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Abstract

In addition to their well-known role in acute injury and chronic inflammation “innate” cytokines
play an important role in health and the maintenance of normal immune homeostasis. This group
includes the prototypic cytokines IL-1 and TNF as well as several other members belonging to the
IL-1 and TNF family, such as IL-18, 1L-33, 1L-36-38, and TL1A. The dichotomous role of these
cytokines has been best characterized in the intestine where innate cytokines may play both a
protective and a pro-inflammatory role, depending upon the immmunological status of the host or
the type and phase of the inflammatory process. This new information has produced novel
pathogenetic hypotheses that have important translational implications both in regard to the
prevention and treatment of chronic intestinal inflammation, including Crohn’s disease and
ulcerative colitis, the two major forms of inflammatory bowel disease. This review will discuss
and summarize current data regarding the role of IL-1, TNFa, and their family members in
regulating gut mucosal homeostasis and chronic intestinal inflammation.
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1. Introduction

There is increasing evidence that “innate” cytokines, such as IL-1, TNFa, and others, play
an important role in health and the maintenance of homeostasis, in addition to their well-
characterized role in acute injury and chronic inflammatory diseases [1]. The gastrointestinal
system represents one of the best examples of cytokine-targeted organs in which these
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mechanisms take place [2]. In fact, cytokines, such as TNF that clearly contribute to the
pathogenesis of inflammatory bowel disease (IBD), such as Crohn’s disease (CD) and
ulcerative colitis (UC), have been shown to also play important roles in regulating epithelial
barrier function and gut homeostasis [3, 4]. These important functions are now being
reported for other cytokines, including the relatively newer cytokines IL-18, TL1A, IL-33
and others, and new insights have been described based on recent and very important
accomplishments at both the experimental and clinical levels. Firstly, several animal models
of acute and chronic intestinal inflammation have been developed that have allowed for the
understanding of the specific role of cytokines in experimental IBD [5, 6]. Secondly, an
abundance of whole-genome wide scans have identified associations between cytokine gene
polymorphisms and increased susceptibility for developing CD and/or UC [7, 8]. In turn,
these associations have been followed by functional studies of the translated proteins
encoded by the candidate genes. These studies not only reveal potential pathogenetic
mechanisms of chronic gut inflammation, but allow for a retrospective view on cytokine-
dependent cellular and molecular pathways that predominate in the healthy mucosa. Herein,
we will review some of the important cytokine-mediated mechanisms that have recently
been shown to participate in mucosal homeostasis and chronic intestinal inflammation.

2. Homeostasis and inflammation at the intestinal mucosa

The luminal surface of the small and large intestine is a unique environment whereby an
enormous population of bacteria exists in close proximity to the richest immunological
structure of the human body. In practical terms, this translates to the interplay of 1012
microorganisms per gm of feces with 106 immune cells per gm of enteric tissue (considering
the lymphocyte count only). From an evolutionary perspective, this interaction represents a
well-developed mutual relationship [9]: on one hand, intestinal microorganisms take
advantage of a nutrient-rich environment that facilitates their survival; on the other hand, the
host also benefits as microbiota participate in the digestion and metabolism of intraluminal
nutrients, compete against 4 pathogenic bacteria, and contribute to the shaping of the
structural and functional integrity of the intestine, in particular of the gut-associated
lymphoid tissue (GALT) [10, 11].

However, from a pathophysiological standpoint, the close proximity between bacteria (and
their products) and the dense immunological network of intestinal mucosa risks certain
consequences. Unrestricted encounter of immunocytes with microbial products can easily
lead to excessive activation of the former, and the generation of effector molecules with
deleterious effects for the integrity of the intestinal mucosa. For such an undesired outcome
to be avoided, the intestinal mucosa is equipped with multiple preventive mechanisms that
are organized into distinct, but also overlapping, defense barriers [12]. At a primary level,
intraluminal microorganisms are physically separated from the immunologically-rich lamina
propria by a well-formed mechanical barrier. This consists of the single layer of epithelial
cells, the complex structure of interconnecting cell-cell contacts, as well as the thick mucus
layer that covers the luminal mucosal surface. This physical separation is complemented by
the presence of an antimicrobial barrier that mainly includes natural antimicrobial peptides
and IgA. Examples of the former, which are concentrated within the mucus layer, include
the a-defensins that are secreted by Paneth cells and the B-defensins and cathelicidins that
are produced by intestinal epithelial cells [13, 14]. IgA is secreted by plasma cells under the
instructive signals of resident, bacteria-sampling dendritic cells, and transcytosed across the
epithelium [15]. Finally, cytokines, such as TNFa and IL-1p, play a critical role in
recognizing and destroying intestinal pathogens through activation of intestinal innate
immune responses. The combined effect of these factors is further prevention of bacterial-
epithelial contact and the maintenance of normal gut homeostasis.
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Nevertheless, even in the presence of such defensive mechanisms, intraluminal bacteria and
their products are constantly presented at the lamina propria. This may occur in a passive
manner through temporary breaches in the epithelial integrity, but can also take place
actively via sampling of intraluminal constituents by dendritic cells. Excessive reactivity
against these bacteria-derived factors is avoided through the existence of an additional
mucosal checkpoint; that is the immunological barrier [16]. The latter initially depends upon
the function of the innate immune system. In particular, lamina propria phagocytes are
responsible for the rapid and effective elimination of any intruding pathogenic commensal
microorganisms, without generating substantial inflammatory reactions that may be harmful
for the mucosa. Concomitantly, adaptive immunological responses against bacterial antigens
are initiated, which lead to the selection of CD4 lymphocytes with regulatory/anti-
inflammatory properties. The adequate function of all three mucosal barriers is the
prerequisite for the proper symbiosis between commensal bacteria and GALT.

In addition to maintaining a healthy relationship with the microbiota, the intestinal mucosa
should also be capable of handling any invasion by pathogenic microorganisms. On such
occasions, abundant, intact bacteria and their products reach the lamina propria. This evokes
an immediate and potent immunological response that eliminates the offensive infectious
agent through an acute inflammatory reaction, leading to a temporary structural and
functional compromise. Nonetheless, this is a self-contained reaction as it is followed by a
rapid and complete mucosal recovery. The latter is accomplished through gradual
elimination of effector immunocytes via apoptosis, combined with full architectural
restitution of the epithelial barrier, under the influence of epithelial-derived healing factors.
Therefore, a healthy intestinal mucosa is characterized by a state of non-reactivity against
commensal flora, along with the ability of effective immunity against pathogenic intruders.
This dual functionality determines the concept of intestinal homeostasis.

The critical importance of maintaining this mucosal balance is highlighted when anatomical
and/or functional deficiencies exist, and when this established balance is lost. The most
profound example of such failure in maintaining mucosal homeostatic mechanisms is during
the development of chronic intestinal inflammation, such as that observed in IBD [17]. Until
very recently, the pathogenesis of IBD has been primarily attributed to hyper-reactivity of
the adaptive arm of the immune response. This notion most probably originated from the
abundance of lymphocytes in the inflammatory infiltrate of the lamina propria, commonly
observed upon histological examination of diseased bowel segments. However, such an
approach may miss the early events that take place during the initiation of inflammation and
that may substantially differ from late disease. Nonetheless, the focus on adaptive immunity
was soon followed by an effort to explain the pathogenesis of IBD via a simplified
immunological model, proposing diversification of effector immune responses based on the
prevalence of specific cytokine profiles. In particular, a pure Thl adaptive response was
supposed to mediate CD, whereas Th2 pathways primarily contributed to the pathogenesis
of UC.

Recent converging lines of evidence have, however, strongly questioned the validity of this
pathogenic model in explaining “adaptive immunity” in IBD [18]. These data include
genetic associations identified through whole-genome wide scans for IBD-specific
polymorphisms, studies in animal models of experimental intestinal inflammation and
finally, information regarding the use of novel therapeutic agents, most importantly, single-
molecule neutralizing medications. From such studies, it has become evident that the
original adaptive immunity-focused hypothesis does not sufficiently explain the
immunobiology of IBD. Consequently, a substantial shift has occurred in regards to our
understanding of the etiopathogenesis of both UC and CD, and the level(s) at which loss of
homeostatic control takes place during chronic intestinal inflammation [19]. The major
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components of this developing new dogma for IBD pathogenesis are: a) the pivotal
importance of innate immunity for the control of commensal flora and the lack of
appropriate responsiveness towards bacterial signals as the definitive point of loss of
tolerance; b) the discrimination between the immunological pathways that mediate the
initiation of inflammation at the mucosa, and those that maintain and perpetuate tissue
injury; and, c) the existence of overlapping and redundant effector mediators of chronic
intestinal inflammation, which do not adequately fit into the Th1/CD vs. Th2/UC paradigm.
Instead, it is now evident that a complex mucosal network of immune mediators exists,
among which cytokines display the most prominent role [20].

3. Genetic associations

The number of susceptibility loci for IBD that have been identified through genome wide
association studies was almost 100 by the end of 2011 [7]. A detailed review of current
developments in this field is beyond the scope of the present article and can be found
elsewhere [21, 22]. It is, however, worth mentioning that it was from these genetic
associations that the central role of innate immunity and defective clearance of bacteria (in
particular intracellular) originally emerged. Indeed, among several potential pathways, the
strongest genetic associations point to intracellular bacterial sensing and autophagy as the
main candidates in the pathogenesis of IBD.

Polymorphisms in the card15/nod2 gene have been constantly associated with increased risk
for developing CD. This gene encodes for a protein that acts as a intracellular “pattern
recognition receptor” for muramyl dipeptide (MDP), a constituent of the bacterial wall
component petidoglycans [23]. CD-linked card15/nod2 mutations result in defective MDP-
induced signaling, which may lead to intestinal inflammation through either decreased
secretion of antimicrobial peptides by Paneth cells, or by loss of regulatory control over pro-
inflammatory pathways [16]. On the other hand, autophagy refers to an intracellular process
that involves the lysosomal degradation of ingested bacteria, but also self-digestion of
organelles [24]. Polymorphisms in atg16/1 and jirgmtwo genes that are critically involved in
autophagy pathways, have been genetically linked to IBD [25]. Once again, Paneth cells
appear to be major cellular targets for defective function of the ATG16L1 protein, as
described in both patients with CD carrying the respective mutations and in mice rendered
defective in atg16/1 expression. The end result is loss of antimicrobial peptide secretion by
Paneth cells, as well as generation of pro-inflammatory responses [26].

Although the functional implications of defective CARD15- or ATG16L1-dependent
mechanisms in CD have not yet been revealed, a recent study reported that these two
intracellular pathways are interrelated [27]. Briefly, investigators showed that NOD2
stimulation is capable of initiating the autophagy process in dendritic cells. For effective
intracellular digestion and bacterial clearance to be achieved, both intact NOD2 and
ATG16L1 functions are required. In contrast, when CD-linked polymorphisms are present in
either gene, autophagy in response to MDP is compromised, eventually resulting in reduced
bacterial elimination. These defects affect adaptive immune responses as they compromise
antigen presentation and lymphocyte priming.

Finally, a third pathway relating to the cellular sensing of external stimuli, including
bacterial factors, has been identified that appears to be defective in a subset of IBD patients.
This is the unfolded protein response (UPR)/endoplasmic reticulum (ER) stress pathway
[28]. The association with IBD was established through the presence of genetic variants of
the transcription factor XBP1 in patients with either CD or UC. XBP1 is a critical
component of the ER, and when defective, leads to dysfunction of intestinal epithelial cells,
including the subset of Paneth cells. In addition, hyper-reactivity to bacterial products, such
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as flagellin, has been reported in mice with deletion of the xbpZ gene, leading to pro-
inflammatory responses and enteritis [28].

Taken together, it is clear that the development of either CD or UC cannot be explained by
single-gene mutations. On the other hand, it should be noted that the majority of described
genetic associations fall into few distinct pathophysiological categories, thereby pointing to
a limited number of inherent defects. The most profound of these abnormalities definitely
relate to the function of the innate immune system and effective recognition, intracellular
manipulation, and elimination of bacterial factors. Loss of these regulatory mechanisms may
lead to unrelenting chronic intestinal inflammation.

4. Innate cytokines as the critical determinants of mucosal homeostatic or
inflammatory pathways

Several recent studies in animal models of acute intestinal injury, repair, and chronic
inflammation have provided very important insights into the role of cytokine-driven
pathways in mucosal immunity. What is intriguingly interesting about intestinal homeostasis
and inflammation is that similar cellular elements and soluble mediators mediate both
processes, with several cytokines exerting dichotomous roles, depending upon the specific
setting. Indeed, innate cytokines such as TNFa, IL-1p, TL1A/DR3, IL-18, and signaling
molecules such as NF-B and MyD88, have long been associated with pro-inflammatory
properties. Therefore, it is of no surprise that the aforementioned proteins have been
established as targets of anti-inflammatory strategies in clinical and experimental IBD.
Nevertheless, what has been increasingly evident in recent years is that the same proteins are
necessary for the maintenance of mucosal homeostasis by effectively handling microbiota,
as well as by protecting and restoring the integrity of the epithelial barrier.

Studies on the role of IL-1 in the pathogenesis of formalin-immune complex colitis in
rabbits provided original insight into the bi-directional effects of an innate cytokine. In this
model, IL-1 displayed pro-inflammatory properties, as its neutralization by either
endogenous or exogenous administration of IL-1Ra resulted in significant amelioration of
the severity of colitis [29-31]. Nevertheless, administration of recombinant IL-1f had a
similar beneficial effect, indicating that IL-1p is necessary for mucosal protection and
maintenance of homeostasis [32]. Protection by IL-1p was only achieved with
administration of a low dose, and only when given 24h, but not 30min, before induction of
colitis. Such protective effects of pro-inflammatory innate cytokines have also been shown
in other disease models, such as arthritis [33] and sepsis [34]. Similarly, in the DSS-colitis
model, neutralization of IL-1 activity during the acute-disease phase was associated with
exacerbated severity of inflammation and delayed recovery from injury [35]. No effect was
observed during the chronic stage of colitis. Taken together, these temporal and dose-related
effects demonstrate the complexity of immunological pathways at the intestinal mucosa and
may explain why human studies with recombinant proteins or neutralizing antibodies often
fail to show clinical benefit.

TNFa represents the prototypic pro-inflammatory innate cytokine for mucosal immunity
and was the first to be targeted by a clinically applicable neutralizing antibody. However, it
has been shown that TNF may also exert anti-inflammatory properties depending on the
clinical scenario and the cellular target [36]. This may be of particular relevance in regard to
mucosal homeostasis or inflammation. DSS-induced colitis is an established murine model
of acute injury and repair at the intestinal mucosa. Two separate studies have clearly shown
that in the absence of endogenous TNFa., or after its neutralization with monoclonal
antibodies, the severity of acute colitis substantially worsens [35, 37]. Likewise, when DSS
was administered in RAG KO mice that also lacked the expression of TNFR1, high
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mortality and impaired epithelial regeneration was observed in comparison to RAG KO with
intact TNFR1 [38]. Mucosal responses were restored and mortality reversed upon
transplantation of RAG KO-derived bone marrow cells (which express TNFR1). Similar
results were also reported for the trinitrobenzene sulfonic acid (TNBS) colitis model.
Deletion of TNFR1 resulted in more severe disease, as indicated by increased weight loss,
hypothermia, and increased mortality compared to wild-type C57BI/6 mice [39]. Finally,
similar protective effects of TNFa signaling were also seen in sepsis that takes place after
cecal ligation and puncture, although in this model, protective mechanisms were dependent
upon intact TNFR2 expression [40]. Taken together, these studies clearly show that the role
of TNFa during the initiating phases of intestinal inflammation may be opposite to its
effects later on as chronicity is established. In the same line, it is of particular interest that in
one of the aforementioned studies, although neutralization of TNFa resulted in more severe
acute DSS colitis, it also ameliorated inflammation in the chronic model, i.e. after repeated
courses of DSS administration [35].

The mechanism(s) by which TNFa protects from intestinal inflammation after an acute
injury are not clear; several mechanisms, however, may be speculated upon. One
explanation may be that TNFa interferes with the apoptotic elimination of effector
immunocytes from the lamina propria. These cells are essential components of the
immunological barrier against both intruding pathogens, but also occasional invaders from
the microbiota. Nevertheless, extended survival of these populations would enrich the
mucosal milieu with pro-inflammatory factors, leading to continuous damage. Therefore, it
is extremely relevant that TNF has been shown to induce apoptosis of activated effector
cells [41,42], a property that may explain how this cytokine may ameliorate acute
inflammation. A second mechanism may involve the upregulation of endogenous
corticosteroids by TNFa. This was elegantly demonstrated by a recent study that reported
production of glucocorticosteroids with anti-inflammatory properties in the intestinal
mucosa during acute intestinal inflammation [43]. This production was not observed in the
absence of TNF and was restored after therapeutic administration of TNF. Once again, lack
of TNF resulted in exacerbation of DSS-colitis, whereas treatment with TNF ameliorated
intestinal inflammation induced by oxazolone [43]. A third possibility is that TNF exerts its
protective effect by maintaining the integrity of the epithelial barrier. This mechanism was
clearly demonstrated in a recent report on the effects of VSL#3, a mixture of six probiotic
strains, in the prevention of ileitis in SAMP1/YitFc mice. Inflammation in this strain is
triggered via a loss of epithelial integrity and disturbed permeability, which takes place at a
very early age and before inflammation is established [3, 44]. Early administration of
VSL#3 resulted in almost complete prevention of ileitis in this strain, subsequent to
restoration of gut permeability [46]. Very interestingly, these beneficial effects were
accompanied by a substantial induction of TNFa expression in intestinal epithelial cells.
The specificity of this finding was demonstrated by the abrogation of the beneficial effect of
VSL#3 by the administration of anti-TNF neutralizing antibodies [45]. Further studies from
our group, utilizing transepithelial electrical resistance (TEER) measurements of ex vivo-
cultured ilea, shed light on the molecular basis of the beneficial effect of TNF. This work
showed that pre-treatment of ilea from pre-inflamed SAMP mice with VVSL#3-conditioned
media or TNF decreased ileal paracellular permeability through modulation of tight junction
proteins. Addition of anti-TNF abrogated these effects. This outcome was not observed in
ilea from mice with fully established ileitis (Corridoni and Pizarro, submitted). These studies
provide direct evidence for the participation of TNFa in gut homeostasis. At the same time,
they also emphasize the complexity of the involved mechanisms, as they clearly demonstrate
that the pathways that mediate early vs. late ileitis are quite different, even if the same
molecules participate in the pathogenesis of both phases.
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The aforementioned studies also point out that the cellular origin of a specific cytokine may
be of critical importance. For example, epithelial-derived TNF may be protective for the
defense barrier and therefore may exert anti-inflammatory functions, whereas monocyte- or
lymphocyte-derived TNF may be pro-inflammatory at later stages of the disease process
[46]. Similarly, functional deletion of the transcription factor NF- B in epithelial cells leads
to loss of homeostasis and development of inflammation [46]. This is of particular
significance as NF- B is the master regulator of pro-inflammatory responses and upon its
absence, there is defective production of innate cytokines. This concept is further supported
by studies of the role the common TLR signaling adaptor protein, MyD88, plays in the
development of chronic intestinal inflammation. One study reported that mice transgenic for
an epithelial specific, dominant-negative mutant of MyD88 developed spontaneous small
intestinal inflammation associated with innate and adaptive cell infiltration and upregulation
of the corresponding cytokines (TNFa, IFNvy, IL-1B, and IL-17). Therefore, epithelial
MyD88-mediated pathways critically participate in mucosal immunoregulation [47].
Additional studies have directly shown that cellular compartmentalization of MyD88 is
critical for the fate of bacterial recognition in the gut towards homeostatic balance or the
inflammatory response [48]. By utilizing several animal models of IBD, investigators
demonstrated that epithelial MyD88 signaling was required for host survival, whereas
MyD88-dependent activation of myeloid cells was necessary for the development of chronic
intestinal inflammation. The effects of microbiota-driven MyD88 activation for the secretion
of innate cytokines and the impact on mucosal homeostasis were further elaborated in recent
studies by the Medzhitov Lab. They have shown that mice deficient in MyD88 suffered
from more severe colitis and substantial morbidity upon administration of DSS [49]. This
was associated with an inability to upregulate local expression of innate cytokines, including
TNFa and IL-1B, upon mucosal injury. This impairment continued throughout the repair
phase of colitis, further compromising mucosal integrity.

Other cytokines of the innate immune system have also been shown to contribute to
maintaining the balance between immunoregulation and inflammation. IL-6 may facilitate
mucosal healing after injury, as indicated by impaired colonic restitution in mice defective
in IL-6-mediated gp130 signaling [50]. IL-18 may also display dichotomous roles in acute
inflammatory events and in chronic inflammation, a diversity that may also be related to its
cellular source [51]. In particular, during the initiation phase of inflammation, 1L-18 derived
from intestinal epithelial cells may exert a protective role, facilitating tissue repair and
supporting homeostatic mechanisms. Supporting this notion is the fact that IL-18 or IL-18R
KO mice are more susceptible to acute DSS-colitis than their wild-type littermates [52]. This
protective effect is most probably mediated through an IL-11 dependent mechanism [51].
This epithelial-derived 1L-18 is also critical for the protection from DSS colitis conferred by
NLR-mediated signaling, as shown in studies in mice deficient in NLRP3 [53]. In contrast,
during chronic intestinal inflammation, production of 1L-18 shifts from epithelial cells to
lamina propria monocytes [54]. This cellular re-distribution may be responsible for the pro-
inflammatory role that IL-18 appears to play during chronic inflammatory responses in the
gut mucosa.

The TNF-like cytokine, TL1A and its functional receptor, DR3 are novel members of the
TNF/TNFR superfamily of proteins that have been recently identified as important
mediators of intestinal inflammation [55-59]. TL1A is expressed on cells of the innate
immune system, most prominently in dendritic cells [60]. TL1A expression on antigen-
presenting cells is induced by the FcyR signaling pathway [61]. In addition, various
bacterial-derived signals may also affect TL1A expression in either a stimulatory or
inhibitory fashion [62, 63]. In particular TLR1, 2, 4, and 9 exerted positive signals on TL1A
expression, whereas TLR7, and 8 inhibited TL1A production. This tight regulation of TL1A
activation in innate cells raises the possibility that, in addition to the established pro-
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inflammatory properties, TL1A/DR3 signaling may also participate in gut homeostasis.
Indeed, recent studies from our group and others have utilized knockout and transgenic
models to elucidate the dichotomous roles that TL1A and DR3 appear to play in mucosal
immunity. When DR3 KO mice were treated with DSS, they showed significantly more
severe colitis as compared with their wild-type littermates, indicated by greater weight loss
and fecal bleeding and higher mortality, in addition to more severe histological injury (F.
Cominelli, manuscript in preparation). Similar results were obtained when TL1A KO mice
were used. Therefore, it appears that during an acute mucosal injury (but also during the
recovery phase), intact TLLA/DR3 is beneficial for the maintenance of mucosal
homeostasis. In contrast, chronic upregulation of TL1A in dendritic cells or lymphocytes
may result in chronic intestinal inflammation, as recently demonstrated in TL1A Tg mice
[64-66].

An additional pathway that has been shown to play a major proinflammatory role in chronic
intestinal inflammation is the 1L-23/IL-17 pathway, most prominently in CD [67]. However,
IL-17A also appears to have protective effects since CD4+ cells deficient in IL-17A induced
a more serve colitis in the CD45RBhigh adoptive transfer model, once again indicating that
mechanisms of acute injury and repair are quite different from those of chronic
inflammation [68]. Moreover, IL-23 is a strong inducer of IL-22, derived from epithelial
cells. Interestingly, IL-22 administration ameliorated colitis severity in the DSS model and
also was beneficial in the T-cell receptor-a. KO mouse that develops colitis [69].

Finally, novel members of the IL-1 cytokine family are emerging as important regulators of
gut homeostasis and chronic intestinal inflammation. In 2010, four independent groups
reported the association of IL-33 (also known as IL-1F11), the 11th and newest identified
member of the IL-1 family, with IBD, specifically, UC [70-74]. IL-33 is known to potently
induce Th2 cytokine production and potentiate both Th1l and Th2 immune responses [75,
76], with more recent evidence also suggesting activation of Th17 immune responses in
animal models of rheumatoid arthritis (75, 77), as well as IBD [78]. Although its biological
effects suggest a pathogenic role, two studies published earlier this year report a protective
role for IL-33 in chemically-induced colitis models, implicating an IL-33-dependent switch
from a predominant Th1 to Th2 cytokine profile, as well as the promotion of Foxp3+ Treg
development [79, 80]. In addition, within the last year, other IL-1 family members,
including IL-36a., IL-36p, and IL-367y (previously designated IL-1F6, IL-1F8, and IL-1F9,
respectively), as well as their antagonist, IL-36Ra (IL-1F5), have been further characterized
and reports have been somewhat ambiguous as to whether 1L-36 has the ability to induce
either Th1l or Th2 immune responses, or both [81]. Interestingly, 1L-38 (IL-1F10) has
recently been shown to inhibit the Th17 cytokines, IL-17 and IL-22, from memory T cells
by binding to the IL-36R and thereby sharing similar biological effects to IL-36Ra [82].
Although the potential contributions of IL-36, IL-36Ra, and IL-38 in the pathogenesis of
IBD have not yet been reported, IL-37 (IL-1F7), another IL-1 family member, is emerging
as a potent anti-inflammatory cytokine with the ability to downregulate DSS-induced colitis
[83].

A careful interpretation of the aforementioned studies on the mucosal functions of innate
cytokines points to a common pattern of dual effect. During an acute insult, it appears that
the initial reaction of GALT is to augment local innate immune functions. This is most
likely induced by an influx of luminal antigens to the mucosa, which transiently shifts the
mucosal balance towards inflammation. At this point, intact innate immunity is necessary
for effectively eliminating the plethora of bacterial-driven and potentially harmful stimuli
and directing adaptive immune responses towards regulatory pathways, thus resetting the
mucosal immunostat into homeostatic function. It follows that any defects in innate cytokine
production or signaling will interfere with this healing and repair process and set the
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background for perpetual inflammation. The validity of this hypothesis is supported by the
exaggerated colitis after DSS administration when single or multiple innate cytokines
become faulty through genetic manipulation. After chronic inflammation is established,
innate cytokines are not only unable to perform their protecting roles, but most probably
contribute to mucosal damage, either via direct toxicity or indirectly by shaping the adaptive
arm of immunity towards pro-inflammatory, effector responses. This “paradoxical” and
dichotomous functionality of innate cytokines is most probably explained by the specifics of
each mucosal situation. Different cellular sources of cytokines and/or their receptors
(epithelial vs. monocytic), diversity in the mucosal immunological environment,
dissimilarities in antigenic loads and specificities, as well as temporal and spatial
associations, may be the decisive factors for the dominance of homeostasis or inflammation.
In line with this concept are converging lines of evidence that intestinal inflammation
develops through distinct immunological phases that substantially differ from each other in
terms of the dominant immunophenotype, including differential responses to treatment [84—
86].

5. Translational implications

The vast majority of studies proposing that innate immunity is central to mucosal
homeostasis and IBD pathogenesis were performed in animal models of inflammation, as
described in the previous section. Nevertheless, ample evidence has now accumulated to
support the hypothesis that defects in innate pathways is at the core of the pathogenesis of
CD, as well as UC. Similar to the experimental data, such mechanisms are particularly
relevant to events that occur in patients, during initiation of IBD.

Among the most compelling lines of evidence for a primary innate-immunodeficiency
occurring in IBD is the development of IBD-like enteric disease in a substantial proportion
of individuals with genetic disorders with neutrophil dysfunction. Intestinal inflammation
has been described in almost every syndrome; however, the most prominent associations are
with chronic granulomatous disease (CGD) [87, 88] and glycogen storage disease 1b [89—
90]. Patients with CGD suffer from a genetic defect in the NADPH oxidase enzyme, which
results in impaired phagocytic activity against microorganisms. The Gl tract is severely
affected in many patients with clinicopathological characteristics indistinguishable from
those of CD. In patients with CGD, high levels of circulating anti-microbial antibodies have
been detected [91]. This finding is consistent with the genetic defect in innate immunity
leading to weakened clearance of commensal bacteria and initiation of IBD-like
inflammation. Glycogen storage disease is associated with the development of intestinal
inflammation in up to 77% of patients [92]. Similarly to CGD, patients with glycogen
storage disease 1b and neutropenia demonstrate almost universal reactivity against bacterial
flagellin (anti-CBirl antibodies) [93]. More importantly, boosting innate immune responses
with granulocyte-colony stimulating factor (G-CSF) has been shown to induce remission of
IBD-like inflammation in these patients [94].

A recent study by Marks et al. has elegantly demonstrated that, similar to individuals with
genetic deficiencies in neutrophils, patients with CD may also carry a primary defect in
phagocytic function [95]. In this study, investigators inflicted an acute trauma to either the
rectum, ileum, or skin of healthy controls and patients with UC or CD and compared acute
inflammatory responses between the various groups by measuring parameters, such as the
immediate recruitment of neutrophils and local cytokine induction They showed that
patients with CD had significantly lower accumulation of neutrophils and suppressed pro-
inflammatory (IL-8 and IL-1) cytokine expression, 6h post-trauma. Cultured macrophages
from CD patients displayed diminished IL-8 secretion after stimulation with various
inflammatory stimuli. Finally, inoculation with £ coliinduced attenuated local responses in
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patients with CD. These findings strongly support the concept of impaired innate immunity
in CD, which renders patients unable to mount an effective inflammatory response to acute
injury. Interestingly, these responses were independent of the CARD15 polymorphism
status, indicating that patients with an intact genotype may still have defective NOD2
signaling. Further support of this hypothesis is derived from recent studies in SAMP1/YiitFc
mice with CD-like ileitis (but intact CARD15 genotype), that demonstrate defective MDP-
mediated responses, including innate cytokine secretion (D. Corridoni and F. Cominelli,
manuscript in preparation). Work by Smith et al. [96] further elucidated the potential
mechanism(s) of impaired acute inflammatory responses in patients with CD. The authors
focused on macrophages and showed that they secrete significantly lower quantities of pro-
inflammatory cytokines upon challenge with heat-killed £. colior TLR agonists. More
importantly, macrophages from CD patients displayed lower levels of intracellular TNFa
compared to healthy controls and patients with UC. Once again, these results point to
defective intracellular handling of bacterial components, which results in a failure to
eliminate them during an acute episode. In all, it may be possible that the critical
abnormality in a subset of CD patients is an inherent lack of response in innate immunity,
leading to a progressive accumulation of luminal-derived factors in the lamina propria. This
in turn results in the attraction of chronic inflammatory elements, including the formation of
granulomas. As mentioned earlier, focusing on this later stage of disease carries the risk of
missing the earlier pathogenetic events, which are quite diverse, but also gaining more
insight into unique therapeutic possibilities, such as haemopoietic growth factors with the
ability to enhance innate immunity and correct the aforementioned defects in phagocytosis,
which has shown some efficacy in clinical trials [97, 98].

Additional information on the role of innate immunity in gut homeostasis and inflammation
is derived from analysis of the effects of currently utilized anti-inflammatory treatment with
biological agents. The most commonly utilized agents neutralize TNFa and, in addition to
IBD, are currently used for the treatment of rheumatoid arthritis, ankylosing
spoldylarthropathy, and psoriasis. Although administration of these therapies target TNF-
mediated pro-inflammatory pathways, they also offer the unique opportunity to examine
how blocking this pivotal innate cytokine affects the homeostasis of tissues that are not
affected from the primary disorder. From this perspective, it is of significance that new-
onset of IBD has been reported in patients treated with anti-TNF agents for other conditions
[99, 100]. Although the specifics of this association need further elucidation, it may be
speculated that blockade of mucosal TNF-driven pathways are rendered defective during
treatment and may trigger new-onset IBD or reveal latent inflammation in the gut mucosa.
Such a scenario is also supported by the fact that reverse associations have also been
described, i.e. the development of skin or arthritic disease in patients receiving anti-TNF
therapy for gut disease [101, 102]. Similarly, “paradoxical” de novo development of IBD,
despite aggressive immunosuppression, has been reported in transplant patients [103, 104].
Taken together, these studies further emphasize the notion that, depending on the temporal
and spatial parameters, the same molecules may exert pro- or anti-inflammatory properties.
This may also be influenced by inter-individual variation and the specifics of each case. In
support of such diversity is the fact that only a minority of patients with IBD achieves full,
long term clinical remission upon treatment with anti-TNF treatment. In fact, in all clinical
trials, the group of non-responders includes individuals that actually worsen under anti-
inflammatory treatment. Elucidation of the pathogenetic mechanisms of this deterioration
will greatly contribute to our understanding on the fine-tuning of mucosal homeostasis and
its failure in IBD.
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6. Conclusions

Converging lines of evidence have accumulated in recent years to support the dichotomous
role of innate cytokines in gut homeostasis and chronic intestinal inflammation. This
concept has generated novel hypotheses for the pathogenesis of IBD. The “new dogma” for
IBD summarizes information obtained from genetic association studies, functional data from
animal models of inflammation, as well as clinical studies and observations. Some of the
basic constituents of this new hypothesis were described in the present manuscript. A major
breakthrough has been the substitution of the immune hyper-reactivity hypothesis with the
concept of a defective innate response. Consequently, CD is increasingly considered a state
of immunodeficiency of the innate arm of immunity, underlined by defective bacterial
recognition, autophagy and/or antigen presentation. As such, IBD may belong to a group of
disorders associated with bacterial processing, in which the far end of the spectrum is
represented by diseases such as CGD or glycogen storage disease 1b. A second advance is
the understanding that chronic intestinal inflammation develops through distinct phases.
Early disease refers to the initial events that take place when homeostatic mechanisms
initially fail and acute inflammatory responses cannot be resolved. In contrast, late disease
refers to the period when adaptive immunity has been irreversibly primed towards a specific
effector phenotype. During these separate stages of disease evolution, innate cytokines play
diverse, and oftentimes, dichotomous roles. In murine models of intestinal inflammation,
TNFa, IL-1pB, 1L-18 and TL1A/DR3 appear to be protective during acute inflammation, but
exert pure pro-inflammatory functions in later stages. Finally, the therapeutic implications of
the new concepts are obvious. While late disease will continue to be treated with anti-
inflammatory approaches, patients with early disease may benefit more from interventions
aimed boosting innate immune responses. Recent data on the mechanisms of probiotic
effects in murine ileitis substantiate the validity and applicability of this approach. In all,
translational research on these exciting novel pathways will eventually lead to novel,
targeted, and more effective, therapeutic options for patients with IBD.
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Figure 1.
Mechanisms of intestinal homeostasis. Protection against the enormous load of luminal

bacterial content is accomplished through the application of sequential mucosal checkpoints
(indicated with the red-cross circles). These checkpoints are organized into three distinct but
highly overlapping barriers. The mechanical barrier sustains the physical separation between
intraluminal microorganisms and the gut epithelial lining. The antimicrobial barrier consists
of nature peptides which act as physical antibiotics against those bacteria that achieve a
close contact to the epithelium. Finally, the immunological barrier handles the occasional
microbial intruders by efficient intracellular recognition and processing and by regulating
the presentation of intraluminal antigens in a manner that leads to the generation of anti-
inflammatory/regulatory responses. Both the innate and adaptive arms of immunity are
involved in the regulation of this mucosal “immunostat” function. Dashed lines enclose the
elements participating in each barrier and demonstrate the overlap between them. APC:
antigen-presenting cell.
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Figure?2.

Dichotomous effects of innate cytokines during homeostatic conditions and IBD. Lamina
propria bacterial load may increase either as part of the normal process of intraluminal
antigen sampling of commensal microorganisms or following a transient breach in barrier
function. The latter may occur as a result of pathogenic infection, external injury (i.e.
administration of drugs with intestinal toxicity) or concomitant systemic morbidity. Under
such conditions, cells of the innate immune system respond quickly to eliminate the
intruding microorganisms by phagocytosis. During this process a vast array of pro-
inflammatory cytokines is induced. The cell origins for these cytokines include both
monocytes involved in the phagocytosis of bacteria as well as the epithelial cells. These
molecules generate an acute inflammatory response which results in the elimination of
excessive numbers of bacteria. At the same time certain cytokines, such as TNFa, IL-18 and
I1L-33 facilitate the repair process, which re-establishes the integrity of the epithelial
monolayer. In contrast, during IBD one or more of the homeostatic mechanisms are
dysfunctional and several deficiencies may occur. The antimicrobial and epithelial barriers
may be inadequate to hold the commensal bacteria separated from the gut-associated
immune system of the lamina propria and/or the intracellular processing of bacteria may be
impaired and/or the secretion of pro-inflammatory factors may be dysregulated. These
points of failure are indicated in the above by the red asterisks. The end result of these
defects is the setting of the mucosal immunostat on “inflammation”, which results in the
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continuous release of pro-inflammatory factors. In this case, several of these factors are
secreted by activated lymphocytes and their different cellular origin may impact on their
function. For example IL-18 and TNF produced by lymphocytes demonstrate toxicity
against the epithelium, further deteriorating the integrity of the epithelial barrier.
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Table 1

Human studies supporting the role of a deficiency in innate immunity as the initiating event in Crohn’s

disease.

Genetic data

Functional data

Clinical data

= Most reliable genetic associations for CD have been established for genes involved in bacterial recognition and clearance at
the lamina propria by innate immune cells (card15, atg16/1)

= CD-related polymorphisms affect the secretion of natural antimicrobial peptides from Paneth cells

= Patients with CD demonstrate diminished acute inflammatory responses at the intestinal mucosa following acute trauma or
inoculation with £ colj, as indicated by suppressed neutrophil recruitment and defective local innate cytokine (I1L-8 and IL-1)
induction.

= Cultured macrophages from CD patients display diminished IL-8 secretion after stimulation with various inflammatory
stimuli.

= Patients with various genetically determined immunodeficiencies which affect the function of phagocytes develop typical
IBD-like intestinal inflammation.

= Patients with acquired immunodeficiencies (post-transplantation status, HIV) develop de novo IBD despite aggressive
immunosuppression.

= Therapeutic administration of granulocyte-colony stimulating factor (G-CSF) induces remission in a subgroup of patients
with CD.

= Patients treated with anti-TNF agents for non-IBD conditions may develop intestinal inflammation that resembles IBD.

= A significant portion of patients with CD do not respond to anti-TNF treatment.
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