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Abstract
Technological and conceptual advances in inflammatory bowel disease research have uncovered
new mechanisms that contribute to the pathogenesis of these disorders. It is becoming increasingly
clear that the microbiota of the gut and the response of intestinal cells to that microbiota can
initiate or contribute to intestinal inflammation. Evidence from genetic studies have identified
IBD-associated genes implicated in autophagy and innate sensing of microbes. These genes also
play key roles in the homeostasis of a cell type that stands at the interface of host-microbial
interaction – the Paneth cell. Here we discuss recent findings that underscore the importance of the
microbiome, Paneth cells and autophagy in inflammatory bowel disease.
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Introduction
Inflammatory bowel disease (IBD) constitutes the chronic intestinal disorders Crohn’s
disease (CD) and ulcerative colitis (UC). CD can affect any area of the gastrointestinal (GI)
tract and is characterised by “cobble-stone”/skipping with areas of ulceration that can be
surrounded by uninflamed tissue. CD is associated with secondary complications such as
fistulae and strictures and is microscopically identified by transmural inflammation,
thickened submucosa and fissuring ulceration. Conversely, UC affects only the colon in a
continuous manner and inflammation is limited to the mucosa and submucosa with cryptitis
and crypt abscesses. Both diseases share complex aetiology with genetic and environmental
factors conferring risk.

The current paradigm of IBD posits that initiation of the disease is due to underlying genetic
polymorphisms/alterations in immune response at the level of sensing commensal and
invading bacteria which is further exacerbated to disrupt signalling within the innate to
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adaptive immune bridge and the downstream cytokine effectors, leading to tissue damage
and loss of immune homeostasis 1. The intestine and its microbial load constitute a site of
complex interactions to maintain homeostasis between a variety of cell types, invading
pathogens and commensal bacteria. Here we discuss recent advances in three areas of
current research in IBD which have collectively increased our understanding of the
pathogenesis of IBD. Specifically, we discuss the increasingly recognized roles of the
Paneth cell, microbiome and autophagy in gut inflammation and IBD.

The microbiome
IBD is thought to be initiated by a loss of balance between the microbial community and the
host. Once this balance is shifted a dysbiosis in microbiome dynamics occurs that
contributes to IBD pathogenesis [1–3]. The importance of a well balanced gastrointestinal
microbiota is underlined by the findings in animals such as chickens, mice and rabbits that,
when raised in germ-free (GF) or sterile conditions, have underdeveloped GI associated
lymphoid tissue (GALT) and concomitant decreases in antibody profiles [2–5]. Specific GI
bacterial commensals, such as Bacteriodes, induce host anti-microbial proteins to facilitate
their own survival and resulting competitive fitness. For example, intestinal microbes induce
high levels of REGIIIg expression in Paneth cells providing protection against gram positive
pathogens and shaping the commensal microbiota [6, 7•]. In addition to the induction of
anti-microbials, the intestinal microbiota provides essential nutrients to intestinal epithelial
cells, alters host metabolism and induces epithelial cell responses that maintain the intestinal
barrier [8, 9]. These microbially induced changes in the intestinal barrier can directly and
indirectly alter the intestinal mucosal immune system [10–12].

It is clear that the intestinal microbiota drives the development and maintenance of the gut
mucosal immune system. GF mice possess fewer Peyer’s patches, a thinner lamina propria,
fewer plasma cells in germinal centres and fewer lymphoid follicles, and reduced gene
expression and T cell infiltrates. Thus, the intestinal immune system interacts with, and is
shaped by, exposure to the intestinal microbiota.

The intestinal microbiota is replete with non-self antigens and adjuvants capable of
activating inflammation and immune responses outside of the gut. How this detante between
microbes and the mucosal immune system is maintained is not clear, but changes in the
microbiota or loss of controlled immune responses to gut microbes may initiate or contribute
to IBD pathogenesis. Community shifts, including dramatic reductions in the relative
abundance of Firmicutes, a major phylum present in normal intestinal microbiota is
observed in IBD patients [13, 14]. This decrease in Firmicutes is matched by an increase in
relative abundance of proteobacteria. Also, Clostridial clusters IV and XIV exhibit relatively
lower abundance in patients with IBD compared to healthy controls [14, 15]. A reduction in
bacterial diversity can also be seen in inflamed regions compared to normal intestine within
the same patient. It must be noted that although shifts in microbial communities may be due
to an outgrowth of certain pathogenic bacteria but may, also, reflect an underlying genetic
susceptibility to disease driven by, otherwise, harmless commensals. An example of this is
in the dominant negative knock out (dnKO) mouse, which expresses a dominant negative,
TGFβ Receptor II and is IL10 deficient, such that common Bacteroides species can invoke
colitis [16••]. Such analyses of shifts in bacterial community structure and activity must be
performed with caution, twin studies have identified associated microbiotic shifts in CD
patients compared to control subjects but wide diversity exists even among twin controls
[17, 18••]. Such variance in microbe populations is highlighted by the lack of a so called
“normal” complement of bacteria within healthy controls.
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It is not clear whether changes in the microbiome cause, or occur in response to, intestinal
inflammation. However there is significant evidence that the microbiome can drive intestinal
inflammation [1]. In patients, intestinal diversion, and resultant reduction in lumenal flora
has been successful in amelioration of symptoms of CD.

Mouse models have provided strong evidence for the role of the microbiome in IBD. IL-10
knockout mice develop intestinal inflammation only in the presence of microbiota
whereasbut GF mice with the same genetic background do not develop spontaneous colitis
[19]. Transfer of GF IL-10 knockout mice to a conventional facility or gavage with intestinal
microbes initiates IBD in these mice, demonstrating a causal role for the microbiome in this
model. The microbiome may contribute to IBD either through modifying the intestinal
metabolic profile or by activating intestinal innate immune signaling. Substantial evidence
supports a role for innate immune signals, especially those driven by Toll-like receptors
(TLR) in the development of IBD [20]. IL-10 knockout mice lacking the TLR signaling
molecule Myd88 are protected against colitis, indicating that TLR or IL-1 receptor family
signals drive the colitis in this model [21]. However, mice lacking TLR5 develop severe
colitis when depleted of IL-10 which is abrogated by ablating IL-1R signaling [22]. TLR4
and TLR9 also protect against IBD in the IL10 knockout and DSS mouse models of IBD,
respectively [23, 24]. This is thought to be due to TLR induction of antimicrobial peptides
and immunoregulatory cytokines in the gut.

Thus the microbiome can contribute bacterial ligands that either drive colitis or protect from
inflammation. The complex role that the microbiota plays in IBD, exacerbating or
protective, may be a reflection of the initiating stimulus for inflammation and/or the
response of different intestinal cells to microbial ligands during inflammation. For example,
microbial signals and TLR responses are protective in the DSS model of IBD but drive
colitis in the IL-10 knockout mouse [21, 25]. This may be due to the fact that DSS colitis
induces death of intestinal epithelial cells, whereas the IL-10 knockout model is driven by
innate and adaptive immune cells. The microbiome may provide largely protective signals to
intestinal epithelial cells while inducing inflammatory responses in the mucosal immune
system. Mucosal inflammation can drive both pathogenic damaging effects in tissues, but
can also provide the stimulus for imunoregulatory responses such as the activation of TGFb
or regulatory T cell responses.

Since the etiology of IBD is not known, it is not currently possible to discern exactly which
alterations in the microbiome play a protective or deleterious role in IBD. Despite this, some
general concepts regarding the role of the microbiome in intestinal health can be posited, in
decreasing order or certainty. First, IBD is a rare disease. Yet everyone has a microbiome
with an ongoing immune response and a healthy GI tract. Therefore the microbiome must
elicit an ongoing immune response characteristic of a healthy GI tract. It should be noted
that the intestinal microbiome may play pivital roles in the pathogenesis of other
autoimmune diseases outside the GI tract. Second, the microbiome promotes intestinal
epithelial cell function and response to injury and therefore supports the protective functions
of the intestinal epithelium, which include maintenance of the intestinal barrier, production
of antimicrobial peptides and secretion of cytokines that reduce inflammation. Third, the
microbiome drives innate and adaptive inflammation in the intestinal mucosa but this
inflammation can be either deleterious or regulatory resulting in disease or health,
respectively. Fourth, genetic studies of IBD indicate that disease pathogenesis may involve
genes, including NOD2 and ATG16L1, that mediate responses to microbes, yet do not
discriminate between pathogens and our commensal microbiota. As regards the last point,
Paneth cells require NOD2 and ATG16L1 for their function and provide essential
antimicrobial defenses in the gut, placing them at the crossroads of the microbiome and IBD
genetics [26–28].
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The Paneth Cell
Paneth cells are specialised, secretory epithelial cells found at the base of the crypt of
Lieberkuhn in the small intestine. Ultrastructural studies of these cells reveal an extensive
golgi and endoplasmic reticulum indicative of robust secretory capabilities. These cells are
characterized by the presence of large granules high in anti-microbial protein content that
are emitted into the crypt lumen and disseminate throughout the mucus layer of the intestine
to prevent bacterial infection and moderate the host response to enteric commensals.
Included in these proteins are the alpha-defensins, a subfamily of the defensin anti-microbial
protein family and the most abundant anti-microbials of the intestine.

It is thought that secretion of these defence proteins occurs at a homeostatic level that can be
further induced upon stimulation from a variety of sources including: gram negative and
positive bacteria and cell wall components such as lipopolysaccharide and lipoteichoic acid.
Development and differentiation of Paneth cells occurs in a tightly controlled manner
mediated by WNT signalling (shown to be responsible for rapid turnover of intestinal
epithelia) through its activation of the transcription factor Tcf4 and upregulation of target
genes including SOX9, EPHB1 and EPHB3 [29–31]. In the context of IBD it has been
shown that CD patients have significantly lower levels of TCF4 expression, which not only
mediates differentiation, but also alpha-defensin production in Paneth cells [32].

Paneth cells express high levels of nucleotide-binding oligomerization domain-containing
protein 2 (NOD2) [33]. NOD1 and NOD2 are cytosolic microbe-associated molecular
pattern (MAMP) and danger-associated molecular pattern (DAMP) receptors that consist of
a C terminal leucine rich repeat (LRR), responsible for recognising ligand, a central NOD
domain, an N terminal signalling domain and one caspase activation and recruitment domain
(CARD) domain [34]. Both recognise muropeptides, NOD1; meso-diaminopimelic
(mesoDAP) from gram negative bacteria and NOD2; muramyl dipeptides (MDP) from all
bacteria. Expression of the receptors vary; NOD1 has ubiquitious expression, whereas
NOD2 is expressed only in leukocytes, dendritic cells and epithelial cells [34].
Polymorphisms have been uncovered that show association with IBD with polymorphisms
in NOD1 most strongly with UC and polymorphisms in NOD2 with CD [35–37]. Many of
these polymorphisms are located within the LRR domain and thus abrogate and/or attenuate
recognition of their cognate ligands, e.g. the 3020insC mutation of NOD2 has diminished
capacity for sensing MDP. The NOD CARD domain interacts with the CARD domain of
RIP2 to initiate MAPK and NFkB signalling [34, 38, 39]. Gram-negative bacteria induce
development of isolated lymphoid follicles (ILF) in the ileum and the colon via the NOD1
regulated proteins, CCL20 and alpha-defensin3 [40]. TLR2 and TLR4 can also contribute to
this pathway via TNFa expression in the lamina propria. NOD1 ligands can translocate to
the bone marrow to stimulate the receptor and induce neturophilic activation for enhanced
bacterial killing, NOD1 KO neutrophils show reductions in such killing [41••, 42]. In terms
of bacterial sensing and tolerance NOD1 deficient mice exhibit increased infection to
Helicobacter species, while NOD2 show increased oral infection by Listeria [43, 44]. Thus
NOD proteins are one component of the body’s immune defenses against bacteria and
mutations in the genes that encode these proteins are associated with IBD. This implies that
the pathogenesis of IBD involves altered ability to respond to commensal or pathogenic
bacteria in the gut. Paneth cells are at the front line of these defenses and are now,
appropriately the subject of intense research in IBD.

In Paneth cells, NOD2 is required for production of antimicrobial peptides, loss of which
results in increased bacterial burden and inflammation. NOD2 deletions or polymorphisms
in NOD2 that reduce its function confer risk for CD [36, 37]. Mice deficient in NOD2
expression show altered microbial colonization, susceptibility to Listeria monocytogenes
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infection and reduced levels of alpha-defensin secretion [44]. The 1007fs SNP associated
also with CD has also been shown to result in decreased production of antimicrobial
peptides [27]. NOD2 deficiency or polymoprhisms in NOD2 also result in increased
interleukin-1 production which may directly or indirectly alter Paneth cell function [45]. In
addition, NOD2 deficiency in mice results in abnormal development and functioning of
Peyer’s patches (PPs) that does not occur immediately but rather results in larger PPs and
increased numbers of M and CD4+ve T cells, contributing to an overall increase in levels of
TNFa, IFNy, IL12 and IL4, inducing a pro-inflammatory Th1 state [46]. Thus NOD2
mutations may reduce the capacity of the mucosal immune system to control intestinal
microbes while concurrently decreasing Paneth cell function and production of antimicrobial
peptides, further leading to dysbiosis and intestinal inflammation.

Additional polymorphisms in CD-associated genes have been shown to distort Paneth cell
function, implicating this specialised cell further in the pathogenesis of IBD, specifically of
the ATG16L1 core autophagy protein (discussed below) [28]. Mice hypomorphic for
ATG16L1 have altered Paneth cell gene expression and morphology, most notably an
absence of the characteristic granules containing anti-microbial peptides [28]. This distinct
morphology was also observed in CD patients carrying the ATG16L1 CD-associated
polymorphism [28]. Thus genetic variants associated with IBD may confer risk by reducing
the function of intestinal Paneth cells and leading to altered host-microbial interaction and
loss of gut homeostasis.

The specialized secretory functions of Paneth cells draw attention to another pathway that
has mechanistic and causal link to IBD; the UPR (unfolded protein response) induced by
endoplasmic reticulum (ER) stress. ER stress is characteristically induced by accumulation
of misfolded protein due to genetic abnormalities or environmental stress [47]. As a result,
cells that rely on secretion for effective functioning, such as Paneth cells, are particularly
dependent on a functioning UPR. The UPR is regulated by three pathways, the best
characterised of which is the IRE1/XBP1 branch [47]. Activation of IRE1 by misfolded
proteins in the ER allows it to activate JNK and NFkB pathways and also to act as an
endoribonuclease to activate the transcription factor XBP1, leading to induction of many
genes involved in the UPR [47]. A genetic locus in the vicinity of XBP1 on chromosome 22
was initially implicated with both UC and CD and subsequent candidate gene studies have
confirmed this linkage [48]. Hypomorphic variants were found in IBD patients but not
controls. Genetic deletion of Xbp1, specifically in the intestinal epithelium of mice, resulted
in spontaneous small intestine inflammation, increased susceptibility to DSS colitis, and
Paneth cell functional and phenotypic abnormalities. In the absence of XBP1, epithelium
also becomes hypersensitive to cytokines and microbial ligands due to increased activation
of JNK and NFkB signalling [48]. Such studies postulate that IBD may arise from genetic
anomalies resulting in distorted cellular UPR as a primary driver.

Mitochondrial dysfunction and alterations in energy metabolism in general are also
implicated during the onset and course of IBD. ER and mitochondria are functionally linked
but the mitochondrial UPR (mtUPR), until recently, has not been investigated in terms of
IBD pathogenesis. The cytoplasmic PKR receptor mediates this mtUPR via up-regulation of
transcription factors EIF2a and AP-1 [49]. PKR knockout mice fail to up-regulate the
chaperonin 60(C60) marker of UPR in response to DSS treatment and are somewhat
protected from DSS colitis [49]. C60 and PKR are thus up-regulated in response to induced
acute colitis in murine models. This may act as a new novel marker for therapy of IBD.

In summary, Paneth cells are highly specialized secretory cells that are central regulators of
host microbial interaction in the gut. Genetic variants associated with IBD may have
particularly important functional consequences for Paneth cells by directly altering
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antimicrobial peptide production or indirectly through the regulation of immune responses
that impact Paneth cell function.

Autophagy
Variants in the core autophagy protein ATG16L1, dicussed above, have been repeatedly
associated with CD [50]. Macroautophagy is a degradative cell clearance pathway
responsible for engulfing long lived cellular proteins, damaged organelles and may function
in immune-surveillance by clearing intracellular pathogens. A variety of inducers of this
pathway have been identified, including nutrient deprivation, hypoxia and cellular infection
[51]. Autophagy has been implicated as both supporting and negatively regulating tumour
growth and is detrimental for correct development of embryos. ATG16L1 is responsible, in
complex with ATG5-ATG12, for lipidation of microtubule-associated protein 1 light chain 3
beta (LC3B), a cytosolic protein, to the forming phagophore membrane. This conjugation to
phosphoenthanolamine facilitates membrane elongation and engulfment of target protein for
lysosomal mediated degradation. Recognition of targets to be degraded is controlled by
ubiquitination events mediated by adaptor proteins such as p62 and NDP52 [52, 53]. The
CD-associated variant of ATG16L1 results in a non-synonymous Threonine to Alanine
substitution at position 300 of the multi-isoform protein, which is thought to have
detrimental effects on the function of the ATG16L1 protein. Mice deficient in ATG16L1 in
hematopoietic cells exhibit exacerbated IBD when exposed to DSS, decreased autophagy
and increased inflammatory cytokine output (IL1B, IL18) in response to TLR ligands [54].
Other studies have shown that mice hypomorphic for ATG16L1 have distorted paneth cell
morphology, activity, expression profiles and increased sensitivity to DSS treatment [28].
Increases in the number of cytosolic vesicles, decreases in the numbers of granules and
modulation of lysozyme distribution in these specialised epithelial cells were also shown to
occur upon decreased expression of ATG16L1. Rederivation of these mice in the context of
an enhanced barrier removed these Paneth cell abnormalities, which could be recapitulated
upon infection with murine norovirus (MNV) [55••]. This was mediated by the cytokines
TNFa and IFNγand the interacting commensal bacteria, as these effects were not observed in
GF mice. In a similar fashion, co-infection with MNV and Helicobacter bilis exacerbates
intestinal inflammation in Mdr1a-/- mice, which lack a transmembrane transporter, required
to clear toxins, expressed by IECs. Together these studies show that ATG16L1 protects
against IBD potentially by controlling inflammatory cytokine production by immune cells
and by controlling the function of Paneth cells. It is notable that MNV does not infect Paneth
cells, suggesting that the response of ATG16L1 deficient immune cells to MNV may,
indirectly, alter Paneth cells in these models.

ATG16L1 has been shown to interact and function in cooperation with NOD2 to mediate
cellular responses to bacterial infection [56••]. In human DCs, autophagy directed towards
S. enterica and E.coli was both NOD2 mediated and defective upon expression of the
T300A polymorphism [56••–58]. ATG16L1 has been shown to be recruited to the site of
bacterial entry in a NOD2 mediated manner and this association is lost upon expression of
polymorphic NOD2 [56••]. Furthermore, cells from people with the ATG16L1 T300A
variant appear defective in their ability to form autophagosomes around invading pathogens,
indicative of a role for both ATG16L1 and NOD2 in clearance of pathogens [59]. Recent
data from our lab strongly suggest that endogenous expression of T300A in human intestinal
epithelia prevents bacterial entry into IECs, perhaps indicative of an autophagy independent
advantage of carrying this ATG16L1 variant. Much remains to be determined regarding the
exact role of the T300A polymorphism on ATG16L1’s function and whether this common
variant (25% of the general populace are homozygous) may have beneficial as well as
detrimental functions during host pathogen interactions.
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Numerous SNPs in another autophagy-related gene, IRGM, are associated with CD but little
is known about how they contribute to pathogenesis [60]. These polymorphisms are in
linkage disequilibrium with a deletion 20kb upstream of IRGM that fundamentally alters
expression levels differentially according to cell type [61]. IRGM contributes to intracellular
clearance of microbes through autophagy [62]. Thus patients with the IRGM variant and
promoter deletion may have altered handling of intracellular microbes. IRGM may also play
a role in induction of apoptosis via modulation of mitochondrial function but it is not yet
known if the CD associated mutations and/or expression levels directly affect the
mitochondria [62]. IRGM has also been shown to be required for IFNγ induced autophagy
and control of murine mycobacteria infections [62]. More recently it has been shown that a
synonymous CD associated polymorphism, the c313T variant, alters binding of the
microRNA, miR-196, to IRGM mRNA and in doing so modulates expression levels
impacting autophagy of invading pathogens [63•]. This is a novel example of how CD-
associated polymorphisms can fundamentally alter cellular activity in a cell-type specific
manner and for the first time that modulation of expression level by miRNAs can be
associated with human disease risk.

Conclusions
Taken together, the microbiome, Paneth cells and autophagy are clearly important emerging
players in the pathology of IBD. These are the early days of discovery and widening
understanding of these players and how they interact will help to advance our knowledge of
IBD. One important challenge for the future of this work is to integrate new understanding
of the microbiome, Paneth cells and autophagy into the broader context of mucosal
immunity, host-pathogen interactions, genetics and the pathophysiology of IBD. Ultimately,
a greater understanding of the complex interactions between the microbiome and the host
immune response may lead to the generation of novel approaches to the diagnosis and
treatment of IBD. Assessment of the microbiome, Paneth cell function and genetics are not
presently used clinically, but one can forsee a future of personalized medicine that
incorporates these and other features into the clinical practice of IBD.
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