p40 blocked all 

aspects of disease (243). Similar results were obtained in p19−/− and p40−/− mice (243). 

Notably, in this innate model of colitis lacking T cells (see below), colonic IL-17A mRNA 

was 65-fold up-regulated upon anti-CD40, which was IL-23-dependent (243). A similar role 

for IL-23 was reported in Helicobacter hepaticus–induced typhlocolitis in Rag2−/− mice, 

which was also associated with upregulation of IL-17 (in granulocytes, monocytes, and 

Gr1−CD11b− cells) and confined to the colon (244). In a variation of the H. hepaticus model 

in T cell sufficient hosts treated with anti-IL-10R, p35−/− mice developed colitis similar in 

severity to wild-type mice, but p40−/− mice were protected (245). In the T cell–mediated 

CD45RBhigh model, colitis was prevented in Rag2−/− recipients deficient in p40 or p19, but 
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not p35 (244), again supporting a role for IL-23. The results with p35−/− mice (244) must be 

interpreted with caution because p35 is also a component of a third IL-12 family member, 

IL-35 [heterodimer with Epstein Barr virus–induced gene 3 (EBI3)] (246). IL-35 is mainly 

produced by FoxP3+ Tregs and exerts significant regulatory functions (246).

Nonetheless, these studies support a proinflammatory role for IL-23 in intestinal 

inflammation, and, consistent with this, IL-23 administration accelerates colitis development 

in Rag−/− mice reconstituted with CD45RBhigh naive CD4+ T cells or with memory CD4+ T 

cells from Il10−/− mice (247). Moreover, blockade of IL-6 and IL-17, but not of either 

cytokine alone starting prior to reconstitution of Rag−/− mice with CD45RBhigh T cells 

(derived from Il10−/− mice), significantly ameliorates colitis (247). IL-17 is thought to exert 

proinflammatory activities by inducing CXC chemokines and other chemoattractants from 

endothelial and epithelial cells, which broadly express the IL-17 receptor (248). IL-17 also 

contributes to an inflammatory response syndrome subsequent to systemic TNF 

administration; Paneth cells appear to be an important source of IL-17 in this model. Taken 

together, these studies support an important role for not only IL-12 but also IL-23 derived 

from innate immune cells as a driver of chronic intestinal inflammation in CD and, 

potentially, UC and have focused attention on Th17 cells because of the potential role of Th-

derived IL-17 in mediating these processes.

Th17 Cells

Th17 cells, characterized by IL-17 (also known as IL-17A), IL-17F, and IL-22 production, 

constitute a distinct T helper cell lineage that differentiates from naive T helper cells (249, 

250). Th17 cells are important in host defense against bacterial and fungal infections, in 

particular at mucosal surfaces (248). TCR ligation, IL-6, and TGF-β are required for Th17 

lineage commitment (193, 224). IL-6 via STAT3 and TGF-β induce transcription of RORγt 

(251), a member of the retinoic acid–related orphan nuclear hormone receptor family. 

RORγt directs the differentiation of Th17 cells, and Rorc−/− mice lack Th17 cells (251). 

IL-23R is upregulated on RORγt+ Th17 cells by IL-6, and IL-23 expands committed Th17 

cells (251). An intriguing feature of IL-23 and Th17 cells is their selective and constitutive 

presence in the intestinal lamina propria especially within the small intestine, which is 

dependent on the microbial flora (251, 252). The germ-free state or treatment with broad-

spectrum antibiotics decreases lamina propria Th17 cells (39, 251, 253). Specific 

components drive the expansion of Th17 cells in the intestine, as a single commensal 

microbe, segmented filamentous bacterium (SFB), which adheres tightly to the surface of 

IECs in the terminal ileum, induces Th17 cells upon colonization of germ-free mice (40, 41). 

Adenosine 5′-triphosphate (ATP), which may derive from commensal bacteria, may activate 

CD70highCD11clow lamina propria cells leading to colonic Th17 differentiation (253). 

Germ-free mice contain much lower ATP levels in their intestinal lumen compared to 

specific pathogen–free mice (253) and exhibit a corollary increase in FoxP3+ Tregs. 

Moreover, CD70highCD11clow lamina propria cells express IL-6, IL-23p19, and TGF-β-

activating integrin αVβ8 after ATP stimulation, which are required for Th17 differentiation 

and consequently for intestinal inflammation (253, 254). Hence, microbial-derived 

metabolic factors such as ATP, which act upon purinergic receptors (P2X and P2Y), might 

be critical factors for Th17 differentiation in the intestine.
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A recent study assessed the role of Th17-derived IL-17 in the CD45RBhigh transfer model 

(255). Transfer of Il17a−/− CD45RBhigh T cells into Rag1−/− hosts unexpectedly increased 

the severity of colitis compared to wild-type transfer, which was associated with increased 

IFN-γ in the colon (255). Investigators proposed that IL-17A modulates Th1 polarization, 

suggesting that excessive IFN-γ is the inflammatory factor in the absence of Th-derived 

IL-17A. Similarly, transfer of Il17r−/− T cells also induced more severe disease compared to 

wild-type cells, suggesting T cells as both source and target of IL-17 (255). In this context, it 

is noteworthy that neutralization of IL-17 (256) or genetic deletion of IL-17 (257) is also 

associated with exacerbation of DSS-induced colitis, while Il17f−/− mice were protected 

from DSS colitis (257). These studies suggest that IL-17A is surprisingly anti-inflammatory 

through an undefined mechanism. However, to the contrary, in the TNBS colitis model 

IL-17 is proinflammatory (258). These apparently ambiguous functions of IL-17 as an 

effector cytokine contrast with the clearly demonstrated proinflammatory role of IFN-γ, at 

least in the experimental models discussed above (178, 231). Given recent studies showing 

that reversal of IL-17-mediated inflammation requires neutralization of both IL-17A and 

IL-17F (259), we may consider that (a) IL-17A provides a protective function during 

mucosal inflammation, perhaps through inhibition of IFN-γ, but that (b) unopposed IL-17F 

may drive intestinal inflammation through a pathway that involves promotion of IFN-γ 

production. Clearly, the functional relationships between IL-17-related family members and 

IFN-γ and their relationship with IL-12p40-related cytokines deserves attention in the 

normal intestine and in IBD.

IL-17 expression, which maps to T lymphocytes and monocytes/macrophages, is increased 

in both CD and UC (260). In normal human colonic mucosa, IL-17-producing CD4+ T cells 

are markedly infrequent compared to IFN-γ-producing cells, but their frequency is 

substantially increased in CD mucosa (261). How this increase in IL-17-producing cells 

within the lamina propria relates to the presence of SFB and their metabolic factors is 

unknown, but it appears to be independent of ATP (40). Notably, human Th17 cells in CD 

mucosa may also express IFN-γ and IL-4, as well as IL-23R and IL-12Rβ2 (Th17/Th1). 

Furthermore, IL-12 may downregulate RORγt and IL-17 expression while upregulating T-

bet (261), consistent with the inhibition of Th17 cells by IFN-γ and IL-4 (262).

Overall, while IL-23-regulated pathways represent an important new concept for 

understanding the mechanisms of intestinal inflammation, the relative roles of Th17-derived 

IL-17 (and Th17 cells themselves) and/or non–T cell–derived IL-17 in IBD remain unclear. 

Similarly, the limited efficacy of IFN-γ blockade in human IBD (Supplemental Table 2), in 

comparison with its clear inflammatory role in experimental colitis, remains a conundrum. A 

small subset of CD patients exhibit granulomas, the pathologic hallmark of IFN-γ 

expression, suggesting that this subset might benefit from IFN-γ blockade, which could be 

tested. The limited efficacy of anti-IFN-γ in humans could also be due to the release of Th17 

cells, highlighting the complexity of consequences of pharmacological intervention. What 

seems clear, however, is the importance of IL-23 in promoting chronic mucosal 

inflammation in animal models (243–245, 247) and likely human disease (13). This draws 

attention to the role IL-23 plays in blocking Treg function, suggesting that innate immune 

cell–derived IL-23 may promote colitis not as much by mediating IL-17 production but by 
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inhibiting FoxP3+ Treg cell function and its consequent regulation of adaptive and innate 

immune cell–driven inflammation (263, 264).

Th17–T Regulatory Cell Balance in IBD

A fine balance exists between Th17 cells and the FoxP3+ subset of regulatory CD4+CD25+ 

T cells that are induced (iTregs) under the control of many of the factors discussed above. 

The function of natural FoxP3+CD4+CD25+ Tregs emanating from the thymus and iTregs 

has been extensively reviewed in relation to IBD (228). They build upon the now classic 

studies of Powrie (70, 265) and Sakaguchi (266) showing that transfer of CD4+CD45RBhigh 

or CD4+CD25−/− T cells into scid mice promotes intestinal inflammation or autoimmune 

gastritis, respectively, with prevention of gastrointestinal inflammation provided by 

cotransfer of CD4+CD25+ Tregs. Both Treg and Th17 differentiation requires TGF-β, which 

induces FoxP3 and RORγ, and their differentiation is reciprocally regulated in a highly 

dynamic manner depending on further signals (195, 267). Such signals include low 

concentrations of TGF-β together with IL-6 (193, 224, 268) and IL-21 (269, 270), which 

induce Il23r expression and favor development of Th17 cells, in contrast to high 

concentrations of TGF-β, which represses Il23r expression (267). Similarly, retinoic acid 

metabolites, provided by IECs and DCs, tip the balance toward Treg differentiation and 

inhibit Th17 differentiation (271–273). Mechanistically, FoxP3 directly interacts with 

RORγt to inhibit its function, resulting in decreased Il17 transcription, while IL-6, IL-21, 

and IL-23, in turn, decrease the FoxP3-mediated inhibition of RORγt (267). It appears 

increasingly clear that lineage commitment to either Treg or Th17 is substantially more 

plastic than previously appreciated and under control of both metabolic and innate factors 

(195).

Despite the massive evidence in support of a central role for natural FoxP3+CD4+CD25+ 

Tregs and iTregs in experimental intestinal inflammation, mostly obtained through Treg 

transfer studies into lymphopenic hosts (228), GWASs in CD or UC have not revealed 

polymorphisms in FOXP3 or in genes directly related to Treg differentiation (11, 274). 

CD4+CD25+FoxP3+ Treg numbers are increased in the inflamed lamina propria of patients 

with CD and UC compared to uninflamed mucosa and healthy controls, whereas their 

numbers are decreased in peripheral blood (275–277). Moreover, CD4+CD25+ Tregs from 

peripheral blood and mesenteric lymph nodes retain their suppressive activity toward the 

CD4+CD25− subset (275, 276). Patients with a rare immunodeficiency due to mutant 

FOXP3, characterized by immune dysregulation, polyendocrinopathy, enteropathy, and 

inherited as an X-linked monogenic disorder, IPEX, may exhibit profound intestinal 

inflammation (278), which is in accordance with the scurfy mouse model secondary to a 

Foxp3 defect (279, 280). Notably, another rare immunodeficiency, Wiskott-Aldrich 

Syndrome (WAS)—due to genetic defects in the WAS protein—may also develop an UC-

like disease along with abnormalities in natural and likely iTregs (281, 282). The WAS 

protein is functionally linked to specific cytoskeletal elements, making it interesting that 

genetic polymorphisms in one such protein, encoded by ARPC2 (Arp2/3), have been 

specifically linked to UC (283).
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There are a number of potential interpretations of these observations. One possibility is that 

some IBD patients might harbor rare mutations in the genetic programs associated with 

natural FoxP3+CD4+CD25+ Tregs and iTregs, a possibility worth study by novel 

methodologies in familial and, especially, early-onset IBD. Another possibility is that in 

sporadic IBD, which is likely to be based upon polygenic inheritance, more subtle 

abnormalities exist in the pathways that determine the balance between induced Th17-Treg 

development due to both primary (e.g., IL23R polymorphisms) and secondary (e.g., 

composition of the microbiome) factors. Strategies aimed to increase the relative balance of 

Tregs to Th17 (and other inflammatory T cells), such as histone-deacetylase inhibitors that 

ameliorate DSS colitis through expansion of Tregs (284), could thus have therapeutic 

potential in human IBD. Furthermore, development and suppressive function of Tregs 

depend on the expression of factors such as the IL-2 receptor α chain (CD25), the 

glucocorticoid-induced TNFR-related protein (GITR; TNFRSF18), and cytotoxic T 

lymphocyte-associated protein 4 (CTLA-4), predicting that targeting these in the pursuit of 

limiting inflammatory T cells may unintentionally also target Tregs (Supplemental Table 2). 

Another model that has been promoted by MacDonald and colleagues is that FoxP3+ Tregs 

are normal in IBD (275–277) but that the effector T cells are resistant to the effects of 

inhibitory cytokines such as TGF-β in the context of inflammation (285). This is supported 

by increased phosphorylated SMAD7, an inhibitor of phosphorylated SMAD2/3—which are 

directly downstream of the TGF-β-receptor—in lamina propria T cells of inflamed intestines 

(286). Another anti-inflammatory mediator, IL-10, also important in Treg function, is 

discussed in the next paragraphs.

IL-10 and IL-10 Receptor in IBD

Spontaneous enterocolitis in Il10−/− mice represents one of the first models of intestinal 

inflammation and unequivocally supports the involvement of immune mechanisms in IBD 

(5). Colitis was attenuated in Il10−/− mice held under specific pathogen–free conditions 

compared to those raised conventionally (5), whereas germ-free Il10−/− mice were 

completely protected (287), highlighting the critical contribution of the microbiota. 

Moreover, H. hepaticus causes severe inflammation in Il10−/−, but not in wild-type, mice 

(67), indicating that this bacterium (and potentially others) has pathogenic potential in this 

context. The importance of IL-10 in preventing intestinal inflammation is further supported 

by the spontaneous colitis in Il10rb−/− mice (25) and Blimp1−/− mice, which exhibit a defect 

in IL-10 production (288).

IL-10 exerts a multitude of anti-inflammatory and immunoregulatory functions and may be 

produced by a variety of regulatory subsets of T cells, B cells, DCs, parenchymal cells, and 

IECs (289, 290), making it important to define the sources in intestinal tissues in order to 

understand the mechanisms of action. In situ hybridization has suggested constitutive 

expression in human IECs and increased expression in lamina propria mononuclear cells in 

both CD and UC (290). IL-10 expression in mice (as detected through an IRES GFP knock-

in) is low in bone marrow–derived DCs and macrophages but was potently induced in the 

small intestinal intraepithelial lymphocyte (IEL) and colonic lamina propria lymphocyte 

compartments upon TCR stimulation, highlighting the intestine as a unique site for induction 

of IL-10-producing T cells (291). Consistent with this, T cell–specific deletion of floxed Il10 
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alleles results in spontaneous colitis under specific pathogen–free conditions (292). 

Similarly, Il10 deletion in FoxP3+ Tregs results in spontaneous colitis, but not in systemic 

autoimmunity (293), which contrasts with the severe autoimmune disease (including 

enterocolitis) in FoxP3−/− mice (294, 295) or in patients with FOXP3 mutations causing 

IPEX (280). These studies highlight the unique importance of IL-10 derived primarily from 

FoxP3+ Tregs, intestinal T cells, and, possibly, IECs in the prevention of inflammation in 

the intestines. Importantly, whereas most T cell–derived IL-10 in the colon is from natural 

and induced FoxP3+ Treg, in the small intestine it derives from FoxP3− T cells, which 

appear to localize to the epithelium, possibly reflecting other regulatory subsets of T cells 

such as Tr1 cells (296, 297).

As noted earlier, IL-10 signaling involves STAT3, a genetic risk factor for IBD. IL-10-

induced SOCS3 expression is abrogated in Stat3-deficient macrophages, leading to unabated 

IL-12/23p40 expression upon exposure to microbial products like LPS (205). One important 

pathway maintaining mucosal homeostasis (or tolerance), which is important in IBD, might 

therefore be mediated by IL-10 derived from FoxP3+ Tregs that act upon IL-10R on 

mucosal macrophages to stimulate STAT3-induced SOCS3 expression, which quells TLR-

mediated secretion of IL-23 and other inflammatory cytokines. Moreover, STAT3 signaling, 

perhaps via IL-10, further enables FoxP3 in natural Tregs to specifically suppress Th17 cells 

(298).

Based upon these insights, subcutaneous recombinant IL-10 was examined as a potential 

therapeutic in CD and UC (Supplemental Table 2), but it was not effective. As local delivery 

could offer advantages, Lactococcus lactis engineered to secrete IL-10 ameliorated colitis in 

the DSS and Il10−/− models (299), but efficacy in humans remains to be shown. 

Nonetheless, it is extremely notable that a recent GWAS discovered polymorphisms in a 

SNP flanking IL10 as the most significant association outside the MHC for UC (283). 

Resequencing of IL10 revealed numerous rare and private variants; several nsSNPs are 

predicted to affect binding to the IL-10RA receptor chain (283). The identification of such 

rare, private variants is notable given the recent identification of a monogenic form of CD 

associated with mutations in IL10RA or IL10RB, as discussed earlier (23). In summary, 

impairment of IL-10-associated regulatory pathways appears to be critical in both forms of 

IBD as deduced from functional and genetic studies.

LEUKOCYTE HOMING PATHWAYS AS MODIFIERS OF IBD

The ability of the host to regulate the movement of innate (monocytes and DCs) and 

adaptive (Tregs) regulatory cells relative to inflammatory populations into the intestines via 

the sequential processes of tethering (e.g., selectins), rolling (e.g., ICAM), adhesion (e.g., 

integrins), and transmigration (e.g., chemokines) through the endothelium and consequently 

localization to their specific destinations within the intestinal microenvironment is of 

increasingly recognized importance in human IBD and has been extensively reviewed (300, 

301). Recent studies indicate that environmental and genetic factors might impact these 

pathways, which are therapeutic targets as well, as detailed below.
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Compartmentalization of Leukocyte Homing and the Role of Environmental and Metabolic 
Factors

Small intestinal homing of T and B cells is imprinted by DCs in Peyer’s patches and 

mesenteric lymph nodes by induction of α4β7 integrin and CCR9 (see below), which interact 

with mucosal vascular addressin cell adhesion molecule-1 (MAdCAM1) and CCL25, 

respectively, on the surface of lamina propria postcapillary venules (302, 303). Effector T 

cell entry into the small IEL compartment involves αEβ7 integrin, which interacts with E-

cadherin on the basolateral surface of small IECs (301).

The selectins are more broadly expressed, with L-selectin on most leukocytes, P-selectin on 

inflamed endothelial cells and activated platelets, and E-selectin on inflamed endothelial 

cells (300). Blockade of the pan-selectin lig- and P-selectin glycoprotein ligand-1 (PSGL1) 

attenuates spontaneous ileitis in SAMP1/YitFc mice (304, 305) and established DSS colitis 

(306). In contrast, blockade of L-selectin increases severity of TNBS colitis potentially 

because of effects on neutrophil recruitment (307).

Chemokine receptor signaling is important in homeostasis and inflammation; two pathways, 

CCL20-CCR6 and CCL25-CCR9, are particularly relevant for IBD in view of genetic 

insights, the role of environmental factors (e.g., microbiota and metabolic factors), and their 

therapeutic manipulation. Inflammatory signals, including IL-17, induce CCL20, which 

exhibits increased expression in the colonic epithelium of IBD (308–310). Th17 cells, in 

turn, express CCR6 and CCR4 (311, 312). As a result, Ccr6−/− Th17 cells exhibit an altered 

homing pattern and migrate to different compartments of the intestine (312). Adoptive 

transfer of Ccr6−/− Th17 cells into scid mice augments intestinal inflammation along with 

Th1 deviation of intestinal T cells (312), and Ccr6−/− mice are more susceptible to TNBS 

colitis (313), implying a potential regulatory function of Th17 cells as noted above (255). 

However, CCL20 neutralization ameliorates TNBS colitis (314) and reduces severity in DSS 

colitis (313). Given the pleiotropic activities of chemokine ligands, it is conceivable that 

CCL20, although the only CCR6 ligand, may interact with other chemokine receptors. 

Notably, Tregs also express CCR6, and Th17 cells may express CCL20, which could cross-

regulate Treg recruitment as another example of the dynamic tension between these two 

functional populations (315).

CCR6-CCL20 also affects the development of intestinal lymphoid structures, as Ccr6 

deletion compromises Peyer’s patch and isolated lymphoid follicle (ILF) development, and 

some c-kit+ lymphoid precursors in cryptopatches express CCR6 (316). The generation of 

ILFs requires signaling from the intestinal microbiota via NOD1 in IECs, resulting in 

regulation of CCL20/CCR6 signaling and β-defensin 3 production (317). Notably, in the 

absence of ILFs, the microbial community is profoundly altered in a corollary manner (317). 

Hence, there might be reciprocal regulation of the bacterial flora and ILFs, which could be 

relevant for the lymphoid aggregations observed within the colon of IBD.

In contrast to CCL20, CCL25 production is confined to small IECs and tethered to the 

endothelium, where it recruits T effector populations to the IEL and lamina propria 

compartments (301). Although microbial factors modify CCL20-CCR6 signaling pathways 

as discussed above, metabolic factors, specifically retinoic acid metabolites, affect CCL25-
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CCR9 pathways. Retinoic acids enhance TGF-β-mediated signaling (318), increase FoxP3 

expression, and promote expression of α4β7 and CCR9 in gut T cells activated by IECs and 

DCs from gut-associated lymphoid tissue DCs, but not in other tissues, owing to the 

restricted presence of the retinoic acid biosynthetic pathway (319). These studies underscore 

the multidirectional interactions between the (microbial and metabolic) environment, the 

innate immune system, and the adaptive immune system.

Genetic Factors Controlling Leukocyte Homing in IBD

A meta-analysis of GWAS data identified the CCR6 locus as associated with CD (20), 

which might affect lymphocyte homing, but also ILF induction and, hence, host-microbiota 

homeostasis. Similarly, NKX2-3, encoding a homeobox transcription factor involved in the 

localization of T and B lymphocytes to mesenteric lymph nodes, appears to be a risk factor 

for UC and CD (139, 196, 237).

Therapeutic Evidence for Leukocyte Homing as a Mediator of Human IBD

Importance of integrin blockade in IBD was originally implied from studies of colitis in the 

cotton-top tamarin (320). Blockade of specific integrins has been extensively studied in 

several rodent models of intestinal inflammation. As an illustrative example, TnfΔAREβ7
−/− 

mice are protected from the development of colitis owing to the absence of β7-integrin-

containing (α4β7 and αEβ7) heterodimers (321). Consistent with these animal studies, a 

blocking anti-α4β7 antibody (MLN002) exhibited some evidence of therapeutic efficacy in 

phase II clinical trials in UC and CD (Supplemental Table 2), while an α4-blocking antibody 

(Natalizumab) was beneficial in a subpopulation of CD patients (Supplemental Table 2). 

Although no direct comparisons have been performed, the reported remission rates suggest 

that α4β7-based anti-integrin strategies might be effective in a more confined patient 

population compared to anti-TNF-based strategies, and this apparently reduced effectiveness 

could be related to the fact that anti-integrin strategies might affect the homing of effector, 

but also regulatory populations. Similarly, CCR9 antagonists (Ccx282-B) appear to be 

efficacious in TnfΔARE-associated enterocolitis (322), albeit mice deficient in either CCL25 

or CCR9 were not protected from colitis in the TnfΔARE model (321). Nonetheless, Ccx282-

B exhibits some therapeutic activity in CD in preliminary studies (Supplemental Table 2).

LIPID METABOLISM AND ITS ROLE IN THE REGULATION OF 

INFLAMMATION

Recent evidence from genetic and immunologic studies suggests that metabolism and 

inflammation are tightly linked processes that cross-regulate each other, with significant 

implications for IBD (323). Specifically, mammalian and commensal microbial lipids have 

been demonstrated to play key roles in the regulation of inflammation through their function 

as (a) ligands of lipid-activated nuclear receptors such as PPAR, retinoic acid receptors, and 

steroid-hormone receptors; (b) regulators of gene expression through histone deacetylase 

inhibition, as demonstrated for SCFA; (c) pro- or anti-inflammatory mediators, including 

those associated with prostaglandins, leukotrienes, lipoxins, resolvins, and protectins; (d) 

intracellular signaling molecules including sphingolipid- and phosphatidylinositol-derived 

second messengers; and (e) antigens in CD1-mediated immune responses as discussed 
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previously in this review. In this final section, we discuss the regulation of intestinal 

inflammation by arachidonic acid metabolites, PPARs, and polyunsaturated fatty acid 

(PUFA) derivatives in view of recent available information linking these to the 

immunogenetic basis of IBD and their special importance as potential environmental 

modifying agents.

Arachidonic Acid Pathways

The two isoforms of the enzyme cyclooxygenase (COX1 and COX2) catalyze the 

production of prostanoids from arachidonic acid, including prostaglandin D2 (PGD2), PGE2, 

PGF2α, PGI2, and thromboxane (TX). These act through their respective receptors, PGD 

receptor (DP), PGE receptor (EP), PGF receptor (FP), PGI receptor (IP), and TX receptor 

(TP) (324). Nonsteroidal anti-inflammatory drugs (NSAIDs), which share COX inhibition as 

a common mechanism, have been associated with the relapse of IBD, hence representing an 

environmental factor intersecting with the immunogenetic biology of IBD. In line with this 

is the increased susceptibility of mice deficient in COX1 (Ptgs1−/−) and COX2 (Ptgs2−/−) to 

DSS colitis (325), and pharmacological inhibition of COX1 and COX2 points toward PGE2 

as the protective factor in colitis (326). Indeed, genetic deletion of the aforementioned 

prostanoid receptors has shown that only mice deficient in EP4 (Ptger4−/−), the receptor for 

PGE2, exhibit increased susceptibility to DSS colitis (326). In human colonic mucosa, EP4 

is expressed in the intestinal epithelium and in lamina propria mononuclear cells, including 

CD3+ and myeloid cells (327, 328). Notably, mucosal barrier function is impaired early after 

DSS administration upon treatment with an EP4 antagonist (326). It is unclear whether 

mucosal barrier dysfunction is through a direct effect on IECs or secondary to inflammatory 

mediators. Consistent with the latter possibility, PGE2-EP4 signaling has been shown to 

downregulate lamina propria CD4+ T cell proliferation and IFN-γ production (326), which 

may directly damage IEC tight junctions (329). PGE2 may also suppress chemokine 

secretion from LPS-stimulated macrophages via EP4 (330), stimulate IL-10 production 

(331), and suppress the degradation of NF-κB1 p105/p50 (331). Thus, PGE2-EP4 signaling 

may facilitate mucosal protection through anti-inflammatory IEC, macrophage, and CD4+ T 

cell function.

However, PGE2-EP4 and -EP2 signaling was recently shown to facilitate IL-1- and IL-23-

mediated Th17 differentiation from naive CD4+ T cells (332, 333). Notably, EP4 antagonist 

treatment ameliorated EAE and contact hypersensitivity (CHS) (332), suggesting disparate 

roles of PGE2-EP4 signaling in experimental colitis compared to EAE and CHS, two models 

that can be driven by IL-23 and Th17 cells in a specific immunopathologic pathway.

Recently, PTGER4 has been implicated in the genetic basis of CD (334). Specifically, a 

GWAS revealed strong evidence for an association of a 250-kb region on chromosome 

5p13.1, which is contained within a 1.25 Mb gene desert (334). PTGER4 is the closest gene, 

270 kb proximally from the CD-associated block. Quantitative trait locus analysis revealed 

that individuals harboring two specific 5p13.1 risk alleles exhibited increased PTGER4 

mRNA expression (possibly through cis acting elements), suggesting PTGER4 as the causal 

gene (334). However, increased PTGER4 expression associated with CD is at odds with the 

increased severity of DSS colitis in Ptger4−/− mice (326). Further studies are required to 
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reconcile these apparent inconsistencies. Nonetheless, a significant body of epidemiologic, 

immunologic, and genetic information supports a role for arachidonic acid metabolites in 

IBD.

PPARγ

PPARs are lipid-activated transcription factors that form obligate heterodimers with the 

retinoid X receptor (RXR) (323). In the absence of ligands, RXR heterodimers are bound to 

DNA and repress expression of target genes, whereas ligand binding causes release of 

corepressors leading to the initiation of gene transcription (323). PPARγ is expressed in 

liver, adipose tissue, IECs, and hematopoietic cells and plays a key role in the regulation of 

lipid metabolism, inflammation, and cancer (335). The molecular mechanisms of gene 

regulation by PPARγ are manifold, including direct peroxisome proliferator response 

element (PPRE)-driven transcriptional activation and PPRE-independent transrepression 

through interference with AP1, NF-κB, p38, and transcriptional coactivators and repressors 

(323).

A variety of naturally occurring ligands have been proposed for PPARγ, including 

unsaturated fatty acids, eicosanoids (e.g., 15dPGJ2), and lysophosphatidic acid (335). In 

addition, PPARγ is the target of thiazolidinedione drugs and 5-aminosalicylic acid (5-ASA) 

(336). PPARγ is highly expressed in the intestinal epithelium, and its expression is 

dependent on PRR signaling by the intestinal microbiota and direct transcriptional regulation 

by microbial metabolites such as butyrate (337, 338). Consistent with this, both germ-free 

and TLR4−/− mice exhibit decreased intestinal epithelial expression of PPARγ (337).

Several lines of evidence suggest involvement of PPARγ in IBD. First, thiazolidinediones 

were shown to be effective in the treatment of human IBD and various mouse models of 

intestinal inflammation. Thus, both PPARγ agonists block CXCL8 and CCL2 production 

through IκBα-dependent inhibition of NF-κB and consequently protect from DSS-induced 

colitis (339). These findings are confirmed in various other models of colitis induced by 

chemicals, bacteria, ischemia-reperfusion, T cell transfer into immunocompromised hosts, 

and spontaneous models of IBD including IL-10-deficient mice and SAMP1/YitFc mice 

(335). The protective effects of thiazolidinediones in these models seem to be mediated 

mainly via IECs and not via hematopoietic cells because conditional PPARγ deletion in the 

intestinal epithelium leads to mild spontaneous colitis, increased susceptibility to DSS 

colitis, and prevention of the therapeutic effect of some but not all PPARγ agonists (340).

Importantly, these observations extend to human IBD because rosiglitazone was shown to be 

efficacious in the treatment of mild to moderate UC (341). In addition, the therapeutic 

efficacy of 5-ASA derivatives seems to be at least partially mediated via PPARγ. Thus, 5-

ASA was shown to bind to PPARγ leading to activation of PPRE-driven gene transcription 

(336). In addition, PPARγ heterozygous mice, which exhibit a 70% decrease in colonic 

PPARγ levels, exhibit pronounced intestinal inflammation upon TNBS challenge and cannot 

be protected by 5-ASA (336).

These findings demonstrate a crucial role of PPARγ signaling in the prevention of intestinal 

inflammation and suggest that agonistic targeting of PPARγ might be an effective treatment 
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for IBD. However, these observations also raise the question of whether impaired PPARγ 

signaling might be a causal factor in IBD. Support for this idea stems from the notion that 

patients with UC show decreased expression of PPARγ in IECs but not in hematopoietic 

cells (337). In addition, resistance to ileitis in Samp1/YitFc mice on the AKR background 

has been linked to increased PPARγ expression in the intestinal crypt epithelium. The reason 

for impaired PPARγ expression in UC remains enigmatic. However, given the crucial role of 

commensal-derived signals in the induction of PPARγ, it is possible that changes in the 

microbiota or its products contribute to impaired PPARγ expression in UC.

Notably, several genes implicated in IBD pathogenesis are functionally linked to PPARs. 

Thus, mice hypomorphic for the CD-associated gene ATG16L1 showed altered Paneth cell 

morphology and dramatically increased PPAR signaling (45). These findings might explain 

why CD patients, in contrast to UC patients, show normal PPARγ expression. In addition, 

recent evidence also suggests cross-regulation of PPAR signaling and ER stress. 

Specifically, pioglitazone was shown to reduce ER stress leading to pancreatic islet cell 

protection and prevention of diabetes (342). In addition to being a regulator of the UPR, 

PPARs also seem to be targets of ER stress, as demonstrated by increased expression of 

PPARγ but decreased expression of PPARα in response to ER stress (343). These findings 

demonstrate the existence of a feedback loop between ER stress and PPARγ signaling and 

suggest that agonistic targeting of PPARγ might exert its beneficial effects at least in part 

through alleviation of ER stress.

Lipoxins, Resolvins, and Protectins

It is increasingly recognized that resolution of inflammation is not a passive process but is 

actively regulated not only by cell surface receptors such as CEACAM1 and cytokines (e.g., 

TGF-β, IL-10, IL-35) but also by several families of lipid-derived signaling molecules, 

namely lipoxins, resolvins, and protectins (344). Of these, resolvins and protectins are 

derived from omega-3 PUFAs, whereas lipoxins are derived from arachidonic acid, the same 

precursors that give rise to proinflammatory leukotrienes and prostaglandins in a process 

called lipid class switching (345). Thus, after an acute inflammatory phase driven by 

leukotrienes and prostaglandins, these same mediators, mostly PGE2 and PGD2, induce key 

enzymes involved in the biosynthesis of lipoxins leading to resolution of inflammation 

(345). Importantly, proresolution pathways driven by lipoxins, resolvins, and protectins are 

distinct from classical anti-inflammatory pathways in that they are not immunosuppressive 

but actively accelerate resolution of inflammation by inhibition of neutrophil and eosinophil 

recruitment and stimulation of macrophage phagocytosis with clearance of microorganisms 

and apoptotic cells (344). Given that the intestinal mucosa is permanently exposed to 

microorganisms, it is not surprising that some of these lipid mediators, including lipoxins, 

are constitutively expressed in the healthy mucosa (346). However, in contrast to healthy 

controls, patients with UC express significantly lower levels of 15-lipoxygenase-2, a key 

enzyme involved in lipoxin production, and consequently low levels of lipoxin (346). In 

addition to the putative role of anti-inflammatory lipid mediators in the pathogenesis of IBD, 

both resolvins and lipoxins are well characterized for their protective therapeutic role in 

intestinal inflammation. Thus, resolvin E1 was shown to protect from TNBS colitis through 

regulation of innate and adaptive immune responses (347), and mice overexpressing n3-
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PUFA are protected from DSS colitis. In addition, omega-3 PUFA may reduce the rates of 

relapse in CD (348, 349). Similar observations have been made with lipoxin analogs in that 

they attenuate TNBS colitis concomitant with decreased expression of proinflammatory 

cytokines (350). In addition to their anti-inflammatory effects on immune cells, lipoxins 

regulate immune responses of IECs, given that lipoxin A4 analogs reduce NF-κB-mediated 

transcriptional activation, inhibit degradation of IκBα in response to Salmonella 

typhimurium in IECs, and protected from DSS colitis (351). Lipoxins, resolvins, and 

protectins might therefore be of therapeutic efficacy in the prevention and treatment of 

intestinal inflammation and await testing in human IBD.

CONCLUDING REMARKS

IBD results from a continuum of complex interactions between a quartet of host-derived and 

external elements that involve various aspects of the intestinal microbiota, the immune 

system, the genetic composition of the host, and specific environmental factors. Recent 

studies into the complexity of these arrangements increasingly support not only the 

syndromic nature of this disorder, but also the need for systems-based approaches in 

understanding the biologic pathways involved and the correlation of these arrangements 

with specific phenotypic outcomes that go beyond the assigned clinical descriptors currently 

in practice, namely UC and CD. Studies of the microbiota, immune system, and genetics 

have revealed more similarities than differences between these two extreme phenotypes, 

suggesting this continuum of interactions is similarly reflected in a continuous lineage of 

functional pathways and, consequently, phenotypes. Genetic studies, for example, 

increasingly support the concept of familial and sporadic forms of IBD whose inheritance 

ranges from monogenic to polygenic and involve a wide range of biologic pathways that 

affect innate immunity, adaptive immunity, ER stress and autophagy, and metabolic 

pathways associated with cellular homeostasis and the regulation of inflammation per se. 

Moreover, these genetic observations, together with immunologic studies, emphasize the 

particularly important role played by abnormalities of the innate immune functions of 

hematopoietic and non-hematopoietic cells, especially within the intestinal epithelium and 

its unique relationship with the commensal microbiota, in influencing and being influenced 

by the adaptive immune system. Such observations increasingly support a long-held view 

that the chronic intestinal inflammation associated with IBD may be a secondary 

consequence of innate immune deficiency (or dysfunction). These immunogenetic 

observations, together with the “reality-test” provided by biologic therapies in human IBD, 

also provide a foundation for this model given the evidence to date that supports targets such 

as TNF, IL-6, and IL-12/23 as important mediators of the major IBD phenotypes. Finally, 

given these comments, it can be anticipated that environmental factors that modify the risk 

for development of IBD have the common attribute of affecting the relationship between the 

commensal microbiota and the immune system in a manner that intersects with the 

functionally relevant immunogenetic pathway(s) that are uniquely operative within a 

particular context of IBD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Inflammatory bowel disease (IBD) as a multifactorial disorder. The development and course 

of IBD are affected by several factors, including genetic susceptibility of the host, the 

intestinal microbiota, other environmental factors, and the host immune system. In addition, 

these factors cross-regulate each other in multiple ways, as shown. IBD-associated genes are 

summarized by molecular pathways with genes belonging to the same pathway arranged 

next to each other in one line. Polymorphisms in genes specific for Crohn’s disease (CD) are 

shown in magenta text, whereas those specific for ulcerative colitis (UC) are shown in dark 

blue text. Genetic associations shared between both diseases are shown in black text. 

Abbreviations: HSPs, heat shock proteins; MHC, major histocompatibility complex; 

NSAIDs, nonsteroidal anti-inflammatory drugs; PRR, pattern-recognition receptor; RA, 

retinoic acid; ROS, reactive oxygen species; TSLP, thymic stromal lymphopoietin.
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Figure 2. 
The microbial flora, intestinal epithelial cells, and lamina propria immune cells as targets, 

participants, and central organizers in intestinal immune responses. Abbreviations: EGF, 

epithelial growth factor; KGF, keratinocyte growth factor; PAMPs, pathogen-associated 

molecular patterns; PRR, pattern-recognition receptor.
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