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Abstract Crohn’s disease is a chronic inflammatory disor-
der primarily affecting the gastrointestinal tract. Its clinical
manifestations arise from a substantial infiltration of the
intestinal mucosa by activated leukocytes and the down-
stream consequences of chronic inflammation. The under-
lying cause driving this immunological reaction remains
poorly understood. A number of hypotheses have been
proposed, most of which postulate a primary over-
activation of the immune response, based on the patholog-
ical appearances of active Crohn’s lesions. Interestingly,
none of these theories have been mechanistically proven. It
is possible that the immunological events responsible for
disease initiation are quite different from those contributing
to its persistence and propagation. A substantial body of
data has emerged in recent years to suggest that the primary
defect in Crohn’s disease is actually one of relative
immunodeficiency. This review considers the evidence for
such a phenomenon in contrast to alternative prevailing
hypotheses and attempts to address some of the potential
paradoxes that it generates.
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Introduction

The underlying cause of the chronic intestinal inflamma-

tion that characterizes Crohn’s disease remains heavily
contested. While early theories focussed on potential
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infective etiologies, over the past three decades emphasis
has shifted onto abnormalities of T cell function [1, 2]. A
number of differences from healthy individuals have been
described, but none proven to arise as primary phenom-
ena. In marked contrast, in the 1970s, it was proposed that
Crohn’s disease resulted instead from a weak acute
inflammatory response [3]. This view has been bolstered
recently by novel immunological and clinical studies that
have confirmed gross aberrations in this early response
[4], consistent with subsequent genetic studies that
highlighted molecules important for innate immune func-
tion [5]. The suggestion therefore is that Crohn’s patho-
genesis actually results from partial immunodeficiency, a
theory that coincides with the frequent recognition of a
virtually identical, non-infectious inflammatory bowel
disease arising in patients with congenital monogenic
disorders impairing phagocyte function [6]. The mecha-
nisms responsible for these abnormalities in Crohn’s
disease are still being elucidated, but have substantial
repercussions for its therapeutic management and broader
implications for understanding the pathogenesis of other
chronic inflammatory disorders.

Theories of disease pathogenesis

What is undisputed is that there is a clear requirement for
the intestinal luminal contents for the development of
Crohn’s lesions. This is elegantly demonstrated by a series
of clinical experiments in patients with active colonic
disease in whom the fecal stream was diverted by creation
of a proximal ileostomy. This led to rapid resolution of
inflammation [7, 8]. Reintroduction of the bowel luminal
contents, either by surgical re-anastomosis or experimen-
tally infusing ileostomy effluent, provoked relapse of
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disease activity. Whether the stimulus to inflammation is an
abnormal constituent of the fecal stream (possibly microbi-
al) or an aberrant immune reaction to the normal bowel
contents remains strongly contested.

Infectious etiology

The first formal case series of the syndrome now
recognized as Crohn’s disease was published in 1916
by T. Kennedy Dalziel [9]. It contained a clear clinico-
pathological description of the disorder and likened these
appearances to those of mycobacterial infection of the
gastrointestinal tract. A particular parallel was drawn to
Johne’s disease, a granulomatous ileitis in cattle caused by
Mpycobacterium paratuberculosis (MAP). There was
therefore considerable excitement in the 1980s, when
spheroplasts were isolated from Crohn’s tissues, which in
long-term culture developed Ziehl-Neelsen-positive cell
walls and contained a MAP genome [10]. A number of
studies using genetic and serological methodologies
subsequently demonstrated that MAP was more prevalent
in Crohn’s patients [11].

Although a strong candidate, there are several pitfalls
with the mycobacterial theory of pathogenesis [12].
Firstly, despite the superficial similarities to Johne’s
disease, there are a number of epidemiological, clinical,
and pathological differences (Table 1) [13]. Secondly,

rates of detection of MAP in Crohn’s disease are highly
variable, ranging from 0% to 100%, often with similar
frequencies in healthy individuals [11]. Finally, a primary
role for mycobacteria appears inconsistent with the effects
of newer pharmacological agents. Inhibitors of tumor
necrosis factor (TNF)-« are highly efficacious at suppress-
ing inflammation in Crohn’s patients, yet well-established
to increase susceptibility to other mycobacteria [1].
Furthermore, a double-blind randomized controlled trial
of anti-mycobacterial chemotherapy in Crohn’s disease
failed to provide any evidence of sustained benefit or cure
[14]. While the latter has been criticized, mostly in terms
of the doses of antibiotics employed and its failure to
obtain microbiological confirmation of MAP elimination,
it contributes to a growing body of evidence that primary
infection with this organism does not represent the root
cause of disease.

Numerous other microbiological agents have been advo-
cated over the years as causative of Crohn’s disease (Table 2).
It is interesting that no obvious shared characteristics bind
these together as a cohesive group. One that has attracted
considerable interest recently is adherent-invasive Escher-
ichia coli [15]. This organism was also first isolated from
Crohn’s tissues and its candidacy advanced by observations
of its effects in vitro. It is capable of invading both
enterocytes and mononuclear phagocytes through the endo-
cytic pathway, from which it subsequently escapes to exert a

Table 1 Comparison of the clinicopathological features of Johne’s disease and Crohn’s disease

Johne’s disease

Crohn’s discase

Epidemiology
Organisms infected Ruminants Human
Geographical distribution Global Westernized countries
Intraspecies transmission Yes No
Clinical features
Intestinal involvement Ileocaecal Global
Extraintestinal manifestations Rare 25%
Predominant extraintestinal sites Hepatic Skin, eyes, joints
Pathology
Continuity of inflammation Continuous Skip lesions
Ulceration Minor Common
Stenosis Rare Yes
Fibrosis No Yes
Fistulation No Yes
Histologic extent Mucosa only Transmural
Non-caseating granulomata Yes Yes
Visible acid-fast bacilli 100% 0%
Response to therapeutic agents
Effect of anti-mycobacterial chemotherapy Induces remission Ineffective

Effect of TNF-« blockade

Not known, but exacerbates human mycobacterial diseases

Induces remission
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Table 2 Microorganisms that

Illustrative references

have been proposed to play Organism
aetiological roles in Crohn’s
disease Bacteria

Gram positive
Streptococcus sp
Listeria monocytogenes
Clostridium sp

Gram negative
Escherichia coli
Yersinia enterocolitica
Helicobacter sp
Bacteroides fragilis
Pseudomonas sp
Chlamydia trachomatis
Coxiella burnetti
Klebsiella pneumoniae

Mycobacteria
Mycobacterium

paratuberculosis
Mycobacterium kansasii

Atypical
Mycoplasma pneumoniae
L-forms

Viruses

Paramyxomavirus
Measles

Herpersvirus
Epstein-Barr
Cytomegalovirus

Yeasts
Candida albicans

Saccharomyces cerevisiae

Liu et al. (1995) Gastroenterology 108(5):1396—1404
Liu et al. (1995) Gastroenterology 108(5):1396-1404
Bolton (1980) Lancet 1(8165):383-384
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Puspok et al. (1999) Am J Gastroenterol 94(11):3239-3244
Prindiville et al. (2000) Emerg Infect Dis 6(2):171-174

Wei et al. (2002) Infect Immum 70(12):6567-6576

Schuller et al. (1979) Lancet 1(8106):19-20
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Tiwana (2001) Rheumatology 40(1):15-23
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Belsheim et al. (1983) Gastroenterology 85(2):364-369
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Main et al. (1988) BMJ 297(6656):1105-1106

number of effects potentially relevant to Crohn’s pathogen-
esis. These include the release of pro-inflammatory cytokines
(including TNF-« and interleukin (IL)-8) and inducing
macrophage differentiation into multinucleated giant cells
that then aggregate into structures reminiscent of developing
granulomata [16—18].

In general, the evidence for any one organism as the
primary etiology of Crohn’s disease is limited to individual
small studies that report its isolation or detection at greater
frequencies in Crohn’s patients than healthy controls [19].
In no case has Koch’s postulates been fulfilled. Many
proponents of microbial hypotheses are now examining a
different concept, that of dysbiosis [20]. This purports that
subtle variations in the proportions of the normal bowel
flora constituents disturb the homeostatic balance between
pro-inflammatory and anti-inflammatory mechanisms.
While the bowel bacterial contents do differ between
patients and healthy individuals, it remains unknown as to
what degree this is of primary pathogenic relevance and

how much is secondary to a disease characterized by
chronic diarrhea and long-term treatment with antibiotics
and immunosuppressants.

Increased intestinal permeability

The normal intestinal mucosa constitutes a physical
barrier, preventing the luminal contents from gaining
access to the tissues of the bowel wall. A number of
studies have demonstrated that the permeability of this
layer is elevated in both Crohn’s patients and their first
degree relatives [21, 22], potentially caused by disruption
of intercellular tight junctions [23]. Alterations in the
overlying mucus barrier are also implicated both by
association of polymorphisms in mucin genes with
Crohn’s disease [5, 24] and abnormal expression [25]
and post-translational modification [26, 27] of their
encoded proteins. A consequent reduction in mucosal
integrity could predispose to increased exposure of the

Mo,
< Humana Press



Clinic Rev Allerg Immunol

mucosal immune system to the bowel contents, stressing
its capacity to degrade and remove exogenous material.

Excessive adaptive immune response

The prevailing dogma, however, is that Crohn’s disease
arises from an overly exuberant adaptive immune reaction.
This is predominantly based on the observation that
established lesions are replete with activated lymphocytes
of a Thl phenotype [1] and that current efficacious
treatment largely consists of general immunosuppressants
or more specific TNF-« antagonists such as infliximab
[2].

Nonetheless, the initiating events behind this chronic
inflammation remain unresolved. The evidence that Crohn’s
disease is an autoimmune disorder is not strong and it
certainly fails to meet standard criteria for classification as
such [19]. Although autoreactive T cells and antibodies
have been reported, their pathogenic relevance is not
proven. There is no animal model that accurately recapit-
ulates all the clinical and pathological features of the human
diseases, including those employing adoptive transfer
techniques, nor is there strong association to any HLA
haplotype. This contrasts markedly to the repertoire of
incontrovertibly established autoimmune disorders such as
type 1 diabetes mellitus, myasthenia gravis, and Hashimo-
to’s thyroiditis. It is therefore possible that all the abnor-
malities taken as evidence of a hyper-inflammatory etiology
are secondary to a different underlying pathogenic process.

Genetic susceptibility to Crohn’s disease

A hereditary component to Crohn’s disease has long been
recognized, with early epidemiological studies demonstrat-
ing approximately 50% disease concordance in monozy-
gotic twins and familial clustering in up to 20% of patients
[1]. It is also clear, however, that it is not transmitted in a
simple Mendelian fashion and that a complex polygenic
inheritance defines a susceptible genetic background upon
which environmental factors exert influence.
Genome-wide linkage analyses in the 1990s revealed a
number of chromosomal susceptibility loci, the strongest of
which was /IBD1 on 16q [28]. Progressive refinement of the
region by single nucleotide polymorphism (SNP) mapping
identified polymorphisms in the CARDIS5 gene, encoding
the NOD2 protein, as the responsible variants [29, 30].
These results have been extended, such that up to 32 loci
have now been characterized as predisposing to Crohn’s
disease (Table 3) [5]. The major and consistent theme to
have emerged from these analyses is the central importance
of the early innate immune response to bacteria, with
distinct genes participating in functionally similar cellular
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Table 3 Genes with polymorphisms known to predispose to Crohn’s
disease and their putative functions (after Barrett et al. [5])

Gene Putative functions

Odds ratio <4

NOD2 Pathogen recognition
IL23R IL-12/IL-23 pathway
Odds ratio <1.5
ATGI6L1 Autophagy
IRGM Autophagy
LRRK2 Autophagy, cell signaling
ILI2B IL-12/IL-23 pathway
JAK?2 JAK-STAT pathway
STAT3 JAK-STAT pathway
TNFSF15 TNF superfamily
MSTI Macrophage stimulation, promotes apoptosis
NKX2-3 Transcription factor, leukocyte migration
CCR6 Chemokine receptor
MUCI9 Mucin
ITLNI Stabilizes intestinal antimicrobial peptides
PTGER4 Tumor suppressor
PTPN2 Cell signaling
PTPN22 Cell signaling
ORMDL3 Protein folding in endoplasmic reticulum
ICOSLG T cell co-stimulation
ZNF365 Not known
CDKALI Not known
Cllorf30 Not known

Many of these relate to innate immune function. Genes that were not
convincingly verified following Bonferroni correction are omitted

processes such as pathogen recognition, the IL-12/IL-23
axis and autophagy.

CARDI5

In 2001, two groups simultaneously discovered three SNPs
in CARDI5 that were associated with Crohn’s disease,
thereby delineating the first definitive susceptibility gene
[29, 30]. In Caucasian populations, approximately 30% of
Crohn’s patients carry one of these variants on a single
allele compared to 15% of healthy individuals. In contrast,
approximately 15% of Crohn’s patients are homozygous or
compound heterozygous for these variants, as opposed to
less than 1% of healthy controls. A meta-analysis of 39
studies of European cohorts described odds ratios of 2.4 for
simple heterozygosity and 17.1 with carriage of two
polymorphisms [5]. These variants appear to predispose
specifically to disease involving the small bowel [31].

The encoded protein, NOD2, is constitutively expressed
by mononuclear phagocytes, neutrophils, and intestinal
epithelial and Paneth cells [32-34]. It has a cytoplasmic
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localization, where it is thought to function as a sensor of
muramyl dipeptide, the minimal bioactive motif of pepti-
doglycan, an important constituent of bacterial cell walls
[35, 36]. Its recognition by the normal protein triggers
activation of NF-kB and induction of pro-inflammatory
cytokines, a function that is abrogated in the presence of
disease-associated polymorphisms [37, 38].

IL-23R/IL-12B

Strong association between protective variants in the gene
for the IL-23 receptor and Crohn’s disease have been
reported by several independent groups [5, 39—41]. This is
a key cytokine involved in crosstalk between the innate and
adaptive immune systems, released from mononuclear
phagocytes and polarizing T lymphocytes towards the
Th17 phenotype [42]. It is further bolstered by reports of
susceptibility polymorphisms in the IL-/2B gene [5], which
encodes the p40 subunit shared by IL-12 and IL-23. The
mechanism of predisposition to Crohn’s disease remains
unclear, but may relate to orchestration of initial inflamma-
tory responses following exposure to bacteria.

Autophagy

A major recent advance is the identification of an important
role for autophagy in Crohn’s disease, related to poly-
morphisms in three genes: ATGI6LI, IRGM, and LRRK?2
[5, 39]. Autophagy is a fundamental biological process of
cytoplasmic homeostasis, by which cells recycle redundant
organelles [43]. It is essential for the clearance of long-lived
proteins and serves a complementary function to that of the
ubiquitin-proteasome system (that principally degrades
short-lived proteins). Perhaps more importantly for Crohn’s
disease, it is also now understood to play a key role in the
defense against intracellular microorganisms, targeting
bacteria that enter the cytoplasm either by direct invasion
or escape from endocytic or phagocytic vesicles. While the
precise mechanisms have yet to be resolved, both function-
al knockdown and the Crohn’s-associated variant of
ATGI16L1 abrogate autophagy of the intracellular pathogen
Salmonella typhimurium and post-translational processing
of antimicrobial digestive enzymes in model systems [39,
44]. Similarly, knockdown of IRGM in mice or human
macrophages impairs their ability to eliminate the intracel-
lular pathogens Toxoplasma gondii, Listeria monocyto-
genes, and Mycobacterium tuberculosis [45].

OCTN/DLGS

Polymorphisms in two further genes have been identified as
potentially associated with Crohn’s disease: OCTN and
DLGS5 [46]. These were reported as underlying susceptibil-

ity at the /BD5 locus on chromosome 5q31. This remains
slightly contentious, given the large number of genes within
the region and its proximity to a cytokine gene cluster with
which there might be linkage disequilibrium [47]. None-
theless, if the associations are genuine, they might be
mechanistically important in terms of their effects on
intestinal epithelial permeability. OCTN polymorphisms
alter transcription and the carnitine transport function of
the OCT1 and OCT2 transporters [48], while those in
DLG)5 impair its ability to maintain epithelial polarity [49].
Mutations in either could lead to disrupted mucosal barrier
function, thus increasing exposure of the underlying
immune system to luminal bacterial products and other
antigenic material.

Missing heritability

Although exciting and providing several clues as to
mechanisms of pathogenesis, there is a caveat to these
genetic studies. The polymorphisms are very common in
the healthy population, their penetrance limited and effect
sizes at any one locus extremely limited. Even for
CARDI5, the gene with the strongest association and
largest effect size, examining absolute rather than relative
risks, it can be calculated that for every simple heterozy-
gous Crohn’s patient there are approximately 500 healthy
individuals with the same genotype. Likewise, for every
compound heterozygous or homozygous patient, there are
approximately 25 healthy individuals with no evidence of
bowel inflammation, emphasizing that the variants are
neither sufficient nor necessary for the development of
Crohn’s disease [4]. Additionally, these variants, and those
in ATGI6L1, appear to predispose only to ileal inflamma-
tion and not colonic disease. Taken together, all 32 genes
identified to date account for less than 20% of the genetic
risk [5], leading to the concept of missing heritability [50].

In marked contrast, profound phenotypic abnormalities
can be consistently identified in Crohn’s patients in vivo
and in vitro when the immune system is functionally
stressed.

Immunodeficiency

Despite the prevailing theories that Crohn’s disease results
from a primary hyper-inflammatory state, we postulated the
novel hypothesis that the underlying defect might be one of
an impaired acute inflammatory response. The first indica-
tion that this could be the case derived from the observation
of frequent granuloma formation in these patients. Al-
though most reports suggest that these develop in only
50%, this may be an underestimate related to sampling
error. In routine clinical practice, usually fewer than 12
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intestinal biopsies are taken for analysis. In contrast, post-
mortem studies in which the entire bowel has been step-
sectioned revealed granulomata in all patients [51]. These
structures occur in numerous other disorders. In all of the
latter for which the etiology is known, for example
tuberculosis or berylliosis, they form in response to the
failure of the immune system to remove exogenous material
from the body [52]. This suggested a defect in the clearance
of antigenic material from the bowel wall in Crohn’s
disease, either due to the presence of some unique
indigestible material or from a failure of the cellular
phagocytic response [3].

Crohn’s-like disease in primary immunodeficiencies

This concept is consistent with the very similar, non-
infectious bowel inflammation that arises in the context of
primary disorders of phagocyte function (Table 4). These
comprise a collection of congenital immunodeficiencies in
which well-defined genetic mutations are inherited in a
Mendelian fashion, resulting in gross attenuation or
abrogation of the ability of neutrophils to not only kill
microbes but also degrade phagocytosed material [6]. The
latter is due to suboptimal biochemical conditions such as
pH within the phagocytic vacuole that impede digestive
enzyme activation and function [53]. The prototypic
disorder is chronic granulomatous disease (CGD), in which
mutations in the NADPH oxidase complex render cells
unable to mount a respiratory burst [54]. Approximately
half of these patients develop inflammatory bowel disease
in the absence of a clear microbial infection. While this
gastrointestinal inflammation has been previously anecdot-
ally likened to Crohn’s disease, we recently evaluated its
clinical and pathological features and found that all those
with intestinal involvement met the best established
diagnostic criteria for the latter [55]. Interestingly, only
50% of these patients were documented to have granulo-

mata on routine intestinal biopsy, reminiscent of the figures
quoted for idiopathic Crohn’s disease. Similar findings in
the Chediak—Higashi [56] and Hermansky—Pudlak [57]
syndromes, caused by abnormalities in the cytoskeleton
leading to aberrant phagosome and vesicle trafficking, are
also reminiscent of the recent links between Crohn’s
disease and defects in autophagy.

In contrast therefore to the genetic loci identified in
population-based association studies, mutations in NADPH
oxidase predispose to Crohn’s-like enteritis with much
stronger penetrance. Despite the magnitude of these effects,
however, they would not be identified by screening an
unselected population because of their rarity, occurring in
approximately only one in 250,000 live births.

Defective acute inflammation in Crohn’s disease

Based on these observations, we first investigated the innate
inflammatory response in Crohn’s disease in the 1970s. A
major abnormality was described, whereby these patients
failed to recruit neutrophils to the sites of new acute
inflammatory responses induced by trauma, in this case
skin windows created by dermal abrasion of the forearm
[3]. The cells displayed normal chemotaxis in vitro [58] and
therefore an abnormality of the inflammatory environment
was postulated. Other neutrophil functions, including the
respiratory burst, were subsequently investigated. Although
some contradictory results were published, these were
largely found to be normal.

The hypothesis propounded at the time was that in all
individuals, through everyday minor damage to the gastro-
intestinal mucosal lining, the luminal contents including
bacteria might gain access to the tissues of the bowel wall.
In order to prevent the accumulation and collateral spread
of likely infectious material, a physiological acute inflam-
matory response would be required with recruitment of
phagocytes to remove and degrade debris. Should this

Table 4 Congenital disorders of

phagocyte function associated Disorder

Mechanism

with Crohn’s-like inflammatory
bowel disease (after Rahman et
al. [6])

Diminished neutrophil numbers
Congenital neutropaenia
Cyclical neutropaenia
Autoimmune neutropaenia

Impaired phagocyte migration

Leukocyte adhesion deficiency-1

Impaired respiratory burst

Chronic granulomatous disease

Glycogen storage disease-1b

Completely arrested myelopoeisis
Transiently arrested myelopoeisis
Anti-neutrophil antibodies

Integrin deficiency abrogating endothelial transmigration

Absent or attenuated NADPH oxidase enzyme
Lack of substrate

Impaired delivery of digestive enzymes

Chediak-Higashi syndrome
Hermansky-Pudlak syndrome

Aberrant vesicle trafficking

Aberrant vesicle trafficking
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process prove inefficient or ineffective, neutrophil-based
phagocytosis would be overwhelmed, leading to persistence
of potentially noxious agents. As a compensatory mecha-
nism, these would instead be surrounded and engulfed by
macrophages, cells with high phagocytic but much less
digestive capacity than neutrophils, with granuloma forma-
tion as a protective response. These leukocytes, however,
would then be chronically activated, acting as a source of pro-
inflammatory cytokines driving a secondary, chronic immune
reaction as seen in active disease.

Although attracting considerable early interest, the immu-
nodeficiency hypothesis was subsequently dropped, followed
by the ascendancy of theories focusing on T cell dysfunction.
This was largely due to reports that defective neutrophil
recruitment could be explained by a circulating inhibitor of
chemotaxis [59]. These observations derived from ex vivo
experiments in which neutrophil migration was measured
following incubation with serum from healthy individuals, or
patients with Crohn’s disease or ulcerative colitis. The latter
is a clinically and pathogenetically distinct type of chronic
inflammatory bowel disease [60], often used as a disease
control. In this model, serum from Crohn’s patients was
shown to decrease stimulated neutrophil chemotaxis, which
was suggested to account for the abnormalities previously
demonstrated in vivo. This, however, overlooked two
inconsistencies. Firstly, the same effect was demonstrated
with serum from ulcerative colitis patients, although neutro-
phil recruitment to skin windows was normal in these
subjects. Secondly, the magnitude of the inhibition correlated
strongly with disease activity, whereas the in vivo defects
were present in patients with quiescent Crohn’s disease.

We recently revisited this concept in a new series of
experiments, which confirmed diminished neutrophil re-
cruitment into skin windows and blisters [38, 61]. By
developing a novel serial biopsy technique, the phenome-
non was also shown to extend to epithelial injuries to the
small and large bowel, the primary sites of involvement of
Crohn’s disease. It was possible to demonstrate that
impaired chemotaxis correlated with decreased secretion
of pro-inflammatory cytokines, including IL-1[3, IL-8, and
TNF-«, with the likely site of the lesion at the level of
resident tissue macrophages (Fig. 1). These experiments
were also important as they were performed in patients with
the disease in question rather than animal models, none of
which accurately reproduce the clinicopathological features
of the human disease [62]. The findings were also
consistent with subsequent genetic studies that highlighted
genes likely to affect innate immune function, phagocyte
biology, and cytokine production.

The phenomenon was explored in depth using skin
windows, a crude but highly informative model that allowed
us to witness the progression of a newly induced acute
inflammatory response [38]. We found that neutrophil

accumulation was grossly impaired in all Crohn’s patients,
regardless of their clinical phenotype or CARDI15 genotype.
It could, however, be corrected in all patients by topical
application of exogenous recombinant IL-8, confirming that
Crohn’s neutrophils will migrate in the presence of an
appropriate stimulus. In subsequent studies, we treated skin
windows with MDP, the NOD2 ligand, which augmented
chemokine production and neutrophil numbers in CARDIS5
wild-type patients but not those carrying two disease-
associated polymorphisms. This indicated that the failure of
acute inflammation was a generic problem in Crohn’s disease
not attributable to any single genetic lesion. Systems such as
NOD2 can normally augment the inflammatory response
when presented with their ligand, including MDP in the
small bowel [63] and possibly Toll-like receptor agonists in
the large bowel [64]. They can therefore be considered as
compensatory mechanisms in the face of suboptimal initial
responses to epithelial damage [4, 38]. We postulate that it is
the combination of a weak generic reaction to mucosal
breach together with a failure of secondary protective
mechanisms that predisposes to Crohn’s disease.

The physiological relevance of this impaired acute
inflammation was subsequently evaluated by determining
responses to the introduction of gut bacteria (in the form of
heat-killed E. coli) into the subcutaneous tissues of the
forearm [38]. Local inflammatory responses were quanti-
fied by measuring changes in blood flow at inoculation
sites using laser Doppler. In healthy individuals, massive
increases were seen following injection, maximum within
24 h and returning to baseline by 48 h. The responses were
considerably dampened in Crohn’s patients, with a more
profound defect in patients with colonic than ileal disease.
These were very different again from the reaction seen in
ulcerative colitis, in whom initiation of acute inflammation
was normal but resolution delayed [65]. Interestingly,
serum IL-6 and acute phase reactants C-reactive protein
(CRP) and serum amyloid A (SAA) were also measured
during these experiments, and found to be highest in
colonic patients at 48 h following injection, an immuno-
logical pattern strikingly reminiscent of that seen in
established active Crohn’s disease. IL-6 is predominantly
produced by macrophages and signals to the liver to secrete
CRP and SAA [66]. These increased concentrations likely
reflect defective neutrophil recruitment leading to a greater
involvement of macrophages in phagocytosing bacteria.
They also definitively illustrate the concept that weak local
acute inflammatory reactions can engender a systemic pro-
inflammatory state.

Environmental influences

The immunodeficiency hypothesis is consistent with the
role of environmental influences known to modify suscep-
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Susceptible to
Crohn's disease

Resistant to
Crohn's disease

Macrophage

Vessel

Fig. 1 Schematic representation of the proposed mechanisms in-
volved in the pathogenesis of Crohn’s disease. Damage to the mucosa
allows penetration of gut contents including bacteria (brown ovals)
into the bowel wall. The outcome depends upon the subsequent
inflammatory response. A vigorous response leads to the secretion of
high levels of IL-8 and TNF-« attracting large numbers of neutrophils,
which phagocytose and digest the bacteria and foreign material. A
weak inflammatory response predisposes to Crohn’s lesions because

tibility to Crohn’s disease. The most strongly established is
cigarette smoking, which imparts a fivefold increased risk
of developing disease and a stormier clinical course [67].
Although classically thought of as pro-inflammatory based
on its irritant effects to the lungs and bronchial mucosa, the
systemic effects of cigarette smoking are predominantly
immunosuppressive [68]. Furthermore, immunological
responses in the intestinal mucosa have been studied in
smokers, who are less able to generate pro-inflammatory
cytokines including IL-8 compared to non-smoking
matched controls [69].

Crohn’s disease is also a condition that becomes more
prevalent with improved standards of sanitation [70]. It
remains rare in the tropics and its incidence rose dramat-
ically towards the end of the last century, theoretically
accounted for by the hygiene hypothesis [71]. The latter
proposes that exposure to infection early in life establishes
immunological tolerance and protects against subsequent
development of autoimmune diseases. It is equally possible,
however, that in regions where intestinal infection and
infestation remains endemic, the immune system of the
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the foreign material is taken up by macrophages to form granulomata
and foci of chronic inflammation. A naturally weak response can be
boosted in the small bowel by MDP signaling through the CARD15
pathway of macrophages to induce them to produce IL-8. In the large
bowel a similar role might be performed by Toll-like receptor-4
(TLR4). The predisposition to Crohn’s disease is greatly increased by
a combination of a low innate inflammatory response coupled to
failure of one of the compensatory mechanisms

hils

bowel is constantly primed [72]. In this state, it would be
able to mount more vigorous acute inflammatory reactions
whenever the mucosal barrier is breached. Such a mecha-
nism might explain the reported efficacy of helminth
therapy in Crohn’s patients [73].

Challenges to the immunodeficiency hypothesis

Despite the above observations, the immunodeficiency
hypothesis has been contested based upon apparent contra-
dictions with clinical experience. The two seeming paradoxes
relate to the absence of an obvious phenotype of recurrent
infections and the efficacy of immunosuppressive medica-
tions. These criticisms can, however, be addressed and are not
mutually exclusive with the proposed mechanism.

Predisposition to infection

If Crohn’s patients possess defective innate immune
responses, why do they not manifest susceptibility to severe
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or recurrent infections? The latter is certainly true of the
congenital neutrophil disorders, such as CGD, in which
patients present with frequent bacterial and fungal disease
[54]. The issue is complicated by the fact that the
abnormality in Crohn’s disease is partial, whereas CGD
patients typically have a completely abrogated respiratory
burst. Furthermore, there are a number of confounding
influences, including but not limited to the long-term use of
immunosuppressive medications, coexistent malnutrition,
and a more frequent requirement for surgery.

Whether Crohn’s patients should be more predisposed to
infection is not itself clear. These individuals are able to
recruit a proportion of neutrophils to sites of acute tissue
insult and once present these appear able to kill bacteria and
fungi effectively. Furthermore, even patients with the far
more severe phenotype of CGD may go many years
without significant intercurrent infection and are not
infrequently only diagnosed with immunodeficiency in
adolescence or later life [55]. The bacterial contents of the
normal human bowel reach as high as 10'? organisms/gram
of fecal material [74] and will effectively be presented to
the mucosal immune system in a large bolus. In contrast,
most exogenous infections such as those sporadically
affecting the respiratory tract will arise from relatively
small inoculates of inhaled bacteria. It is probable that there
is a threshold beyond which the innate immune response
becomes overwhelmed. In Crohn’s patients, this may be
sufficient to enable them to suppress most infections, but
inadequate when confronted by the enormous microbial
load in the bowel. This would also explain why a defect
that is evident systemically leads to disease primarily
affecting the gastrointestinal tract.

Nonetheless, there is some evidence that Crohn’s
patients may be more prone to developing infections. A
number of studies suggest that gastroenteritis has a higher
prevalence in this group [75] and that they incur more post-
operative infections than control subjects [76, 77]. There
are also indications that this predisposition is not site-
specific, with greater incidences of urinary tract infection
[78] and all-cause infective mortality [79, 80].

Why are immunosuppressants and TNF-« inhibitors
clinically effective?

Should the underlying problem in Crohn’s disease be one of
an immunodeficiency, why is active disease associated with
high serum and mucosal concentrations of pro-inflammatory
cytokines such as TNF-«? Furthermore, why are immuno-
suppressant medications that antagonize these mediators
effective in controlling disease?

Under the immunodeficiency hypothesis, disease patho-
genesis occurs in two phases [4]. The primary abnormality
is an initial failure of acute inflammation when bacteria or

other organic debris penetrate the bowel mucosal lining. In
healthy individuals, this would lead to an immediate and
potent release of cytokines, resulting in removal of
offending material. Counter-regulatory mechanisms would
then come into play to terminate the inflammatory response
in a timely fashion [81]. Should this process prove
ineffective, bacteria persisting in the mucosa will be
phagocytosed instead by macrophages, forming granulo-
mata and heralding the second phase of pathogenesis. As
these structures consist of activated leukocytes in direct
contact with bacterial products, it is not surprising that
some pro-inflammatory cytokines, including TNF-«,
should be released.

When drawing inferences about the levels of TNF-« in
active Crohn’s disease, it is important to recognize that the
appropriate comparison is not healthy or non-inflamed
mucosa. Instead, it is intestinal mucosa of otherwise healthy
individuals in which granuloma formation has been
induced, for example in gastrointestinal tuberculosis. This
control has not yet been properly analyzed.

In fact, it is not entirely clear that raised a TNF-a
concentration is the critical factor in Crohn’s disease.
Interest started to focus on this cytokine predominantly
after the successful use of infliximab for ameliorating
bowel inflammation [82]. This largely followed from its
translation for suppression of chronic inflammation in
rheumatoid arthritis rather than hypotheses postulating a
primary role of TNF-« in Crohn’s disease itself. Although
concentrations of the cytokine do appear raised in active
disease [83—-86], this is mostly based on detection of
mRNA transcripts rather than active protein. The mecha-
nism of action of infliximab in Crohn’s disease is also not
clear cut. TNF-oc antagonists can be broadly divided into
neutralizing antibodies (infliximab and adalimumab) and
recombinant receptors (such as etanercept). Both classes
have similar TNF-o blocking activity and are equally
clinically efficacious in rheumatoid arthritis. In contrast in
Crohn’s disease, recombinant receptors were ineffective in
clinical trials [87]. The proposition is that the benefits of
infliximab and adalimumab come not from direct binding
of TNF-« but cross-linking of membrane-bound forms and
induction of leukocyte apoptosis [88].

Animal models provide additional support for differing
roles of TNF-« in early and established mucosal injury.
Contrary to expectations, mice deficient in the cytokine are
actually more susceptible to bowel inflammation in the
dextran sodium sulfate (DSS) model of colitis, manifesting
more florid mucosal injury and higher mortality [89].
Conversely, TNF-« inhibition is effective for ameliorating
established DSS colitis. There are also now a number of
case reports of patients developing Crohn’s disease follow-
ing the administration of TNF-x antagonists for the
treatment of other chronic inflammatory diseases [90, 91].
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Furthermore, despite their undoubted ability to ameliorate
established inflammatory reactions, immunosuppressants
are far less potent in maintaining disease remission, with
effects no greater than use of an elemental diet [92]. We
therefore propose that pro-inflammatory cytokines are
crucial in the acute inflammatory response to effect rapid
clearance of exogenous material penetrating the bowel wall
and that the efficacy of immunosuppressants and biological
agents targeting these cytokines is limited to compensation
in the secondary maladaptive phase.

Summary

Prevailing theories advocating a central role for T cell
dysfunction in the pathogenesis of Crohn’s disease have
been challenged in recent years, with renewed focus on a
primary deficiency of innate immune function. The confir-
mation of substantial defects in acute inflammation in these
patients, followed by the identification of multiple genetic
variants associated with disease susceptibility, has high-
lighted a central role for abnormalities in phagocyte
function. Our hypothesis puts forward a mechanism that
not only explains the clinical and pathological appearances
of Crohn’s lesions, but can also encompass many of the
observations that led to previous suggestions regarding
microbial agents, heightened mucosal permeability, and T
cell dysfunction as etiological factors. Thus it is not
infection with any specific pathogen that gives rise to
Crohn’s disease, but the presence of sufficient numbers of
viable microbes to overwhelm the initial inflammatory
response and provoke a chronic granulomatous reaction
with secondary T lymphocyte activation. The wealth of
microbiological data reporting higher frequencies of various
bacteria in Crohn’s patients could equally result from a
generic failure of bacterial clearance instead of elevated
infection rates, with their increased detection as a marker of
the underlying disease process rather than the primary
pathogenic event. Disruption of the gut epithelial and
mucus barrier will contribute by increasing the numbers
of bacteria gaining access to the underlying tissues, and
environmental influences can act synergistically with
inherited factors to further attenuate acute inflammatory
responses.

The principal criticisms leveled at the immune insuffi-
ciency theory are the lack of an obvious susceptibility to
infection and therapeutic efficacy of immunosuppressive
medications. Neither of these apparent paradoxes, however,
is mutually exclusive with the failure of acute inflammation
described in Crohn’s disease.

The case for an immunodeficiency origin for Crohn’s
disease is being constantly strengthened, with profound
implications for the clinical management of this disorder.
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Whereas current therapy directed at suppressing inflam-
mation is effective in the proposed secondary phase of
disease, it may in fact exacerbate the underlying abnor-
mality and potentially convert a sporadic disorder into a
chronic relapsing-remitting condition. It may be that
providing a low level of immune stimulation in patients
with quiescent disease may help maintain remission and
prevent intercurrent flares.
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