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Abstract

The pathogenesis of Crohn’s disease (CD) has widely been regarded as the consequence of a 

dysregulated T-cell-mediated response to intestinal microbes, and the majority of the worldwide 

research effort has focused on characterizing and treating the chronic inflammatory phase of the 

disease. However, recent molecular biological and clinical investigations indicate that CD is 

actually a primary immunodeficiency. At first counter-intuitive, the apparent paradox of a 

pathogenic innate immune defect can be linked mechanistically to the granulomatous chronic 

inflammation characteristic of the disease. Genome-wide association studies have corroborated the 

involvement of innate immune dysfunction in the pathogenesis of CD, but less than 20% of the 

heritable risk is accounted for. By contrast, in vitro and in vivo stimulation of the immune system 

has highlighted novel areas of interest that may lead to the development of targeted therapeutic 

and diagnostic tools.
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Established intestinal lesions in Crohn’s disease (CD) contain a massive, mixed 

inflammatory cell infiltrate associated with a complex storm of cytokines in a self-

perpetuating, chronic inflammatory response [1–3]. Most research to date has focused on the 

the immunological characteristics of established lesions and drawn inferences about their 

initiation. The predominance of a classically Th1-associated cytokine profile in these lesions 

led to the assumption that T lymphocytes were central to the initial pathogenesis. More 

recently, the role of regulatory (Treg) FoxP3+ and IL-23-induced responsive Th17-type T 

lymphocytes has gained popularity [2,4,5]. Treg cell populations are diminished in patients 

with CD [6] and, although the hypothesis of CD as an immunodeficiency does not 

necessarily exclude defects in T-cell function, to date, no convincing intrinsic (primary) 

defect has been identified to implicate these cells in the pathogenesis of human CD.

The hypothesis that immunodeficiency underpins the development of CD seems, at first, to 

be in direct contrast with histological observations of established intestinal lesions and the 
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use of immunosuppressive therapy (albeit with varying results [7]). However, several lines 

of evidence support the progression of innate immunodeficiency to granulomatous, chronic 

inflammation and recent research indicates that this process occurs in CD.

Association between immunodeficiency diseases & CD

There is a well-known and strong association between primary immunodeficiency disorders 

and non-infectious granulomatous intestinal inflammation. Chronic granulomatous disease 

(CGD), glycogen storage disease type 1b, leukocyte adhesion deficiency, Chediak–Higashi 

and Hermansky–Pudlak syndromes are all strongly associated with intestinal inflammation 

that is indistinguishable from CD [8,9]. These diseases are rare, with a ‘one in a million’ 

prevalence or less in most cases (and would therefore not be identified by population 

screening), but are important for a number of reasons. First, they are monogenic diseases in 

which the cellular dysfunction is well characterized. Second, they all involve – with varying 

emphasis – neutrophil dysfunction. Third, the final common result of these defects is an 

impairment in the ability of the host to deal with invading microorganisms [8]. Last, a 

granulomatous chronic inflammatory response ensues, in the absence of any intrinsic T-cell 

hyperreactivity, from the initial failure of bacterial clearance in these conditions.

A failure of bacterial clearance in CD

Neutrophils are phagocytic cells with a primary role in the defense against (and clearance 

of) invading microorganisms [10]. A profound defect of neutrophil influx to sites of acute 

inflammation has been demonstrated in abrasion-induced ‘skin windows’ in CD [11] and 

following experimental injury of the intestinal mucosa [12], indicating a systemic defect of 

neutrophil recruitment in CD. Importantly, in both studies, inflammatory controls (patients 

with rheumatoid arthritis and ulcerative colitis [UC]) displayed normal responses. More 

recently, this phenomenon was demonstrated in response to an experimental inoculation of 

killed Escherichia coli in CD using radiolabeled neutrophils [13].

The immunodeficiency hypothesis proposes that an inherently weak acute inflammatory 

response in CD is insufficient to remove bacteria and other organic material gaining access 

to the tissues of the bowel wall. The delayed clearance of such antigenic material, and its 

subsequent persistence, would then act as a trigger for granuloma formation and the T-cell-

mediated chronic inflammation that is the hallmark of CD. Bacterial clearance depends on 

adequate neutrophil influx [14,15] and it was therefore hypothesized that the impaired 

neutrophil influx observed in CD would lead to a failure of bacterial clearance.

This hypothesis was tested directly by measuring the clearance of radiolabeled E. coli from a 

subcutaneous injection site. Using a single inoculum of 30 million bacteria, clearance was 

demonstrated to be markedly delayed in CD, with approximately 50% of the injected 

inoculum still present 72 h after injection (compared with <10% in healthy controls or 

patients with UC) [13]. These findings led us to propose a ‘three-stage hypothesis’ for the 

generation of inflammatory lesions in CD (Figure 1) [16]. The first stage: bacterial entry 

into, or invasion of, the intestinal mucosa would occur as the result of either an inherent 

weakness of the intestinal barrier or as the result of contact with an invasive pathogen. This 

would act as the stimulus for the second stage – a particular abnormality in CD: a relatively 
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weak innate immune response characterized by poor neutrophil accumulation. The third 

stage would be an expected response to bacterial persistence [17]: granulomatous chronic 

inflammation characteristic of CD, with adaptive immune responses to fecal material in the 

tissues of the bowel wall generating the clinically apparent systemic inflammatory response.

Predisposition to infection in CD: the first paradox

Given that such a profound defect of bacterial clearance was demonstrated in our studies in 

CD, the obvious question is whether this relates to a more general susceptibility to systemic 

bacterial infections. At first glance, this represents the first paradox of the 

immunodeficiency hypothesis. However, it is not clear whether patients with CD should 

actually be predisposed to systemic infection. Even in CGD, where the defect in innate 

immunity is monogenic and more profound, infections are intermittent and may, in some 

cases, present only in later life [9].

Notwithstanding this, there are both direct and indirect data documenting an increased 

incidence of urinary tract [18], gastrointestinal [19] and post-surgical wound infections [20] 

in patients with CD. However, confounding factors such as immunosuppressant medication, 

antibiotic therapy, fistula formation, malnutrition and hospitalization make it difficult to 

establish causality. Interestingly, a Swedish disease registry study reports higher rates of 

pre-morbid infections, particularly those associated with Gram-negative bacteria, in children 

who go on to develop intestinal CD (either pediatric or adult onset) [21]. It remains unclear, 

however, whether this represents underlying susceptibility or causation.

Initial microbial load is important

To further characterize the abnormal clearance of radiolabeled bacteria, we determined the 

effect of varying the initial size of the bacterial inoculum [12]. In healthy controls, the 

magnitude of the inflammatory response was exponentially related to the size of the 

bacterial inoculum, and this relationship was significantly attenuated in CD. However, most 

interesting was that the inflammatory response and subsequent clearance of smaller inocula 

in patients with CD containing 105 and 106 E. coli was comparable to healthy controls. This 

indicated a threshold of bacterial number beyond which the attenuated local inflammatory 

response in CD would be overwhelmed. This threshold would be even lower in individuals 

with inherited disorders of innate immunity (Figure 2).

In general, the required magnitude of stimulus could only readily occur in an area of high 

microbial and antigenic load: the intestinal tract, specifically the terminal ileum and colon 

[22]. The occurrence of oropharyngeal lesions in CD may also be attributed to high 

antigenic load [23], but this region is also uniquely susceptible to traumatic breach of the 

epithelial barrier. Invasive organisms, adherent-invasive E. coli (AIEC) in particular, have 

been associated with CD [24]. While there may be a number of mechanisms by which these 

organisms contribute to pathogenesis, it is interesting to speculate that their invasive 

capacity may rapidly overwhelm a weak innate immune response, as discussed previously. It 

should also be noted that AIEC also appear intrinsically capable of evading intracellular 

killing (discussed later).
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Microbial species may influence clearance

Despite the difficulties in interpreting observational studies, infections that commonly 

involve Gram-negative organisms in other organs, for instance urinary tract infections [18], 

appear more frequently in CD than healthy individuals. By contrast, extrapolating from 

treatment registries and postoperative analyses, infections commonly caused by Gram-

positive organisms, such as pneumonia, appear no more frequently in adults with CD 

compared with healthy or differentially treated populations [21,25–27] (although Gram-

negative pneumonia has been reported in patients receiving anti-TNF therapy [28]). 

Responses to Gram-positive and Gram-negative bacteria are very different, most likely due 

to the differing antigenic stimuli presented by these organisms [29]. We have demonstrated 

deficient inflammatory responses to E. coli (a Gram-negative organism) in CD, which are 

not apparent when the Gram-positive organism Staphylococcus aureus is used as the 

stimulus [30]. These differences might also explain why defective innate immunity in CD 

appears to be most overtly apparent in the GI tract.

What is the underlying defect?

The similarity between CD and the primary inherited disorders of neutrophil function has 

been discussed. Neutrophil function has been extensively investigated and, while defects in 

various aspects of neutrophil function have been reported, the data are conflicting [12,31] 

and lead to the conclusion that intrinsic neutrophil defects do not appear to make a primary 

contribution to pathogenesis in the majority of patients.

Neutrophil migration to inflammatory sites requires a chemotactic gradient, but is also 

dependent on the upregulation of adhesion molecules and chemokine secretion by the 

activated vascular endothelium [32,33], which is induced classically by TNF-α. In the 

inflamed intestinal lamina propria, the source of TNF-α and other proinflammatory 

cytokines has been localized to macrophages [34–36], which are derived from (and 

continually replenished by) circulating monocytes [37].

Macrophages are the sentinels of the immune system and play a critical role in orchestrating 

inflammatory responses. Impaired macrophage-mediated neutrophil recruitment in CD 

would result in impaired clearance of antigenic material from the bowel wall, initiating a 

damaging, chronic adaptive response [38–40].

In vitro studies of the responses of peripheral blood monocyte-derived macrophages in 

response to E. coli demonstrated markedly diminished secretion of proinflammatory 

cytokines, such as TNF-α, in CD [12,13]. No abnormality was observed in macrophage anti-

inflammatory cytokine and chemokine secretion.

Macrophage cytokine secretion is a complex process governed by an intricate network of 

regulatory steps. Impaired proinflammatory cytokine secretion in CD is not caused by 

abnormal transcription, processing or translation of cytokine mRNA. Rather, it appears to be 

due to abnormal secretion, with the defect lying in the stages between these two processes. 

Microarray data from stimulated macrophages revealed the majority of differentially 

expressed genes in CD to be associated with cytoskeletal rearrangement and vesicle 

trafficking. Molecular biological studies using inhibitors of vesicle trafficking confirmed a 
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defect in the complex exocytic pathways of CD macrophages, whereby normally-produced 

cytokines were targeted for degradation in the lysosomal compartment, rather than being 

secreted. The cause of this malfunction is yet to be determined.

The failure of a secretory system provides a generic mechanism for the impaired release of a 

number of functionally related cytokines and is particularly compelling given recent 

descriptions of the association between autophagy gene variants and CD susceptibility. 

Vesicle packaging and trafficking play a central role in this process. The common end result 

of these disparate genetic influences (impaired vesicle trafficking) is also reflected in the 

Chediak–Higashi and Hermansky–Pudlak syndromes. Both of these rare congenital 

immunodeficiencies arise from mutations in genes involved in vesicle transport and have a 

strong (>30%) association with CD-like intestinal inflammation [8].

If macrophages fail to secrete TNF-α in CD, why do anti-TNF agents work?

The observation that macrophages from patients with CD secrete less TNF-α in response to 

E. coli stimulation represents the second apparent paradox of the immunodeficiency 

hypothesis – given that anti-TNF agents are often efficacious in treating active CD.

It must first be understood that the processes being considered are temporally and 

biologically distinct. The acute inflammatory response orchestrated by the secretion of 

proinflammatory cytokines and neutrophil chemotaxis in healthy individuals is associated 

with bacterial clearance within a few hours. The attenuation of this process in CD leads to 

the failure of bacterial clearance and, as discussed, generates granulomatous chronic 

inflammation lasting much longer than the processes that initiated it. Furthermore, even 

when cytokine secretion by individual cells is sufficient, the overall effect of a massive, 

mixed chronic inflammatory cell infiltrate (as opposed to an early acute inflammatory 

response) would be sufficient to create a tissue-damaging environment.

Inflammatory responses also develop through distinct phases, with cytokines performing 

diverse roles at different stages. The effect of TNF-α blockade or deficiency in the dextran-

sodium sulfate murine model of colitis is highly instructive. While TNF-α inhibition is 

effective in ameliorating established dextran-sodium sulfate-colitis in wild-type animals, 

TNF-α-deficient mice are actually more susceptible to the induction of colitis [41]. The 

dichotomous role of this pivotal cytokine supports the concept of the ‘phasic’ nature of CD 

pathogenesis and suggests that cytokines with a deleterious effect during chronic 

inflammation may confer protection during the preceding acute inflammatory response. 

There is some evidence to suggest that a duality of response in acutely activated, as opposed 

to chronically activated, macrophages may play a role in CD [38].

Finally, the major mechanism of action of anti-TNF agents is likely to be the induction of 

apoptosis in inflammatory cells rather than a direct effect on soluble TNF-α [42]. The anti-

TNF agent etanercept does not induce apoptosis and was not effective in treating CD [43]. 

Of particular note in this regard is that an apparent resistance to apoptosis has been 

demonstrated in leukocytes in CD [44–46]. There is also some evidence to indicate that 

azathioprine metabolites, rather than merely suppressing adaptive inflammation, stimulate 

the release of proinflammatory cytokines by macrophages [38]. As a corollary, it is 
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interesting to note case reports where the development of CD in patients with other 

inflammatory disorders has been precipitated by the use of treatments that downregulate 

TNF [47,48].

Other factors influencing bacterial clearance Intestinal barrier dysfunction

The first stage of the three-stage hypothesis requires entry of luminal contents and bacteria 

through the mucosal layer. In healthy individuals, this is prevented by an intact intestinal 

mucosal barrier – achieved by the local secretion of antimicrobial peptides and maintenance 

of intercellular tight junctions. There is ample and elegant evidence to demonstrate that both 

mechanisms are defective in CD [49,50], are influenced by NOD2 polymorphisms, and that 

bacterial stimuli via Toll-like receptors are required for their maintenance [51,52]. This is in 

keeping with early observations of increased intestinal permeability in CD [53].

Disruption of the mucus layer may also contribute to a failure of the intestinal barrier in CD, 

but may be more relevant to the initiation of inflammation in UC. In humans, 

polymorphisms in MUC19 have been associated with an increased susceptibility to CD [54], 

and aberrant expression of mucin genes has been demonstrated in both inflamed and 

uninvolved intestinal epithelial biopsies [55], particularly at the edges of ulcers. The 

interruption of mucin secretion by MUC1 deletion results in a worsening of colitis in IL-10-

deficient mice [56], while MUC2-deficient mice develop spontaneous intestinal damage and 

more severe chemical colitis [57]. Mucin disruption may therefore have an early role to play 

in increasing susceptibility to mucosal damage and the impaired healing of established 

ulcers.

Components of the intestinal barrier are likely to play a more active role: an in vitro study 

has demonstrated the potential for cross-talk with, or recruitment of, inflammatory cells, 

particularly by dendritic cells [49,58]. Their role as antigen-presenting cells capable of 

influencing T-cell responses makes dendritic cell function in CD an intriguing avenue of 

study. However, present data regarding their pathogenic role are conflicting and do not 

support an intrinsic defect in these cells [57]. Impaired autophagy in epithelial cells may also 

have a role to play in the defense against invasive organisms [59]. This may only represent 

an extension of the ‘barrier’ function as, although ‘infected’ epithelial cells certainly have 

the capacity to produce proinflammatory cytokines in vitro [60,61], the weight of evidence 

from in situ hybridization and immunohistochemical examination of intestinal biopsies 

indicates that they do not appear to assume this role in vivo [34–36]. Furthermore, bacterial 

species that have been associated with CD [24] appear capable of invading even an intact 

epithelial barrier. The relative pathogenic contribution of these factors is unclear.

Intestinal microbes

The presence of luminal microbes is clearly important for the development of CD: active 

CD responds (albeit only partially) to broad-spectrum antibiotics and distal recurrence is 

prevented by diversion of the fecal stream.

A recent metagenomic study of bacterial diversity in the gut compared the profiles in a 

Spanish cohort (four patients with CD compared with 21 with UC and 14 healthy controls) 
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[62]. A highly significant difference was observed between patients with CD and healthy 

and disease controls. Although exact species were not identified, a previous study 

highlighted Bacteroidetes and Clostridium species as under-represented in patients with CD 

[63]. Using an alternative method in different populations, similar profiles were observed 

between CD and UC [64]. Although it is impossible to establish causality with this 

approach, focused metagenomic studies represent a powerful tool for further study of this 

aspect of the intestinal environment in health and disease and should be applied across 

populations. Bifidobacterium species and Faecalibacterium prausnitzii appear to have a 

clinically relevant association with CD, but it remains to be determined whether ‘restoration’ 

or alteration of the balance of microbial species in the bowel is of therapeutic benefit [65,66] 

(although again, this would not necessarily demonstrate causality).

A few CD-associated microbial species have been described (notably AIEC and 

Mycobacterium species) that appear able to either bypass an intact intestinal barrier or evade 

or suppress macrophage function [24,67–69]. These species might therefore be able to 

initiate a chronic inflammatory response even in ‘innate immunocompetent’ hosts. AIEC are 

of particular interest given the ‘threshold effect’ in the defective clearance of E. coli seen in 

patients with CD. As discussed, the invasive nature of these organisms would predispose to 

a rapid overwhelming of a defective innate immune response. Impaired host defense 

(defective autophagy) may also offer a selective advantage to AIEC [59], and provides 

evidence that interplay between host susceptibility and particular bacterial strains may be of 

primary pathogenic importance.

With other microbial species (i.e., Yersinia), CD-like intestinal inflammation tends to 

resolve without recurrence once the infectious organism is removed [70]. By contrast, CD 

recurs after cessation of antibiotics [71] and this approach is unsuitable and ineffective as a 

mainstay of therapy. Antimycobacterial therapy has failed to show any benefit in active 

disease [72]. The former does not necessarily preclude a nonspecific infectious etiology, but 

this cannot be applied to the latter. The requirement for antigenic material in the 

development of CD is not in question, but it remains unlikely that there is a single infectious 

etiology for this disease.

Lifestyle factors may influence intestinal barrier & innate immune 

dysfunction

Smokers have up to a fivefold increased risk of developing CD [73,74] and are more likely 

to have an aggressive clinical course [75] with fistulizing disease and more frequent surgical 

intervention. Cigarette smoking, and more specifically nicotine, is known to have 

detrimental effects on the generation of proinflammatory cytokines in patients with CD 

[76,77], in keeping with the predominantly immunosuppressive effects of smoking on the 

immune response [78]. Recently, differential gene expression profiles have also been 

demonstrated in the colonic mucosa of smokers compared with nonsmokers with CD [79], 

but the significance of these findings is unclear. With respect to macrophage function, a 

specific, suppressive effect of smoking may be achieved through the α7-nicotinic 

acetylcholine receptor. This receptor is expressed on macrophages (as well as other immune 

cells), where its predominant effect is anti-inflammatory [80]. The effect of nicotine acting 
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through this receptor to suppress lipopolysaccharide-induced cytokine secretion in particular 

[81] indicates a mechanism by which smoking may exacerbate macrophage 

hyporesponsiveness [12] and contribute further to bacterial persistence in CD.

There is some evidence to suggest that smoking is associated with disruption of the mucus 

layer [82]. Although this was initially studied (and is likely to be of more relevance) in 

patients with UC, a similar mechanism may be involved in CD. Increased local blood flow, 

which has been demonstrated to be related to the influx of inflammatory cells into sites of 

acute inflammation [83,84], is reduced by cigarette smoking in the intestinal mucosa, both 

acutely and in long-term smokers with or without inflammatory bowel disease [85,86]. This 

may exacerbate the diminished blood-flow responses that we have demonstrated in patients 

with CD in response to E. coli challenge [12,13] and contribute further to pathogenesis.

The increasing incidence of CD in Japan has been attributed to the adoption of a Western 

diet [87]. Dietary fat, in particular, has been shown to negatively influence elemental diet 

therapy [88,89]. Effects on arachidonic acid metabolism and prostaglandin synthesis have 

been postulated as mechanisms by which dietary fat may influence inflammation [89,90], 

but changes in the composition of bile may also be important. Although bile salts have 

important physiological properties, they may play a role in disease. This is particularly true 

for the more toxic secondary bile salts produced by the action of intestinal bacteria (notably 

those associated with CD [91,92]).

The composition of gallbladder bile in patients with CD favors toxicity [93,94], but it is 

difficult to determine whether these changes are merely due to disturbed enterohepatic 

recirculation. While gallbladder bile may not accurately reflect the composition of bile 

reaching the terminal ileum, its composition is similarly altered in patients with purely 

colonic CD [95], suggesting that alterations in bile composition may not be secondary to 

altered reabsorption in the terminal ileum. There is evidence from both animal and in vitro 

studies using human ileal fluid to suggest that bile salts increase intestinal permeability and 

membrane fragility [96,97], either by a direct toxic effect [98] or by modulating tight 

junction structure and function [99,100]. It is also conceivable that bile salts have detergent-

like effects on cell membranes, resulting in cell lysis [101]. In addition, hydrophobic bile 

salts have been shown to induce apoptosis [102], which could result in barrier disruption and 

altered permeability in intestinal epithelial cells [103].

In a recent study, cyclo-oxygenase-2-knockout mice were fed with an atherogenic diet 

containing cholate (a primary bile acid) [104]. After 4 weeks, a high proportion of mice 

developed ileocaecal inflammation. This suggests that, in a model of disease where impaired 

acute inflammation exists, bile acids alone may be sufficient to result in intestinal mucosal 

damage that triggers inflammatory bowel disease. In another model, supplementation with 

the secondary bile acid deoxycholate alone was sufficient to induce colitis, even in wild-type 

mice [105].

The hygiene hypothesis suggests that early exposure to a wide variety of intestinal 

pathogens is protective against the development of CD in later life, while increasingly 

sanitized environments increase the risk of CD development [106]. These observations may 
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also explain (together with genetic variations and dietary differences) the relatively low 

incidence of CD in non-developed countries. For example, the carriage rates of helminths 

such as Trichurus suis are greater in areas with a low incidence of CD [107] and these 

worms have also been used successfully to treat active CD [108]. However, the mechanisms 

for this effect remain unclear and the hygiene hypothesis, while attractive, is unconfirmed. It 

may be that exposure to a wide range of microbes (including helminths) from an early age 

results in a continuous low-level stimulation [109] which may prime the immune response 

and make it more vigorous when infection is encountered.

Stress may also have a role to play in modulating barrier function and aspects of the innate 

immune system in the intestine [110]. Catecholamines attenuate lipopolysaccharide- and 

other ligand-mediated responses in monocyte/macrophage populations in vitro [111,112] by 

inhibiting NF-κB-mediated transcription [113]. and serotonin appears to inversely influence 

the development of macrophage-mediated adaptive responses [114].

Animal models & genome-wide association studies: evidence for innate 

immune dysfunction

In general, the polymorphisms identified by genome-wide association studies (GWAS) to 

date indicate a deficiency of innate immune function in CD, in keeping with the functional 

observations of impaired barrier function and defective bacterial clearance in patients with 

CD. Interestingly, using GWAS data, comparison of genetic variation profiles for 

classification has highlighted that CD does not cluster with the other autoimmune diseases 

studied [115].

Genome-wide association studies have revolutionized our understanding of the potential 

pathogenic mechanisms underlying CD as well as our general knowledge of innate 

immunity in the gut. However, the contribution of the susceptibility loci identified to date 

accounts for a relatively small proportion of the genetic risk for CD, perhaps up to 20% at 

most, leading to the concept of ‘missing heritability’ [54,116].

The contribution of each susceptibility locus to disease development, as opposed to the risk 

of disease, should also be considered. For example, homozygous polymorphisms in NOD2 

are associated with a 20- to 40-fold increase in the relative risk for CD [117,118]. The 

relative frequencies of these polymorphisms in the general population, however, mean that 

for every CD patient homozygous or compound heterozygous for a NOD2 polymorphism, 

there would be approximately 20 individuals with the same genotype who do not develop 

disease. Despite conferring an odds ratio of 1.32 on disease risk, the influence of ATG16L1 

disease-associated polymorphisms would be weaker still, particularly considering the similar 

frequencies in CD and control populations [119,120].

There has been a wealth of research to elucidate, in particular, the contributions of NOD2 

and ATG16L1 to innate immune function [121], and recent research has elegantly 

demonstrated the potential for their interdependence [122,123]. However, mice deficient in 

either gene do not develop spontaneous enterocolitis [124–127]. This is disappointing as 

NOD2 polymorphisms have been shown to be mechanistically important in determining the 
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responsiveness of macrophages to muramyl dipeptide [12] and have been linked to intestinal 

barrier function as discussed. In addition, defects in the capture or killing of bacteria have 

been demonstrated in epithelial cell lines [128] and macrophages [129] from CD patients 

expressing the ATG16L1 polymorphism. However these responses were studied with 

microbial species (such as Salmonella typhimurium or E. coli) that have been described to 

have an intrinsic capacity to evade killing [130–132]. It has been suggested, therefore, that 

the CD-associated ATG16L1 polymorphism is more relevant to bacterial processing and 

antigen presentation than to primary antibacterial activity [133]. These observations do not 

rule out a primary pathogenic contribution of these loci to human disease, but the high 

frequency of these polymorphisms in healthy individuals must be kept in mind. They may 

therefore represent disease ‘modifiers’ that become relevant in the presence of causative 

‘triggers’. It may be that only a combination of such factors in an individual leads to disease, 

but the presence of these trigger components is likely to be of primary importance.

STAT3 polymorphism has also been linked to the development of CD in humans [54]. In 

mice, STAT3 deletion has been targeted to affect myeloid cells exclusively (as completely 

STAT3-deficient mice were non-viable). Impaired neutrophil influx to bacterial stimuli, 

defective bacterial clearance and spontaneous ‘Th1-type’ granulomatous chronic intestinal 

inflammation mediated by Toll-like receptor- and IL-12-dependent responses have all been 

described in these animals [134–137]. This is in keeping with the hypothesis that innate 

immunodeficiency can generate chronic inflammation in the absence of primary T-cell 

defects.

Furthermore, neutrophil depletion or blockade of their adhesion by monoclonal antibodies 

has been examined in experimental colitis [138]. Chemically-induced and transfer colitis 

models were exacerbated by both of these interventions, again suggesting that neutrophils 

are required to prevent the transition to a chronic phase of inflammation.

Taking into account the negative animal studies, it must be concluded that the strongly-

associated polymorphisms identified by GWAS are neither necessary nor sufficient for the 

development of CD. An alternative hypothesis suggests that they may represent 

compensatory mechanisms for a primary innate immunodeficiency, the causes of which 

have yet to be fully elucidated.

Expert commentary & five-year view

The last few years have seen an explosion of interest in the genetics and immunopathology 

of CD. Prevailing theories advocating a central role for T-cell dysfunction in the 

pathogenesis of CD have been challenged, with renewed focus on a primary defect of innate 

immune function. Novel studies have reorientated our understanding of the pathogenesis of 

CD, adding considerable credence to the concept of primary macrophage-mediated innate 

immune dysfunction. The next 5 years will hopefully extend this work by addressing 

missing heritability and elucidating the molecular mechanisms underlying innate 

immunodeficiency. It may be that improved or augmented genetic screening tools will be 

able to detect risk alleles of lower frequency than those currently described [116], and 

further study of epistasis (gene–gene interactions [139,140]) may be key to understanding 
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the pathogenesis of complex phenotypes. There is potentially a wealth of knowledge 

contained within the known IBD loci [121], and fine mapping of the genes within these 

regions will identify novel genetic influences. Pharmacogenomics may play an increasing 

role, and has been introduced by advances in the understanding of thiopurine metabolism 

[141]. Awareness of genetic influences such as MDR1 polymorphisms [142] may help tailor 

therapy to individuals.

It is difficult to ascertain, however, whether the wealth of current genetic knowledge 

generated by GWAS will lead to the development of novel therapies [143], given the 

apparent disparate nature of the risk alleles identified and their relatively small contribution 

in real terms to pathogenesis in individuals. Functional phenotypic, rather than genetic, 

information may become more important in this regard. Our own studies have demonstrated 

a common phenotype of deficient cytokine secretion by macrophages in CD that can be 

linked mechanistically to pathogenesis and is not apparent in disease controls, particularly 

patients with UC [13]. This phenotype appears to be determined by genetic influences that 

are likely to fall well below the threshold of standard population genetic screens, but are 

clearly demonstrated by analysis of gene expression in specific cell types. In this 

circumstance, identification of individuals with a cellular phenotype may be more useful in 

determining what therapy they ultimately receive, as well as potentially highlighting missing 

heritability genes. Familial linkage studies may also achieve this goal.

Since the macrophage defects we described are not apparent in UC, and the underlying gene 

expression profiles appear distinct, this approach could also add to the armamentarium of 

diagnostic tools used to differentiate the two inflammatory bowel diseases. This type of 

gene-chip approach has met with some success [144,145], but the identification of novel 

genetic markers in specific cell types would strengthen the power of these diagnostic tools.

The recognition of immunodeficiency in CD has important implications for its clinical 

management. Suppression of chronic inflammation at the expense of innate immune 

function might predispose patients to relapse (even if therapy is continued) and potentially 

convert a sporadic disorder into a chronic relapsing–remitting condition. Providing a low 

level of immunostimulation in patients with quiescent disease may help to maintain 

remission and prevent intercurrent flares. The randomized trial of granulocyte macrophage 

colony-stimulating factor in active disease was affected by a high placebo response rate, but 

the treatment did appear efficacious [146]. If used in remission or in the post-operative 

setting to prevent lesions developing, these therapies may be more effective [147]. The 

identification of novel therapeutic targets may also improve results.

Concepts regarding current therapy, particularly for maintenance of remission in CD, may 

require re-evaluation. Defining the precise underlying molecular defects remains a 

significant challenge given patient heterogeneity, but should offer novel diagnostic tools and 

therapeutic targets in the future.
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Key issues

• A dysregulated T-cell-mediated response to intestinal bacteria is thought to 

underlie the development of Crohn’s disease (CD), but no intrinsic T-cell 

defects have been demonstrated.

• Inherited neutrophil disorders lead to non-infectious, granulomatous intestinal 

inflammation in the absence of T-cell defects and are characterized by a failure 

to clear invading microbes.

• Neutrophil influx to, and clearance of, a bacterial stimulus is defective in CD.

• Challenge with small numbers of bacteria (below the number likely to be 

encountered in the GI tract) results in normal responses in patients with CD.

• Increased intestinal permeability facilitates the entry of larger numbers of 

microbes into the bowel wall, overwhelming the weak acute inflammatory 

response in CD.

• Deficient secretion of proinflammatory cytokines by macrophages underlies the 

defect in neutrophil influx.

• The level of expression of genes involved in vesicle trafficking in macrophages 

appears to be responsible for the defect in cytokine secretion and distinguishes 

patients with CD from those with ulcerative colitis.

• A mouse model of impaired neutrophil and macrophage function (STAT3) leads 

to spontaneous granulomatous enterocolitis characterised by a Th1- and IL-12-

predominant response.

• Lifestyle factors known to influence CD have defined effects on barrier and 

innate immune (particularly macrophage) function in the intestine.

• Genome-wide association studies highlight the role of innate immune 

dysfunction.
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Figure 1. Three-stage hypothesis for the development of Crohn’s disease
In a healthy individual (resistant to the development of Crohn’s disease (CD); right-hand 

side of the image), bacterial entry/invasion occurring despite the action of antimicrobial 

peptides and maintenance of tight-junction (TJ) stability elicits an acute inflammatory 

response. Stimulated macrophages secrete TNF-α (and other proinflammatory cytokines) to 

facilitate neutrophil influx and bacterial clearance – promoting resolution of inflammation. 

In a patient susceptible to CD (left-hand side of the image), bacteria may invade as a 

consequence of a failure of barrier function or an intrinsic capability of the microorganisms 

themselves (A). Macrophages encountering these bacteria produce less proinflammatory 

cytokines and neutrophil influx is impaired (B). Bacterial persistence and chronic 

macrophage activation result in granulomatous chronic inflammation (C). Known disease-

associated polymorphisms are shown in italics with the relevant cell type.

AIEC: Adherent-invasive Escherichia coli; TLR: Toll-like receptor.

Redrawn with permission from original artwork by Bu’Hussain Hayee.
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Figure 2. Relationship between the acute inflammatory response and disease development
The acute inflammatory response is considered to follow a normal distribution across a 

population. As the lower end of the spectrum is approached, individuals are increasingly 

likely to develop CD. At the lowest extreme, patients with inherited diseases of immune 

function are also predisposed to systemic microbial infection.

CD: Crohn’s disease.
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