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Abstract
Autophagy is a conserved homeostatic process by which cells degrade and recycle cytoplasmic
contents and organelles. Recently autophagy has come to prominence as a factor in many disease
states, including inflammatory bowel diseases. In this review we explore the recent discoveries in
autophagy and how these relate to the special conditions experienced by the gut mucosa. We will
pay particular attention to autophagy as an innate immune process and its role in the development
and education of the adaptive immune system.
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Introduction to autophagy
Homeostasis is the process by which organisms strive to maintain a constant internal
environment, despite perturbations in their external circumstances. However, even
multicellular organisms with their sophisticated multi-organ systems are unable to guarantee
a constant supply of nutrients to all their cells. In addition, cells must also be able to dispose
of and recycle damaged or unnecessary components. Therefore autophagy, or self-eating, is
a highly conserved process throughout the eukaryotic domain. In higher eukaryotes, with a
large number of terminally differentiated, non-dividing cells, autophagy takes on a new
importance, since these cells must live without the ability to dilute their contents by division
or growth. Thus long-lived, differentiated cells, such as neurons, must be able to turn over
their damaged or toxic contents, or risk losing these cells entirely. Originally identified as a
response to starvation in yeast, autophagy is now recognized as one of the key processes in
cellular homeostasis and response to a variety of stresses, from starvation to infection.

Following identification of the lysosome in the 1950s, it was realized that there existed other
specific membrane compartments which eventually fused with lysosomes and yet were
distinct from them. These vesicles contained cytoplasmic contents within a single or double-
walled membrane. It was quickly recognized that these vesicles formed in the cytoplasm,
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apparently at random and their cargo was also largely randomly assorted. From these
morphological studies arose many questions about the role of autophagy and how it might
differ from other vesicular handling and trafficking processes. Genetic studies of autophagy
initially benefitted greatly from the tractability of the model organism, Saccharomyces
cerevisiaeand ATG1 was cloned in 1997 (1). Within a span of 10 years the total grew to the
31 ATG (autophagy) genes known today (2). Homologues of the key yeast genes were
found in mammals and equivalent mammalian models were rapidly established. The field
exploded with the creation of reporter constructs fusing GFP to the mammalian Atg8
homologue, LC3, allowing facile fluorescent and real-time microscopy analysis (3).

Today, with a number of knockout mice models, a vast array of cloned and characterized
ATG genes and use of cutting-edge microscopy and screening techniques, autophagy is one
of the most exiting fields in cellular biology. Autophagy has been placed at the core of a
number of disease states, including cancer, neurodegeneration, tuberculosis and Crohns
disease. In this review we aim to give the reader both an overview of the field of autophagy,
the key pathways and molecules involved, as well an in-depth look at how autophagy relates
to inflammatory bowel disease. This final section will touch upon the current state-of-the-art
in autophagy, host-microbiome interactions and innate immunity.

Autophagy – subtypes and terminology
Autophagy as a phenomenon can be subdivided into several classes, based upon both cargo
selection, size of autophagosome and the use of specific components. In general the term
autophagy is used to refer to macro-autophagy, the recycling of cytoplasmic contents via
random encapsulation within an autophagosome. However, other types of autophagy have
been recognized (Table 1), all sharing the core concept of delivering cargo to the lysosome
for recycling. In this review we will restrict our discussion largely to macro-autophagy,
since this appears to be the process with which IBD susceptibility is linked and represents
the best studied area to date.

Autophagy – the major components and their regulation
There are 31 known autophagy-related genes in yeast and this list does not include all the
other proteins involved in vacuolar traffic and fusion, such as Rabs and SNAREs. Thus it is
clear that autophagy is a complex and highly regulated process. Despite such complexity the
core autophagic machinery is well-understood and largely shared throughout the eukaryotic
domain.

The primary regulatory axis for starvation-induced autophagy is the mTOR pathway, which
integrates growth factor signals, cellular energy state and other stress signals to control cell
growth. Inhibition of mTOR signaling, using rapamycin for example, potently and rapidly
induces autophagy. In yeast this is mediated via Atg1 and it is thought that Ulk1 and Ulk2
play this role in mammalian cells (4). The presence of two Atg1 homologues in mammals
reflects a general increase in system complexity and specialization over the yeast system,
despite the conserved core. Mammalian mTOR forms two complexes, mTORC1 and 2, with
mTORC1 being the nutrient sensitive complex responsible for regulation of ribosome and
protein biogenesis and cell growth (5). Until recent publications by Hosokawa and Jung,
little was known about how mTORC1 regulated autophagy, despite this complex being the
target of rapamycin, one of the most commonly-used autophagic stimuli. Hosokawa et al (6)
and Jung et al (7) elegantly demonstrate that the mammalian Atg13 homologue, together
with ULK1/2 and FIP200 associates with mTORC1 in a nutrient-dependant manner. This
association results in phosphorylation of ULK1/2 and Atg13, a process which occurred
rapidly upon provision of nutrients. Thus mTORC1 acts to suppress autophagy by
sequestering the ULK1/2-Atg13-FIP200 complex. In many ways this is similar to the
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regulation observed in yeast, although some aspects are altered – in particular it appears that
mammalian Atg13 is a regulator, rather than being the signal mediator from TOR to Atg1. In
addition Jung et al report that ULK1 and 2 have different affinities for the mTORC1
complex, and that at least three Atg13 splicing variants exist. Finally, another Atg13-binding
protein, termed Atg101, has been shown to stabilize Atg13 and bind ULK1 (8). Atg101 is
essential for autophagy and therefore provides another potential nodal point of regulation for
complex assembly. These data strongly suggest that mammalian autophagy may be
controlled with finesse absent in yeast.

At the center of the autophagy apparatus lie two ubiquitin-like conjugation systems, serving
to assemble multiprotein complexes and drive formation of the autophagosome. The first of
these is termed the Atg5/12 complex and consists of Atg5, 12, 16 as well as Atg7 and 10. In
this system Atg7 acts as an E1-like enzyme, activating Atg12, which is transferred to Atg10
(E2) and conjugated with a lysine residue of Atg5. The Atg5/12 conjugate is then associated
with Atg16 and brought to the site of autophagosome formation. Here the Atg5/12/16
complex acts as an E3-like enzyme to mediate the lipid-conjugation of LC3 (Atg8), with the
assistance of the Atg3/7 complex. This lipidation step results in the covalent attachment of a
phosphatidylethanolamine (PE) moiety to the C-terminus of LC3. The assembly of the
Atg5/12/16 complex and lipidation of LC3 is thought to mediate extension of the autophagic
membrane, and control vacuole size. Following sealing of the autophagosome the external
protein complexes dissociate from the autophagosome and are recycled. The Atg5/12
covalent linkage is reversible, allowing both components to be reused; however LC3 is
permanently lipidated and therefore remains embedded within the autophagosomal lumen
(3). This property has led to the adoption of fluorescent protein fusions to LC3 as the
premier markers of the autophagosome and allowed autophagosomes to be identified and
tracked from their formation through to their subsequent fusion with lysosomes. LC3-PE
formation is also thought to control autophagosome size (3, 9)and its interaction with the
ubiquitin-binding protein P62 may influence cargo selectin and loading (10, 11).

Many of the proteins involved in these core assemblies have been successfully knocked out
in mice, including Atg3, 5, 7 and 16L1. In the majority of cases homozygous knockout mice
die very shortly after birth, unable to mediate the transition from placental nutrition to
intermittent feeding (12–14). However, embryonic fibroblast cell lines derived from these
mice have been an excellent resource for further investigation of the roles of individual Atg
proteins.

The lipid constitution of the nascent autophagic membrane appears to play a key role in
autophagosome function. In general autophagosomes lack intra-membrane proteins, are low
in cholesterol and thus form “thin” bilayers. However several lipid kinases are known to be
crucial for autophagosome formation, including hVPS34, a type III phosphatidylinositol-3-
phosphate generating kinase. It is likely, based upon studies in yeast, that binding to PI3P is
involved in regulation of autophagy and might mediate specific subtypes of autophagy (15–
17). Similarly to yeast, mammalian membrane traffic is controlled by at least three PI3K
complexes, all sharing the Atg6 homologue, Beclin 1 (18). The hVPS34 protein, the
regulatory subunit p150 and Beclin 1 form the first of these complexes to be identified (19)
(20). Beclin 1 was known to act as a tumor suppressor and interact with Bcl-2, an anti-
apoptotic protein. It is now known that Bcl-2/Beclin 1 binding negatively regulates
autophagy, providing one of the many links between autophagy and apoptosis (21). In
addition to VPS34, p150 and Beclin 1 two positive regulators of autophagy are have also
been found associated with this PI3K complex, UVRAG and Ambra1 (22–24). However,
homologues of yeast Atg14 were unknown until four recent papers described the
independent identification of human Atg14 (18, 25–27). In addition to identifying Atg14,
Itakura et al demonstrated that UVRAG and Atg14 do not occur together and form two

Huett and Xavier Page 3

Inflamm Bowel Dis. Author manuscript; available in PMC 2014 March 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



independent complexes with Beclin 1 and Vps34, results corroborated and extended within
the other publications. Matsunaga et al and Zhong et al also both identify the protein
Rubicon as a suppressor of autophagosome maturation, via its role in the Rubicon-UVRAG-
Beclin 1-Vps34 complex. In contrast it appears that the same complex, but lacking Rubicon,
is a promoter of autophagosome maturation as has been previously asserted (19). These
three separate PI3K complexes appear to perform similar functions to those of yeast, with
the Atg14-containing complex required for autophagy and the UVRAG-only complex
largely confined to controlling endocytosis, retrograde transport and autophagosome/
lysosome fusion. The Rubicon-containing complex (with or without UVRAG) acts to
control the rate of vesicle fusion and thus forms part of a control loop to mediate
autophgagic flux. Given the rapid identification of these complexes upon application of
biochemical and proteomic approaches, it is possible that other PI3K complexes with
specific roles may also be identified.

These PI3K studies have also shed light upon autophagosome initiation and the membrane
source for the nascent autophagophore. The Atg14-containing PI3K complex appears to
localize with very early membrane puncta, prior to recruitment of other autophagosome
markers, such as Atg16L1 (18) and is also associated with the ER membrane (27). Therefore
autophagosomes may be formed by the action of this PI3K complex upon ER-derived
membrane vesicles (28) (much like the pre-autophagosomal structures in yeast), and the
subsequent recruitment of further autophagy complexes. This model would make sense
since membrane lipid composition, as has been demonstrated in phagocytosis (29, 30), is
key to recruitment of specific proteins and manipulation of membrane dynamics.

It is also known that using ectopic membrane-association signals to target autophagy
proteins such as Atg16L1 to non-cognate membrane compartments results in formation of
autophagic complexes at these sites (31). It is also known that LC3-PE containing
membranes are formed even under conditions where autophagosome assembly is curtailed
(e.g absence of Atg13, 14, FIP200, Bectin 1 and Vps34), suggesting that without targeting,
spontaneous accumulation of LC3-PE on endogenous membrane surfaces occurs. This
dependence upon membrane constitution also extends to other components of the autophagic
targeting process. For example Atg16L1 associates with the small GTPase Rab33B, in a
GTP-dependant manner (32). GTPase-deficient mutants of Rab33B result in constitutive
LC3 lipidation and reduced rates of autophagy. Reciprocally, expression of the Rab33B-
binding domain of ATG16L1 attenuated autophagosome formation. These results suggest
that Rab33B modulates the activity of autophagosome formation, via its interaction with
ATG16L1. It is possible that Rab33B recruits the Atg5/12/16 complex to nascent autophagic
membranes to initiate membrane growth. Alternatively, Rab33B may promote the activity of
Atg5/12/16 to generate LC3-PE upon Rab33-bound membranes, thus increasing affinity of
the core autophagy complex for these membranes and resulting in autophagosome
formation. Based upon these results it is likely that there are other Rab proteins as well as
membrane fusion and trafficking regulators such as SNAREs involved in handling of
autophagosomal membranes, both pre- and post-completion.

As shall be discussed in the following sections, many specific autophagy substrates and
substrate receptors appear to bind LC3 itself. This suggests that autophagosome formation
might begin with extension of a pre-existing LC3-containing membrane. Alternatively, LC3-
binding may serve to recruit LC3 and other Atg proteins to the target substrate and, in
concert with as-yet-unknown membrane sources, entire autophagosomes are assembled in
situ. In addition to these core complexes the other Atg proteins are presumed to be involved
in regulating and controlling the rate of autophagy, and some of these, along with other
cellular proteins, are used to mediate the targeting events observed for some cargos.
Following completion of the autophagosome other proteins and lipid modifications are
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required for efficient delivery of autophagic cargos to lysosomes, via promotion of
lysosome/endosome fusion (24).

Upon interaction with lysosomes the outer autophagic membrane fuses with the lysosome
and the inner membrane is degraded, followed by the autophagosomal contents. Live
imaging of this process within cells has shown that this fusion is more complex than initially
believed and often partial interchange of membrane and luminal contents occurs between
autophagosomes and lysosomes (33). Jahreiss et al also indicate a role for dynein and
microtubules in mediated the movement of autophagosomes towards the lysosome-rich area
around the microtubule-organizing center. To date the role of microtubules in autophagy has
been poorly understood, with conflicting reports upon the necessity for an intact microtubule
system to mediate autophagy (34–37). The source of the autophagic membrane and order of
autophagosome assembly also remain poorly characterized in mammals, hopefully further
live imaging studies will yield conclusive answers to such questions.

Lysosomal storage disorders and IBD
Given that autophagy is a system which delivers cellular contents to the lysosome and
apparently minor defects in autophagy can result in predisposition to IBD, it might be
assumed that lysosomal disorders might also result in IBD. In the pre-genome-wide
association era, it had been observed that one lysosomal storage disorder was associated
with IBD. Hermansky-Pudlak syndrome (HPS) is an albinism characterized by platelet
abnormalities and accumulation of ceroid lipofuscin in parenchymal cells and urinary
sediments. HPS is frequently associated with granulomatous colitis and pulmonary fibrosis,
the latter is frequently the cause of mortality. HPS colitis is severe in approximately 15% of
patients and is often treatable with steroids and other first-line therapy such as Remicaid,
however colectomy may be required (38).

Lipofuscin is a breakdown product of proteins and lipids, thought to be composed of
polymerized protein residues, formed by oxidation and peroxidation of lysosomal contents
(17306211). Once such material forms, it appears to be refractory to further degradation and
continues to accumulate newly-formed lysosmal enzymes, depriving the cell of these vital
components. As such lipofuscin-containing cells appear to suffer a general reduction in their
autophagic capacity and accumulate defective organelles and aggregates. This defective
clearance of cellular material may also lead to further accumulation of lipofuscin, resulting
in a positive feedback loop, lysosomal rupture and cell death (39). It is known that lipofuscin
accumulates as cells age, however elevation of autophagy levels under conditions of
oxidative stress (such as tissue repair or infection) rapidly result in elevated levels of
lipofuscin, this material is often called ceroid to distinguish it from the age-related form of
lipofuscin. In vitro inhibition of autophagy result in lipfuscin deposition (40), however it is
unclear whether loss of autophagic efficacy is responsible for lipofuscin accumulation in
HPS. It is likely that initial defects in the lysosome predispose cells to loss of autophagic
ability, through the accumulation of defective, lipofuscin-loaded lysosomes. Thus
development of colitis may reflect a reduction in productive autophagic rates in the cells of
the gut. Mechanisms of IBD pathology would then mimic those seen in other patients with
reduced autophagic capability, as discussed in the section “Autophagy and the intestinal
epithelium”, below. This area deserves further study and the detailed mechanisms of
lysosome regulation and how these impact autophagy discerned.
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Autophagy and ubiquitination – partners in protein turnover
The naïve view that proteasome and autophagic degradation were separate arms of protein
turnover has been replaced by discoveries of both shared substrates and regulatory interplay
between the two systems.

Since 1995, when Cuervo et al demonstrated that proteasomes themselves were degraded by
autophagy, it has been known that proteasome and autophagy are intimately linked (41). The
major hub of autophagy/proteasome interaction is the ubiquitin-binding protein p62
(SQSTM1), which was observed to co-localise with cytosolic protein aggregates and LC3,
suggesting a role in autophagy (42). It is known that these poly-p62 aggregates also contain
ubiquitin, form around mutant huntingtin proteins and are degraded by autophagy. Loss of
autophagy results in accumulation of such p62 inclusions and these are associated with liver
injury and neurodegeneration (42). In the absence of both autophagy and p62, however,
aggregate formation is attenuated and some of the subsequent cellular damage is also
ameliorated (43). Recent data demonstrate that this LC3 binding is specific and mediated by
recognition of LC3 by a conserved sequence within p62. Through this interaction the levels
of cytoplasmic p62 are controlled by autophagy and thus autophagy also controls inclusion
body formation (11). Kim et al have shown that mono-ubiquitination of diverse protein
substrates is sufficient to confer efficient p62-mediated trafficking through the
autophagosomal pathway to lysosomes (44). They demonstrated that this process could be
blocked by inhibition of autophagy via 3-MA treatment, as well as depletion of Atg12, thus
confirming that it is an autophagy-mediated process.

However, p62 is not the only ubiquitin-binding protein which acts as a receptor for
autophagic cargo. Kirkin et al identified NBR1 as a second autophagic ubiquitin receptor
(45), by screening a human cDNA library for proteins capable of binding yeast Atg8.
Similarly to p62, NBR1 forms oligomers and it is capable of forming heteromers with p62
itself. NBR1 is able to both bind LC3 and be degraded by autophagy, independently of p62.
However, it appears that p62 and NBR1 cooperate in both aggregate formation and
autophagy targeting, since knockdown of either ubiquitin-binding protein resulted in
reduced aggregate formation upon puromycin treatment. Therefore there exist at least two
ubiquitin-binding, autophagic cargo receptors in human cells, with overlapping roles in
substrate selection. It is plausible to speculate that p62/NBR1-binding to ubiqutinated
substrates may serve as a general signal for autophagic disposal, although the circumstances
under which this takes precedence over proteasomal degradation are unclear. Presumably
aggregates are less suitable for proteasome disposal and are primarily degraded via
lysosomal delivery via autophagy.

The picture is further clouded by another discovery indicating the complex interplay
between the proteasome and autophagy, via p62. Inhibition of autophagy, by depletion of
Atg5, 7 or 12 resulted in accumulation of proteasome substrates (46). This increase in non-
degraded material was associated with (and could be mimicked by) an increase in the levels
of p62, which slowed passage of ubiqitinated targets through the proteasome-mediated
degradative pathway. Knockdown of p62 restored the proteasome to full efficiency,
indicating that p62-bound proteins are less able to be delivered to the proteasome. The
mechanism behind this delay is not known, but masking of ubiquitin by p62 binding, as well
as formation of larger ubiquitinated protein/p62-oligomers cannot be ruled out.

Recently, in the model organism Caenorhabditis elegansa novel selective autophagy
pathway was identified. P granules are structures associated specifically with germ cells and
are removed from non-germ cells both by segregation into germ precursors during
development and clearance from somatic cells. This clearance of a specific protein aggregate
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provides an opportunity to study autophagic cargo selection. Using a genome-wide RNAi
strategy Zhang et al (47) determined that P granule clearance from somatic cells is
dependant upon the C. elegans Atg8 homologue. Mutants in this, and other components of
the autophagy apparatus, phenocopied the RNAi-treated worms. Using a suppression screen
in autophagy-mutant worms they identified 11 mutant alleles of the protein SEPA-1
(Suppressor of Ectopic P-granule in Autophagy mutants). Further analysis revealed that
SEPA-1 is required for autophagic clearance of P-granules and this action is dependant upon
interactions with PGL3 (a P granule protein) and the C. elegans Atg8 homologue. Thus, like
p62 and NBR1, SEPA-1 binds both cargo and the autophagy protein Atg8 (LC3).
Interestingly the authors suggest that SEPA-1 acts to remove P-granule components prior to
their formation of aggregates, underlining the role of basal autophagy in controlling levels of
aggregate-prone proteins and suggesting that these proteins may have specific receptors for
their delivery to autophagosomes. These studies demonstrate that even though
autophagosomes are formed in the cytoplasm in a stochastic fashion, there may operate a
heretofore unseen level of cargo selection. Whilst the receptors described so far are largely
general, binding to ubiquitin and Atg8/LC3, there may well be uncharacterized cargo-
specific receptors, possibly with roles restricted to autophagy subtypes such as mitophagy.

Organelle destruction – selective, or stochastic?
As outlined in the introduction, autophagy serves to remove and recycle many organelles,
including mitochondria and peroxisomes. It has been assumed that mitochondria are
selectively removed when they become damaged, but it is unknown whether a basal level of
non-selective mitophagy also occurs. Recently Nerendra et al identified Parkin as a protein
recruited to damaged mitochondria and resulted in autophagic removal of such organelles
(48). Parkin possesses a ubiqutination activity, but it is currently unknown whether this is
required for selective autophagy of mitochondria. It is also still unclear whether Parkin itself
serves as a sensor of mitochondrial damage, or is responding to other factors such as Pink1,
an outer membrane kinase with chaperone substrates known to play roles in mitochondrial
quality control. Alternatively Parkin may be recruited in its role as an ubiquitin ligase to
unfolded proteins on the mitochondrial surface, and thus via ubiquitination of these targets
induce autophagy through ubiquitin-binding receptors such as p62 and NBR1. Parkin has
been implicated as a candidate for early-onset Parkinson’s disease, since it is mutated in
almost 50% of heritable and 10–15% of sporadic early-onset Parkinson’s. In Drosphila
models a loss of Parkin or Pink1 results in extensive mitochondrial fusion, a phenotype
rescued by overexpression of the fission GTPase Drp1. In mammalian cells subjected to
knockdown of Pink1, mitochondria are smaller and more fragmented (49), and cells show
enhanced reactive oxygen generation and mitophagy. Knockdown of Atg7 and Atg8/LC3
also yielded a change in mitochondrial morphology, with a loss of extensive fission and an
increase in cell death. Expression of Parkin was able to largely ameliorate mitochondrial
defects induced by loss of Pink1 and restored mitophagy to rates comparable to control cells.
These studies strongly suggest that early-onset neurodegeneration in Parkinson’s is
associated with mitochondrial dysfunction. Therefore promotion of selective mitophagy
might reduce or delay some of the neural damage seen in this devastating disorder.

The role of mitophagy in maintaining the balance of cellular functions is also seen in models
of viral infection. Using vesicular-stomatitis virus infection of Atg5-deficient and replete
MEFs Tal et al (50) showed that loss of autophagy is associated with a significant
upregulation of reactive oxygen species-dependant RIG-I-like receptor signaling. RIG-I-like
receptors are innate immune recognition molecules which recognize single-stranded RNA in
the cytoplasm. It is known that dendritic cells rely upon autophagic delivery of ssRNA to
TLR7-containing compartments for anti-viral response initiation (as described previously),
but this is the first study that implicates autophagy in RIG-I-mediated cytoplasmic ssRNA
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detection. This enhancement of immune response was shown to rely upon increased levels
of reactive-oxygen species (ROS) induced by accumulation of damaged mitochondria.
Treatment with ROS-inducing agents resulted in enhanced interferon production following
transfection with Poly I:C ligands in both wild-type and Atg5−/− cells. This study provides
further evidence that loss of autophagy has diverse immune consequences, here enhancing
accumulation of ROS and predisposing cells to elevated levels of innate immune signaling.
This might result in increased immunopathology upon exposure to minor viral infections,
and the consequences for other modes of immune signaling are still to be determined.

Adaptive immunity is also affected by reductions in autophagy. Microarray analysis of
transcription in Atg5+/+ compared to Atg5−/− thymocytes revealed a pronounced
mitochondrial signature (51). This Atg5-dependant gene set contained 64 genes with known
associations with mitochondrial function (via Gene Ontology). T cells and thymocytes
derived from Atg5−/− precursors exhibit a gain in total mitochondrial mass. This fits with the
studies described above, where autophagy results in accumulation of mitochondria, both
healthy and damaged. In mice, Atg5- or 7-deficient T cell and thymocytes are markedly
reduced in numbers and T cells show reduced survival. Mitochondrial mass was also
positively correlated with cell death, suggesting a linkage between loss of mitochondrial
homeostasis and T cell death. In a recent publication Pua et al (52) demonstrate that this
defect is due to loss of autophagic control of mitochondrial number in mature T cells. Upon
exit from the thymus T cells move from high to low mitochondrial mass status. In the
absence of autophagy (due in this case to Atg7 deficiency) this shift does not occur and
therefore cells exhibit increased reactive oxygen stress and an imbalance in expression of
pro- and anti-apoptotic signals. Interestingly this developmentally regulated mitochondrial
switch is not observed in B lymphocytes, but autophagy is required for survival of pre-B
cells and mature B1 B cells (53).

Together these data suggest a role for autophagy in controlling mitochondrial homeostasis
through constitutive remodeling of mitochondrial morphology – with mitophagy removing
damaged organelles. It is also possible that mitochondria are split by autophagy into
fragments, sparing undamaged portions and removing damaged sections. Thus autophagy
preserves proper mitochondrial function and regulates the ROS balance to maintain correct
functioning of numerous cellular processes, from ROS signaling to innate and adaptive
immunity.

Peroxisomes are small, single-membrane-bound organelles which are responsible for
oxidation of fatty acids, cholesterol synthesis and ridding the cell of toxic peroxides. In
mammals pexophagy, the autophagic destruction of peroxisomes, has been shown to be
controlled by ubiquitination, via p62 (44). In addition, the peroxisome protein Pex14p is
thought to associate with LC3 and be required for pexophagy upon recovery from nutrient
starvation (54). During nutrient-rich conditions Pex14p is bound to Pex5 at the peroxisome
membrane, however upon starvation LC3-II is able to bind Pex14p and mediate pexophagy.
In the absence of autophagy peroxisome proteins are broken down via the proteasomal
pathway, however pexophagy increases the rate of removal of peroxisomal proteins during
starvation recovery. Thus pexophagy may serve to mediate rapid turnover of peroxisomes,
clearing damaged and potentially toxic proteins from the cell and restoring normal cellular
nutrition. Interestingly the interaction between Pex14p and LC3 was reported to be
microtubule dependent, the roles of microtubules in autophagy have been controversial and
apparently vary according to cell type and cargo (33–37). Perhaps in cells which accumulate
larger quantities of peroxisomes microtubules are important for autophagy of these
organelles, whilst in other contexts they are more dispensible. In the fission yeast Pichia
pastoris pexophagy requires the novel protein ppAtg30 (55), a protein with no currently
identified homologue in mammalian organisms. In P. pastoris Atg30 interacts with both
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Atg11 and 17 and is required for both micro and macro-pexophagy (micropexophagy in
yeast occurs when the vacuole engulfs peroxisomes, macropexophagy is akin to the
mammalian process and involves formation of a separate membrane, followed by
transportation to the vacuole). Peroxisome formation in yeast is extremely robust when
grown upon methanol as a sole carbon source and subsequent supplementation with
alternative nutrition leads to high levels of pexophagy. It is possible that higher eukaryotes
also have an equivalent molecule responsible for marking cargo and controlling selective
pexophagy. Alternatively, given that multicellular organisms are rarely required to subsist
upon methanol and similar carbon sources, the ubiquitin-mediated mechanisms discussed
above may be sufficient.

In recent years there has been a clear link elucidated between ER stress and autophagy, with
autophagy thought to participate in recovery from ER stress and induction of the unfolded
protein response (UPS). It has also been observed that during ER stress autophagosomes can
be found which contain ER-derive proteins and membrane structures, a process termed
reticulophagy (56). This suggests that autophagy may directly degrade portions of the ER to
maintain protein quality control and eliminate areas of highly-stressed ER. However, the
signals by which this selective engulfment takes place have not been fully elucidated to date.
It is thought that reticulophagy relies upon at least one of the three ER stress signaling
systems present in mammals – the inositol-requiring enzyme 1 (IRE1), a conserved RNA
splicing factor required for the transcription of genes involved in the unfolded protein
response (57). Other studies have implicated the other two canonical ER stress signaling
systems in reticulophagy; the protein kinase regulated by RNA-like ER kinase (PERK) (58),
and activating transcription factor 6 (ATF6) systems (59).

Autophagy in Crohns disease – genetic association studies
The advent of rapid, cheap and flexible genotyping technologies have opened the possibility
of recruiting large cohorts of patients and healthy controls and analyzing their genetics in an
unbiased, systematic fashion. The increase in power to find genetic associations given by
this approach has enabled a deep analysis of complex, multigenic diseases. In the case of
Crohns disease (CD), the number of associated genetic variants has grown from two (Nod2
and the IBD5 locus) to 32 in just five years (60). This explosion is even more impressive
given that many of the novel associations are able to be placed with a high degree of
confidence to a limited number of single-nucleotide polymorphisms within a genomic
region. This enables powerful follow-up studies using deep sequencing, a vast improvement
over previous linkage-based analysis where causal variants have not been identified, despite
the regional association having been known for nearly a decade (in the case of IBD5). Thus
our knowledge of inflammatory bowel disease and CD in particular, has vastly increased
and several cohesive themes have emerged as a result. Our current understanding places
genetics, innate immunity and microbial interactions as crucial components of IBD
susceptibility, however there are many unanswered questions including what factors trigger
disease onset and affect the distribution of inflammation within the gut (Figure 1).

So far two genes within the autophagy pathway have been identified and replicated as being
associated with CD. The presence of two such genes, ATG16L1 and IRGM, in just 32
associations points towards a strong role for autophagy in the pathogenesis of CD.

The associations observed are very different in functional consequence however, the
ATG16L1 risk signal corresponds to a single amino acid change in the protein sequence, a
threonine to alanine substitution (T300A) (61). In the case of IRGM, no coding variants
have been identified, but a large deletion in the promoter region is correlated with the
identified risk allele (62), suggesting an expression-level polymorphism.
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ATG16L1
Both Atg16l1 and Irgm are essential for the autophagy of intracellular pathogens (61, 63–
65), and Atg16l1 is also required for other forms of autophagy. However, the identified risk-
and protection-associated Atg16l1 variants appear equally able to mediate basal levels of
autophagy, and both effectively rescue starvation / rapamycin induced autophagy following
knockdown of endogenous Atg16l1 expression. However in a model of intracellular
pathogen infection using Salmonella enterica serovar Typhimurium, the risk-associated
Atg16l1 variant is less able to mediate anti-bacterial autophagy and appears less stable (64).
Therefore it would appear that Atg16l1 variant stability is altered by both autophagic load
and other cellular factors associated with infection. Thus tissues with either a high
endogenous autophagic load, or exposed to a high bacterial burden, might be amongst the
first to exhibit defects in autophagy due to loss of Atg16l1 stability. Recent data using mice
hypomorphic for Atg16l1 has shown that under normal husbandry conditions defects appear
largely confined to the gut, where paneth cells appear to be the most affected cell type (66).
The phenotype observed includes defective anti-microbial peptide secretion (degranulation)
and loss of large apical portions of paneth cells via an apparent secretory defect. A similar
reduction in secreted antimicrobial peptides was observed in human biopsies from CD
patients, suggesting a common pathogenesis between human disease and the hypomorphic
Atg16l1 model.

In another mouse model, this time expressing a truncated Atg16l1 protein, defective in
mediating autophagy, Akira and colleagues demonstrated an elevated IL-1B response in
macrophages exposed to LPS (67). This enhanced response was related to elevated levels of
Caspase-1 (caspase-1 cleaves pro-IL-1B to yield active cytokine), following exposure to
LPS or extracellular bacteria. Chimeric Atg16l1-deficient mice were also highly susceptible
to DSS colitis, a phenotype partially rescued by administration of anti-IL-1B and IL-18
antibodies. Thus production of pro-inflammatory cytokines by host macrophages in response
to LPS appears to be regulated by autophagy. These findings implicate a crucial role for
autophagy in regulating the inflammation, especially in the gut where exposure to LPS is
both constant, and required for proper healing and homeostasis (68).

These insights reinforce the idea that subtle defects in autophagy are likely to be reflected
only in organs where homeostasis imposes large or extremely dynamic loads upon the
autophagic machinery. Indeed it is unlikely that patients exhibit severe defects in autophagy,
since these would be rapidly lethal.

IRGM
IRGM represents one of two human orthologues of a large family of mammalian interferon-
regulated GTPases. In mice there are 20 such IRG proteins expressed and many of those
studied to date have been shown to provide host defence against intracellular pathogens (63,
65, 69, 70). In humans the expression of the IRGC gene is thought to be restricted to the
testis whilst IRGM, a truncated protein (compared to other mammalian irgs), is widely
expressed. IRGM has been shown to be essential for autophagy of the intracellular
pathogens S. Typhimurium and Mycobacterium tuberculosis (62, 63) and this activity is
associated with expression level (62, 71). In the tuberculosis model, macrophages harboring
BCG (a commonly-used variant of M. tuberculosis var. bovis with reduced virulence in
humans), were able to clear intracellular bacteria via induction of autophagy in an IRGM-
dependant manner (63, 72). This IRGM function was associated with IRGM localization to
bacteria-containing compartments and appeared to be common to both human IRGM and
mouse IRGM1 in the species-appropriate macrophage cell lines. IRGM-mediated autophagy
resulted in mycobacteria-containing vacuoles acquiring lysosomal markers and vacuole
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acidification, indicating that these bacterial vacuoles were fused with lysosomes to effect
anti-bacterial control.

Two studies examining genome-wide associations for CD identified SNPs close to IRGM as
being strongly correlated with disease (61, 73). Subsequent detailed analysis of IRGM and
the surrounding genomic region identified the functional polymorphisms associated with CD
are in perfect linkage with a large (20 kb) deletion of potential regulatory sequence (62).
Analysis of allele-specific expression showed a complex regulatory picture, with different
heterozygous tissues and cell lines exhibiting varying levels of expression of the two alleles.
It is possible that regulation of IRGM is cell-type specific and thus altered regulation
induced by the CD-associated deletion may be reflected by functional deficits in specific cell
types. Alternatively, IRGM is predicted to exhibit alternative splicing, with at least five
splice variants. The protein products of the splice variants have predicted molecular weights
of between 19 and 24 kD and their expression at the protein level has not been documented.
In most cell types studied to date, expression of IRGM transcripts is very low and detection
of the endogenous protein has been difficult. We also know from studies of knockout mice
that defects in immunity induced by loss of IRGM1 can be largely rescued by deletion of
IRGM3 (70). Therefore there may be circumstances where high-level IRGM expression
compromises host resistance in the face of an infectious challenge.

The IRG gene family has a rich evolutionary history, whilst most non-primate mammals
studied have undergone significant gene duplication and diversification events to generate
up to 21 interferon-regulated IRG genes, humans have only two. Neither of the human genes
appears to be regulated by interferons and do not possess canonical interferon-responsive
promoter elements. In a recent paper Beckpen et al undertook to examine the evolutionary
history of the IRGM locus in the primate lineage (74). They revealed a fascinating story of
gene loss and resurrection under selective pressures and over deep evolutionary time.
Prosimians, such as the two sequenced lemur species (Microcebus murinus and Lemur catta)
have three IRG genes, organized in a tandem gene family as seen in the mouse. Analysis of
Old world and New World monkey species has revealed that IRGM became a non-
functional pseudogene in the common ancestor of these monkey species around 35–40
million years ago. This loss of IRGM was due to integration of an Alu repeat sequence,
disrupting the ORF. However, expression of a truncated ORF reappears in humans and
African Great Apes. This restoration is accompanied by insertion of a retroviral element into
the IRGM ORF, this results in a start site within the ERV and addition of a retrovirally-
derived 5’ UTR. There is also preliminary evidence that the deletion polymorphism
identified by Mcarrol et al (62) results in alterations to the relative levels of IRGM splice
variants, thus opening the door for further study of the role of splicing and CD susceptibility.
The evidence accumulated by Beckpen and colleagues demonstrate that IRGM is subject to
significant and possibly conflicting evolutionary pressures. Orangutans and gibbons appear
to possess both functional and pseudogenic IRGM alleles, whilst humans have fully
resurrected the functional allele to express a truncated IRGM transcript (possibly with cell-
type specificity and specific splicing). It is tempting to speculate that differential pressures
such as the high prevalence of tuberculosis in the human population might have selected for
IRGM resurrection, although further studies will be needed before such theories can be
tested.

Identifying the complete autophagic interactome – chemical and genetic
screening

Historically the discovery of novel biological pathways or processes has led to a drive
towards finding all the components both directly involved and impinging upon such
processes, both by candidate-selection and screening approaches. There is a general
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consensus that autophagy in higher, multicellular eukaryotes is likely to exhibit increased
complexity of operation and regulation than in yeast. Therefore there have been a number of
attempts to utilize screening approaches to identify novel regulatory players and pathways as
well as increase the available toolset for both modifying and monitoring autophagy.

Firstly we will consider the use of small molecules as probes to identify pathways involved
in the regulation of autophagy. It has been known for many years that small molecules such
as rapamycin and 3-methyladenine have profound effects upon the rate of autophagy,
elevating or reducing the rate of autophagosome formation, respectively. The mechanism of
autophagy induction by rapamycin, through its effect upon mTOR (a crucial integrator of
cellular nutritional state), has been extensively studied. Indeed, the mTOR pathway has been
mapped out in detail, mostly independently of the autophagy field, largely due to interest in
its role in cell growth and insulin signaling. This suggests that finding the targets of
autophagy-altering small molecules might reveal additional regulatory pathways and the
molecules within these novel networks.

With the current maturity if high-throughput technologies it has become possible to conduct
such small molecule screens rapidly and sensitively and several recent publications
demonstrate the power of such approaches. Zhang et al utilized a microscopy-based screen
to identify eight novel compounds with potent autophagy-inducing effects (75). Seven of
these compounds were FDA-approved drugs (albeit for apparently unrelated human
diseases), and exhibited the ability to enhance the degradation of proteins carrying expanded
polyglutamine repeats. Accumulation of polyglutamine-rich proteins is a hallmark of
Huntington’s disease and therefore the ability to effect clearance of such molecules might
yield clinical benefit.

Rubinszteins et al utilized a different approach, identifying in a yeast model enhancers or
inhibitors of rapamycin-induced cell growth arrest. From a set of 32 primary screen hits,
they were able to identify 13 compounds delaying clearance of mutant alpha-synuclein in a
mammalian cell model, as well as four compounds which enhanced protein clearance.
Further testing revealed three of these compounds to be able to enhance autophagy in
several mammalian cell models as well as in a Drosophila model of neurodegeneration.

Rubinsztein has also performed a similar screen to that of Zhang et alhowever in this case
the primary readout was the clearance of alpha-synuclein from a neuronal cell line (76). In
this case the compounds selected for validation were three calcium channel antagonists, a
potassium channel opener and a G(i) signaling activator. Using these drugs they identified
an mTOR-independent cycle controlling autophagy. This cycle initiates with cAMP;
elevated cAMP levels result in increased calpain activity and reduced autophagy. Calpain
also cleaves G(s)alpha, resulting in its activation and completing the cycle, since G(s)alpha
itself regulates cAMP levels.

These studies demonstrate the power of high-throughput chemical biology to identify novel
pathways and regulators of cellular processes, in this case autophagy. In a very short time
the number of autophagy-modulating compounds identified has exploded, from trehalose,
rapamycin and 3-methyladenine to a wide range of drugs and small molecules.
Encouragingly many of these compounds have therapeutic potential and exploit a diverse
range of cellular targets, greatly increasing our knowledge of autophagy regulation.

Contemporaneously with these small molecule-based screens, others have developed novel
tools for use in identifying autophagy-related components via genetic screens. The use of
automated microscopy to monitor the cellular distribution of GFP-LC3 has been used by
several groups, and a recent paper from He et al demonstrates the power of the approach.
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Using a 1050 clone cDNA human library the authors identified three genes whose
overexpression resulted in elevated autophagosome formation (77). Interestingly all three
were transmembrane proteins, and follow-up of a single candidate revealed that TM9SF1
was required for optimal induction of starvation-mediated autophagy. TM9SF1 is thought to
be a ubiquitously-expressed transmembrane protein and shows a high level of sequence
conservation with its yeast orthologue, suggesting a conserved role in an important cellular
process.

This theme of conservation of gene function can be exploited to find novel components of
the human autophagy apparatus based upon their known roles in yeast. The yeast protein
interactome has been exceptionally amenable to investigation, primarily due to the ability to
utilize two-hybrid methods with “endogenous” proteins. This has resulted in a number of
large, well-defined datasets which can be mined to construct protein-protein interaction
networks. We used this approach to generate a yeast protein interaction network centered
around the “core” autophagy apparatus, capturing many of the characterized interaction
described in the first section of this review. We then “humanized” this network by mapping
the interactors to their human orthologues. By this approach we identified 14 human
proteins whose involvement in autophagy was previously uncharacterized, several of which
had putative roles in membrane organization or dynamics (78). Detailed examination of one
of these candidates, FNBP1L, an ATG3 interactor, showed that it played a crucial role in
anti-bacterial autophagy, but was dispensable for classical autophagy induced by starvation
or rapamycin. FNBP1L contains an F-BAR domain, thought to be able to sense and/or effect
membrane bending. In addition, the binding of FNBP1L and ATG3 led us to propose a
model whereby FNBP1L acts as a scaffold for ATG3, holding the ATG3/7 complex at the
growing autophagosome. Since autophagosome size is dependant upon the supply of LC3-
PE created by Atg3 (14, 79), it is likely that anti-bacterial autophagy requires more LC3-PE
than classical vesicle formation. By tethering ATG3/7 close to the cargo FNBP1L would
allow local generation of high levels of lipidated LC3, and drive formation of the large anti-
bacterial autophagosome.

So far these screens have exploited either specific autophagic substrates e.g. alpha synuclein,
S. Typhimurium, or used automated microscopy to quantify punctate LC3 structures. Both
of these methods have considerable drawbacks when it comes to finding general regulators
of autophagy. Using specific substrates or cargos will yield only components involved in
handling those cargos, and as the FNBP1L story illustrates these may not be generalisable to
other autophagic contexts. Of course the specificity of these components is also of great
interest and cargo-specific screens are likely to yield important insight, especially into the
mystery of cargo selection. However a broader approach would allow capture of all involved
components, and could be extended to cargo-specific secondary screens.

Microscopy analysis is much slower and more laborious than a simple enzymatic readout
(e.g. luciferase or B-galactosidase) and requires sophisticated software analysis. Therefore,
it would be of value to obtain a general readout of autophagic activity amenable to high-
throughput analysis. Recently Ketteler et al described just such a sensor (80, 81). Using a
luciferase tethered to actin by the LC3 protein, they were able to construct a biosensor which
releases luciferase into the culture supernatant upon LC3 cleavage by ATG4B. ATG4B is
the endogenous protease which serves to cleave pro-LC3, prior to its conversion to LC3-PE.
Therefore elevated levels of LC3 cleavage are correlated to luciferase levels in the growth
medium. The stability and high activity of the Gaussia luciferase used allows the use of
extensive automation, without the need for microscopic analysis. Kettler et al demonstrated
proof-of-concept by treatment of cell lines with shRNAs to either ATG4B or AKT, an
kinase upstream of mTOR. Knockdown of ATG4B resulted in loss of luciferase activity, as
predicted through loss of LC3-cleavage. AKT knockdown yielded increased levels of

Huett and Xavier Page 13

Inflamm Bowel Dis. Author manuscript; available in PMC 2014 March 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



autophagy-mediated luciferase, an effect of similar magnitude to that of rapamycin
treatment.

This tool is likely to prove extremely valuable, since luciferase-based screens have a proven
track record in other settings, due to their sensitivity and reproducibility (82).

Autophagy and microbes
Mucosal surfaces represent the primary interface between the human body and the microbial
world. Following birth our mucosa are rapidly colonized by microbes in incredible quantity
and diversity (83), and these organisms are kept at bay through constant immuno-vigilance.
Despite such surveillance there are numerous pathogens capable of infecting otherwise
healthy hosts and clearance of such invaders requires the initiation of powerful
inflammatory cascades. It has recently become clear that autophagy is a cell-autonomous
response to infection by many microbes and also plays a role in controlling the innate and
adaptive immune responses to infection. In this section we will consider some of the diverse
range of microbes which have evolved to infect via mucosal surfaces and their relationships
to the host autophagic response. Table 2 shows a selection of mucosal pathogens for which a
role of autophagy in their pathogenesis has been shown.

In the majority of cases studied so far autophagy appears to be a protective, anti-microbial
response which serves to compromise the niche of many intracellular pathogens. However,
there are cases where autophagy is subverted to increase the replication rate of both bacteria
and viruses or the autophagosome is arrested to yield a novel replication niche, e.g.
poliovirus. The majority of the described interactions initiate in the gastrointestinal tract, a
unique site under constant exposure to bacteria and their products. It has been known for
many years that the gut represents a largely tolerant environment, and that immune
responses to many highly immuno-stimulatory molecules are heavily dampened (84).
Inflammatory bowel disease has often been characterized as a failure of such dampening or
“loss of tolerance” to the normal gut flora and antigens, resulting in inappropriate immune
activity. What roles might autophagy play in this context?

In many of the autophagy anti-microbial models studied to date autophagy appears to target
pathogens within damaged vacuoles, either as pathogens attempt to escape into the
cytoplasm e.g. Listeria monocytogenesor fail to maintain their vacuolar niche e.g.
Salmonella Typhimurium. The signals by which the autophagic apparatus detects such
vacuolar damage are unknown, but several possibilities exist: recognition of ubiquitinated
proteins upon the microbial surface; direct binding of autophagy adaptors/scaffolds to
membrane leaflets of specific lipid compositions; sensing of microbial-derived molecules
(pathogen-associated molecular patterns) by innate immune factors and subsequent
recruitment of the autophagic apparatus. In mice it is known that the interferon-induced Irg
protein family play a role in autophagic recognition of pathogen targets, however, as
discussed in the IRGM section of this review, the picture in humans is less clear. Evidence
from the S. Typhimurium model of infection suggests that bacteria are ubiquitinated prior to
capture within autophagosomes (85). However, it is not known whether this is an absolute
requirement for autophagy, or merely represents a failure of vacuolar integrity. We have
been able to localize p62 to intracellular S. Typhimurium and therefore consider it plausible
that binding of p62 to ubiquitinated bacteria results in recruitment of the autophagic
apparatus to the site (Huett and Kuballa, unpublished data). Careful experiments using live
imaging may reveal more about the requirements for this and other molecules in these
models. The p62-triggered model is attractive since this approximates the chain of events
seen in mitophagy, where damaged mitochondria are specifically removed and degraded.
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Whilst much work in this field has concentrated upon intracellular bacterial pathogens
within phagocytes, these pathogens are often able to grow much more rapidly within the
more permissive environment of the epithelial cell cytosol. Autophagy represents a cellular
defense mechanism able to eliminate such pathogens, or prevent their escape into the cytosol
(Figure 2), compromising the intracellular niche and restricting replication to within the
vacuole. In the case of S. Typhimurium, it appears that autophagy targets bacteria in the
process of vacuolar lysis, this would be bactericidal in macrophages, but in epithelial cells
allows rapid replication once free of the restrictions of the Salmonella-containing vacuole.
Shigella flexneriendeavors to escape autophagy by masking an autophagic recognition motif
upon VirG via the binding of IcsB. IcsB binds to VirG in a location allowing the function of
VirG in actin polymerization to be preserved, whilst blocking binding of Atg5 and
subsequent autophagic capture (86). Without IcsB, cytoplasmic replication of Shigella
plateaus after 4 hours and approximately 40% of internalized bacteria are enclosed within
autophagosomes.

Thus autophagy represents another battleground in the evolutionary arms race between host
and pathogen. Host cells have evolved methods by which they restrict the availability of
permissive niches, whilst pathogens attempt to evade or subvert such systems and establish
replicating populations in host tissues.

Innate immunity, the role of autophagy
We have already discussed the role that autophagy plays in restricting the cytoplasmic niche
for many pathogens. However, there are other innate immune processes that are enhanced
and controlled by autophagy. The formation of an autophagic membrane around a pathogen
and subsequent lysosomal fusion results in a concentrated pool of pathogen-derive
molecules, many of which are likely to be ligands for immune receptors. These PAMPs
must be presented to TLRs, NODs and other innate immune receptors to facilitate induction
of inflammatory mediators and a full-blown inflammatory response. The restriction of such
molecules within a membrane compartment allows delivery of the contents to receptor-
containing compartments in a controlled and concentrated form.

In addition, directly anti-microbial products of autophagy such as ubiquitin, ubiquicidin and
ribosomal polypeptides can also be delivered to pathogens within autophagosomes, prior to
lysosomal fusion (87–89).

Recent publications have demonstrated that many TLR-ligands can result in induction of
autophagy in stimulated cell lines. This is likely to both render the stimulated cells less
permissive to pathogen infection (90), and in the case of immune effector cells provide
nutrition to fuel de-novo synthesis of pro-inflammatory molecules and anti-microbial
pathways, such as reactive-oxygen production. So far TLR-induced autophagy had been
observed upon addition of ligands for TLR2, TLR3, TLR4, TLR7 and TLR8 (reviewed in
(91)). Although the cytoplasmic RNA receptors form the RIG-I family, as well as NOD-like
receptors are both likely to detect cytoplasmic pathogens, there is no direct evidence to date
that either pathway has an effect upon autophagy induction.

Autophagy and the inflammasome
The inflammasome is a multi-protein complex which serves to generate pro-inflammatory
molecules such as IL-1B or IL-18. The composition of the inflammasome is variable and
stimulus dependant, with a variety of proteins assembled around a central core complex.
This assembly is mediated via CARD-CARD and pyrin-pyrin domain protein-protein
interactions. So far three inflammasomes have been identified; all share the ASC adaptor
protein, caspase-1 and a linking CARD or pyrin-containing NLR protein. These complexes
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are usually named after the linking protein, e.g. NLRC4 (IPAF), NLRP1 or NLRP3
(NALP3) and are thought to respond to differing stimuli. NLRC4 is thought to sense
intracellular flagellin (in a TLR5-independent manner) and mediates pyroptosis (pro-
inflammatory programmed cell death) in response to S. Typhimurium infection. Other
ligands for the NLRC4 inflammasome also exist, since aflagellate pathogens also induce
robust activation via this complex, possibly via additional sensor proteins such as Naip5 (ref
Nunez shigella paper). NLRP1-containing inflammasomes respond to MDP, a bacterial cell
wall component and the ligand for NOD2. MDP appears to induce oligomerisation of
NLRP1 and activation of the inflammasome – NLRP1 inflammasome activity is not strictly
ASC-dependent, but is reduced in the absence of ASC. The NLRP3 (Nalp3) inflammasome
appears to be the most promiscuous and is activated by a variety of bacterial ligands, as well
as other endogenous compounds. It is known that NLRP3 inflammasomes can be induced by
LPS, MDP, bacterial and double-stranded RNAs as well as uric acid crystals, ATP, pore-
forming toxins and asbestos fibers. The presence of extracellular ATP likely represents a
signal of nearby cellular lysis and is mediated via the P2X7R receptor. This may be
important in the gut where normal cell shedding may become disrupted or accelerated by
infection and/or inflammation.

In the context of CD and autophagy, inflammasome activation appears to be down-regulated
by autophagy, in that ATG16L1- or Atg7-deficient macrophages exhibited enhanced IL-1B
responses to LPS exposure (67). Chimeric mice generated from ATG16L1-deficient fetal
liver cells injected into irradiated hosts showed a dramatic susceptibility to DSS-induced
colitis. However, these mice did not develop spontaneous colitis and DSS-mediated injury
could be partially rescued by administration of anti-IL-1B or anti-IL-18 antibodies. It has
therefore been proposed that autophagy may serve to sequester and degrade the
inflammasome, thus reducing the output of IL-1B. Alternatively, it is possible that
autophagy increases the degradation rate of inflammasome-activating components, such as
LPS and other microbial ligands.

A further wrinkle to the inflammasome / autophagy tale has been added with the
identification of regulation of autophagy by inflammasome components in a S. flexneri
infection model. Using infections of macrophages lacking Ipaf or ASC, Suzuki et al
demonstrated that Ipaf is able to activate the inflammasome in the absence of flagellin. In
Shigella-infected macrophages autophagy was enhanced by the absence of caspase-1 or Ipaf,
but not ASC. In this model elevated autophagy in the absence of caspase-1 or Ipaf appears
able to prevent or delay the pyroptotic death of macrophages infected with S. Typhimurium
or S. flexneri. This is consistent with other non-infection models where autophagy is a
survival response to stress. These findings indicate that autophagy and inflammasome /
caspase activation are reciprocally regulated and that pyroptosis is induced through
inhibition of autophagy, leading to rapid cell death and induction of inflammation. This
would serve to rapidly rid hosts of infected cells and ensure robust inflammatory responses.
However, if the balance tips too far, e.g. reduced ATG16L1 function, then pathological
inflammation will result.

Education and activation of the adaptive immune system
Autophagy also plays an important part in the adaptive immune response, both in immune
system development and immune education and activation. We have discussed the role of
autophagy in controlling the mitochondrial status of T cells and how this relates to their
development and survival. However it has become apparent that autophagy is responsible
for more than this in the T cell compartment. Firstly autophagy appears to be crucial for T
cell repertoire development in the thymus (92). It has been known for some time that thymic
epithelial cells express a variety of otherwise cell-type restricted proteins. This
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“promiscuous” or ectopic expression allows presentation of these self antigens upon MHC II
molecules to eliminate self-reactive T cells via negative selection. It has come to light that
the thymic epithelium also has a high level of constitutive autophagy, in addition to a robust
starvation-induced response (92). This constant level of autophagy appears to endow the
thymic epithelium with enhanced antigen-presentation abilities, increasing the diversity of
self-antigens presented to T cells and driving negative selection. In athymic mice
transplanted with Atg5−/− thymi a significant autoimmunity developed, with severe colitis,
uterine atrophy and lymphoadenopathy. This phenotype was associated with the CD4+ T
cell repertoire, since most symptoms could be generated by transfer of CD4+ T cells from
Atg5−/−chimeric mice. In addition positive selection is also affected, with several
monoclonal MHCII-restricted transgenic TCR-expressing mice, showing altered CD4+ T
cell generation within engrafted Atg5−/− thymic tissues. However, these effects were quite
subtle, probably due to the relative flexibility of positive selection with regard to the
spectrum of MHC-protein complexes available.

B cells also appear to have a requirement for Atg5 and Atg5-deficient B cells show a
compromised transition from pro- to pre-B cells (53). This reduction in mature B cells was
accompanied by cell death during B cell development in the bone marrow, thus autophagy is
likely required for B cell survival during development. Whilst a population of peripheral B
cells does survive in the absence of Atg5, the peritoneal B1 B cell compartment is almost
completely ablated. This is a result both of deficiencies in B cell development as well as a
requirement for Atg5 to maintain B1a B cells in the periphery. Thus Atg5 is differentially
required for the development of B cell subsets and their maintenance.

Autophagy and antigen presentation
It is well known that T cell responses are largely MHC-restricted and that this results in
differential presentation of antigen based upon its source. For example, CD4+ T cells are
MHCII-restricted and thus view antigen derived from the lysosomal compartment, whilst
MHCI-restricted CD8+ T cells are presented with antigen loaded in the ER, derived via the
proteasomal degradation system. However, it has been shown that the natural MHCII-bound
peptide repertoire contains a diverse array of cytoplasmic and nuclear antigens (93–95),
approaching 30% of total MHC-bound peptides. Some of these peptides result from known
autophagy components, e.g. LC3 or substrates, GAPDH (96, 97). A series of elegant studies
from the Munz laboratory and others have demonstrated that the vesicular compartments
where MHCII peptide loading occurs receive constant input from autophagosomes (98).
This cytosolic peptide uptake is dependant upon autophagy, since chemical inhibitors and
knockdown of autophagy components result in loss of such MHCII presentation (97, 99,
100). Indeed, Munz was able to show that fusion of a model antigen to LC3 and was
directed to such compartments, resulting in enhanced immune presentation of the antigen
(98). Both viral and bacterially-derived antigens have been shown to be presented on MHCII
via this pathway, demonstrating its importance as a host defence mechanism (101) (102).

Autophagy and the intestinal epithelium
The intestinal epithelium presents several unique features relevant to autophagy – the
process of constant epithelial renewal and shedding of apical epithelial cells, and the
secretion of antimicrobial peptides by specialized Paneth cells. In its role as an absorptive
organ the intestine has a special relationship with nutrients, following a meal the epithelium
is loaded with a vast array of nutrient molecules which must be taken up and redistributed.
This is then followed by periods of relative lower nutrient abundance. Until recently little
was known of what effect these periods of feast and famine might have upon the regulation
of autophagy in the epithelium itself, although it was of interest since several candidate
genes for IBD are themselves nutrient transporters (e.g. SLC22A4 and SLC22A5) (60, 103).

Huett and Xavier Page 17

Inflamm Bowel Dis. Author manuscript; available in PMC 2014 March 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



It has become clear that amino acid availability greatly influences the rate of autophagy
within intestinal epithelial cells and that amino acid levels are sensed by sophisticated
transporter-based systems. Sakiyama et al reported that glutamine increased the levels of
autophagy in both basal conditions and following heat or oxidative stress, and this increase
was related to cell survival (104). They also observed that glutamine starvation induced
increased caspase-3 and poly (ADP ribose) polymerase activity following stress, these
increases were reduced by mTOR or p38 MAP kinase inhibition. These findings suggest that
autophagy protects cells undergoing glutamine restriction from apoptosis.

Recently, Nicklin et al have shown that mTOR signaling is mediated by glutamine uptake
via SLC1A5, followed by efflux from the cell (105). This glutamine efflux is required for
uptake of leucine, since the leucine transporter SLC7A5/SLC3A2 is an obligate exchanger
and thus requires an intracellular substrate to allow leucine import. Ingress of leucine into
the cell results in activation of mTORC1, therefore uptake of glutamine is a prerequisite for
essential amino acid signaling to mTORC1. Therefore glutamine appears to be the hub
around which nutritional and growth factor signaling is organized in intestinal epithelial
cells. The central role of amino acids in intestinal homeostasis is further underlined by the
roles played by arginine, glutamine and leucine in mucosal cell migration and restitution.

As part of barrier maintenance the epithelium is constantly shed and renewed, forming an
“epithelial escalator” from near the base of the crypt to the villus tip. Here cells are shed
from the gut surface, a process which must be controlled to both limit nutrient and fluid loss
and prevent bacterial ingress. Therefore it is likely that prior to shedding cells attempt to
recover and recycle as many nutrients as possible. Although studies of autophagy have not
been performed on these cells, it is plausible that cells consume their stores of amino acids
and other nutrients prior to being shed.

The loss of cells from the villus must take place within a carefully organized series of events
to prevent loss of epithelial integrity; therefore junctions between viable epithelial cells must
be maintained to prevent osmotic leakage and bacterial invasion. Again it is not known
whether autophagy is required for this process, but there are plausible reasons to believe that
it may play a role. As has been discussed in the previous section, focal adhesion interacting
proteins have been implicated in autophagy (106, 107) and focal adhesions have been
observed to be lost during nutrient starvation of cultured cells. In addition, models of
detachment-induced cell death have shown induction of autophagy following detachment
from the extracellular matrix, inhibition of which resulted in increased levels of apoptotic
cell death (108, 109). Therefore defects in autophagy may alter the state of shed epithelial
cells, as well as affect the permeability of the epithelium they leave behind.

Shed epithelial cells may take on special immunological significance during gut
inflammation. It is known that during development the clearance of cell corpses is
dependant upon autophagy, without which cells are unable to release
lysophosphatidylcholine or present phosphatidylserine to repectively trigger recruitment of,
and engulfment by, phagocytes (110). This failure to promptly engulf and clear dead and
dying cells is strongly linked to a number of autoimmune disorders, including models of
arthritis and lupus (111–114). During infection and subsequent inflammation of the gut,
prematurely shed or dying cells may be required to be cleared by phagocytes. This too is
likely to be dependant upon defined membrane signals, and thus possibly affected by
reduced levels of autophagy. Combined with the increased leakage of soluble factors from
the gut lumen during inflammation and tissue disruption, this may lead to enhanced auto-
antigen exposure and increased risk of autoimmunity. In addition, a combination of anti-
pathogen autophagy and autophagy-mediated cell corpse signaling following cell death may
result in more rapid immune detection of pathogens. Infected cells with intact autophagy are

Huett and Xavier Page 18

Inflamm Bowel Dis. Author manuscript; available in PMC 2014 March 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



likely to both present more pathogen-derived antigens to immune cells, as well as speed
their take-up by phagocytes upon their death. This is likely to result in a reduction of
pathogens capable of spreading infection and increase the speed of adaptive immune
responses, both leading to a more prompt resolution of inflammation.

Related to the subject of cell shedding there has been significant gut abnormality associated
with autophagic defects in mouse models. Mice expressing a hypomorphic variant of
ATG16L1, an essential autophagy gene, show a distinctive Paneth cell defect, characterized
by defective degranulation (66, 115). This defect is accompanied by a variety of gene-
expression changes, including many related to mucosal homeostasis and healing, as well as a
strong pro-inflammatory signature. Similar phenotypes were identified in mice lacking Atg5
or Atg7 expression and patients with CD, confirming both that the defect is autophagy
related and relevant to human disease. In the mouse model it appears that Paneth cell
degranulation is largely lost and the apical portion of the Paneth cell is often seen to break
away from the basal portion. This results in loss of Paneth cells and a paucity of
antimicrobial peptides and other secreted proteins in the luminal environment. Such a loss is
likely to result in an alteration in the frequency and character of the bacterial / epithelial
interactions, as the level of antimicrobial peptides in the crypt is reduced. It is likely that loss
of defensins and other active peptides result in increased intrusion of microbial flora into the
crypt, closer to the self-renewing stem cell compartment (116). Indeed, reduction of defensin
expression appears to be a strategy employed by several intestinal pathogens (117, 118).
This profound alteration in the gut environment is likely to significantly alter the overall
microbiome of the gut and not merely the level of bacteria close to the crypts. The
interconnected and relatively stable nature of complex microbial communities means that
such differences in gut flora are likely to be life-long and may directly affect susceptibility
to infection (119, 120). In the future, experiments examining the extent and role of
autophagy in the guts of germfree, mono-associated or defined-flora-reconstituted mice will
be important to determine the interplay between these factors.

Autophagy is known to be required for optimal antigen cross-presentation upon MHCII,
both in thymic development and viral infections (ref (92) (98). However antigen
presentation in the gut is also performed by the specialized M-cell, which continuously
samples luminal antigen and delivers these to macrophages and other antigen-presenting
cells. Recent data has shown that such sampling takes place not just in lymphoid tissues
such as Peyer’s patches, but also in isolated M-cells within the crypt epithelia and such sites
are occupied by large numbers of follicular dendritic cells (121). In addition it is known that
M cells are preferentially targeted by many pathogens and their toxins as portals to the
systemic compartment (122–126). Thus M cells are likely to be crucial in both
determination of which antigens are presented to immune cells, and controlling the invasion
of pathogens attempting to effect entry into the gut tissue. Indeed, it is known that M-cell-
mediated immune responses differ markedly compared to those driven by dendritic cells. M-
cell antigen presentation is required to generate secretory IgA, whilst these cells are not
needed for systemic IgG antibody production in a S. Typhimurium model (127) (128). M-
cells and intact Peyer’s patches are also required to generate innate secretory antibodies
(129). These innate antibodies are usually characterized as low-affinity, multi-valent
molecules capable of binding a variety of self and non-self antigens. Innate antibodies are
thought to be important agents of gut tolerance through their ability to remove commensal
and self-derived antigens from the gut environment. In addition, they provide immediate,
albeit less potent, defence against pathogens whilst high-affinity, specific antibodies are
being produced (130, 131). Given the known role of autophagy in antigen presentation and
defense against intracellular pathogens, it would seem reasonable to propose that defects in
autophagy might also affect the ability of M-cells and Peyer’s patches to fulfill their roles in
immune recognition and antigen display. This might predispose affected individuals to
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infections, as well as reduce or alter the innate antibody repertoire, exposing the gut and
systemic immune system to an elevated and more diverse antigen burden.

Enteroendocrine (neuroendocrine) cells represent another specialized gut cell type which has
been associated with CD and other inflammatory disorders. Following identification of a
CD-associated SNP within the genomic region adjacent to the PHOX2B gene, we examined
the location of PHOX2B expression in the gut by immunohistochemistry. Cells staining
positive for PHOX2B protein were morphologically identified as enteroendocrine cells.
These cells are thought to mediate control of innate immune responses and gut motility
through their secretion of hormones and other factors (132) and participate in the “tasting”
of luminal contents. A recent report also identified functional TLR signaling within
enteroendocrine cells and TLR stimulation resulted in calcium flux and secretion (133).
Whilst intestinal epithelial cells are sensitive to ER stress (134, 135), secretory cells, such as
Paneth cells and goblet cells, appear to be acutely sensitive to ER stress (66, 115, 136). This
may be induced by secretory blockade leading to accumulation of protein within the ER
compartment; this may hold true for neuroendocrine cells, given their secretory nature. With
the potential role for the autophagy apparatus in controlling both ER stress and exocytosis, it
is possible that defects in autophagy disproportionately affect the function of all
gastrointestinal secretory cells, e.g. Paneth, enteroendocrine and goblet cells. It will be of
interest to ascertain whether these cells exhibit high levels of autophagy and if they are
affected in IBD patients.

Non-autophagic roles for autophagy proteins
In addition to the importance, conservation and diversity of autophagic processes, some
autophagy proteins appear to play additional roles, both in response to infection and during
homeostasis. For example Zhao et al describe an autophagy-independent function for the
core autophagy protein Atg5 in resistance to Toxoplasma gondii (137). As with many
autophagy-based resistance mechanisms, this function appears dependant upon assembly of
protein complexes around the pathogen-containing vacuole. In this case, such complexes
result in vacuolar membrane lysis induced by Atg5-dependant recruitment of the interferon-
induced GTPase Irga6. It is interesting to compare this to resistance seen in models of C.
trachomatis infection, where Irga6 recruitment appears to redirect bacterial inclusions into
the autophagic pathway and subsequently results in lysosome fusion and bacterial killing
(69). Al-Zeer et al demonstrate that Irga6 is required for optimal IFN-g induced autophagy,
suggesting that the interaction with Atg5 is required to trigger this innate response in
interferon-activated cells. In both infections killing is Atg5 dependant, however in the case
of T. gondii-infected macrophages, no autophagic features surrounding parasites were
observed, in contrast to Al-Zeer et al who were able to observe GFP-LC3 surrounding
bacterial inclusions. However, since Zhao et al did not perform staining against LC3 it is
possible that these results are complementary and that both Atg5 and LC3 accumulate upon
intracellular pathogen-containing vacuoles in the absence of full-blown autophagy. It is
interesting to note that LC3 has also been observed upon phagocytic membranes and a role
in lysosome fusion imputed (138). Therefore Zhao et al suggest that the role of Atg5 in T.
gondii infection is similar to that seen in phagocytosis of beads coated with TLR ligand
(139), where Atg5 serves to recruit key proteins to the nascent membrane compartment. This
may be a phenomenon generalisable to other intracellular infections, including C.
trachomatisand may represent an alternative “sub-autophagic” route to direct cargos to the
lysosomal compartment dependant upon IFN-g and induced GTPases. There is a growing
body evidence suggesting that autophagic proteins play a role in phagosome assembly (138,
139), and given the similarities between the two processes it is not surprising that much of
the membrane handling may be conserved.
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In plants and worms autophagy is also largely conserved from yeast and the use of genetics
has yielded significant insight and a variety of powerful tools, including many mutants.
Arabidopsis thaliana mutants in Atg6, but not other autophagy genes tested, exhibit a defect
in pollen germination - such an Atg6-specific defect points towards a non-autophagic role of
this protein in pollen formation (140). Similarly, Atg6-deficient C. elegans have defects in
both autophagy and endocytosis, perhaps hinting at a role for the autophagy-related PI3K
complex in endocytic traffic (141). Also of interest is that mice lacking Beclin 1
(mammalian Atg6) die upon entry into the second week of embryogenesis, whilst most other
autophagy mutants survive until birth (142). All of these findings are suggestive of a role
outside of autophagy for Beclin1 and its homologues, further study of mutants in diverse
species might yield interesting data upon the roles of Atg6 / Beclin 1.

Aside from the core autophagic apparatus there are other proteins with emerging roles in
autophagy which exhibit other cellular functions. One such example is FNBP1L (Toca-1)
which is known to be essential for cdc42-mediated actin dynamics (143–145). We recently
identified this as a component required for anti-bacterial autophagy (78). Interestingly
FNBP1L association with Atg3 depends upon the HR1 domain of FNBP1L, this is the same
domain responsible for binding of cdc42. Therefore, just as FNBP1L and FBP17 may be
responsible for generation of actin polymerization upon curved membrane surfaces (Takano
et al EMBO 2008), FNBP1L may be required to generate autophagosomes on and around
bacteria-containing vacuoles. Indeed FBP17 (a related F-BAR containing protein) has been
shown to mediate phagocytic cup formation in macrophages, and recruitment is thought to
be dependant upon enrichment of phosphatidylinositol-4,5-bisphosphate. Phagocytosis has
some similarity to autophagosome formation and, as has been elegantly shown for
phagocytosis by Grinstein and others (29, 30), autophagsome formation is likely to rely
upon both binding of specific proteins as well as generation of lipid modifications on the
growing, bending membrane. Indeed it is known that autophagosome membranes are
generally cholesterol-poor and lacking in intramembrane proteins, suggesting that they may
exhibit specific properties favoring binding of proteins required for their growth. Initiation
and completion of a classical autophagosome in the cytoplasm in a stochastic fashion may
therefore be self-generated by the core autophagic machinery; however larger cargoes
require additional membrane growth. Therefore it is possible that the anti-bacterial
autophagosome begins at a single focus, triggered by an as-yet-uncharacterized signal. This
initial, curved membrane may subsequently be stabilized and extended by the actions of
FNBP1L to completely engulf the desired cargo. Such a mechanism has been proposed by
others to explain the requirement for Bif-1 (an N-BAR containing protein) in classical
autophagosome formation (146, 147). This use of different BAR domains makes sense in the
context of differing vesicle sizes, since N-BAR proteins generate narrower membrane
tubules in vitro and increased membrane curvatures than F-BAR proteins (148).

It has also been suggested that Atg1/ULK1 may have autophagy-independent roles in cell
adhesion, since focal adhesion components have been indentified as required for autophagic
function. Atg1 has been associated with neuronal axon development in both C. elegans and
mammals and overexpression of ULK1 or 2 in tissue culture triggers morphological changes
and loss of adhesion (106, 149–151). In addition in both a D. melanogaster model and
mammalian cells, paxillin was observed to be required for autophagy via an Atg1/ULK
interaction (107). These findings suggest that ULK proteins may regulate formation and
placement of non-autophagic protein complexes, particularly those involved in membrane-
cytoskeletal interactions.
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Defense-in-depth, it’s a numbers game
Over the past 100 years our knowledge of innate and adaptive immunity has exploded, from
the first descriptions of phagocytes and immune defense molecules to the integrated systems
biology of today. What has become apparent is that host defense in mammals is a diverse,
multi-layered phenomenon, with each layer serving to reduce the probability of an infectious
insult resulting in a productive infection. Some of these layers are easily observed, for
example the barrier function of the skin and mucosa. Others are less obvious, such as anti-
microbial peptides and sensors of pathogen-associated molecular patterns. In a naïve
individual these responses are required in order to control or delay the onset of infection
until a full adaptive response can be mounted. However, no single mechanism functions
alone to entirely control a given infection. Thus the body operates a defense-in-depth
strategy, with each mechanism reducing the probability that an infection can penetrate
beyond the defense or maintain a replicative niche.

This concept of pathogenesis as probability was first demonstrated by Meynell and Stocker
in 1957 (152) and has largely been borne out in further analysis of animal models (153,
154). In the Stocker model the probability of any given organism within a clonal inoculum
progressing to a replicative infection is independent of the other organisms within the
inoculum. Thus an ID50 is a purely mathematical phenomenon, rather than a requirement
that an inoculum exceed a physical number of organisms to initiate an infection. Dosage of a
single organism could be sufficient to generate an infection, albeit in a tiny proportion of
instances.

By combining these two ideas; defence in depth and the probability model of infections, it is
possible to generate novel insights into infections and their progression. Recent work
utilizing molecular genetics to tag individual bacterial clones within an intra-venous
delivered population of S. Typhimurium has shown that during infection of mice bacterial
replication occurs alongside host-mediated killing (154). In successful infections pathogen
replication during establishment of a systemic infection just barely outpaces the killing rate.
Since initial numbers of invading organisms are small, modest gains in killing efficiency or
niche restriction result in greatly improved outcomes for the host, including resolution of
infections whilst disease remains sub-clinical.

In the gut, where bacterial exposure is constant and occurs over a vast surface area, itself
under constant renewal, these concepts take on an unrivalled importance. It is crucial for gut
homeostasis that microbes are immediately confined and removed when they gain entry into
intestinal tissues, both to avoid replication and spread and to limit the induction of
problematic inflammation. Pathogens, commensals and their products must be rapidly
handled and degraded to limit the extent of immune recognition and activation.

In the context of IBD, minor defects in autophagy may predispose individuals to disease in
many ways, summarized in Figure 3. Increased stress upon secretory cells results in loss or
depletion of the mucus barrier and anti-microbial peptides, increasing epithelial exposure to
luminal flora. In intestinal crypts, where anti-microbial peptide concentrations are usually
highest, loss of peptide secretion results in flora entering the base of crypts (Figure 3A). The
presence of elevated numbers of auto-reactive or flora-reactive T cells, due to improper
negative selection during thymic development, results in inflammatory responses (Figure
3B). This may be ongoing, or initiated by acute exposure to microbial products and antigens
upon injury. In addition, there is a loss of innate antibody production de to a paucity of B1-B
cells, further decreasing epithelial barrier defence. This initial inflammation promotes
epithelial turnover, however in the absence of fully functional autophagy junctional
regulation may be compromised, resulting in improper coordination of cell shedding (Figure
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3C). Exposure of the basolateral surfaces of epithelial cells, as well as depletion of mucus
and the epithelial layer itself, all predispose tissues to infection with classical pathogens and
“normal” gut flora. It is known that many proteins utilized by bacteria to effect entry into
epithelial cells are restricted to the basolateral surface (155, 156). Thus loss of epithelial
integrity is likely to result in increased invasion and attachment of bacteria. The defects in
mucus, antimicrobial peptide and antibody production also expose M-cells to greater
numbers of bacteria and potential pathogens. Underlying lymphoid tissues are therefore
exposed to higher amounts of pro-inflammatory ligands and signals (Figure 3D). Under all
these circumstances epithelial cells, as well as professional phagocytes, have to respond to
higher burdens of bacterial invasion/attachment and epithelial breakthrough (Figure 3E).
This results an increased requirement for autophagic elimination of bacteria which enter
both phagocytes and the cytoplasm of permissive cell types such as epithelial cells. If the
autophagic system is unable to keep up with the bacterial challenge, then these cells may
become infected with bacteria and perpetuate the inflammatory cycle.

In conclusion we believe that autophagy is likely to play a key role in the process of
gastrointestinal homeostasis, serving to remove bacteria that make it into tissues and degrade
any non-self immunostimulatory molecules to maintain intestinal tolerance. For these
reasons autophagy may be under a particularly high load in the tissues of the gastrointestinal
tract, especially in areas where barrier function has been compromised by previous injury.
Perhaps this is why even minor defects in autophagy are associated with inflammatory
bowel disease, in the absence of overt symptoms in other organ systems.
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Figure 1. Themes in IBD susceptibility
Our current knowledge of IBD susceptibility yields three main themes: genetics, immunity
and microbial flora. Modern genetic techniques have allowed identification of several
interactions and pathways, including autophagy. However each of the known genetic
variants contributes only a modest amount to overall susceptibility. Immunity has been
though as central to IBD for many years, but now the focus is firmly upon innate immunity
and triggers of inflammation, and how this relates to skewing of the Th1/Th17 axis of the
adaptive immune system. Our knowledge of the microbiome and its interactions with the gut
is in its infancy. The microbial flora is likely to be crucial for IBD susceptibility and
pathology, both as triggers of initial inflammation as well as the long-term alterations in
flora induced by ongoing immune responses. Combined with unknown environmental
triggers and other contributors to disease location and pathology, these factors combine to
give each individual a unique risk profile.

Huett and Xavier Page 31

Inflamm Bowel Dis. Author manuscript; available in PMC 2014 March 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Autophagy as cytoplasmic defence
Following entry into epithelial cells or other non-phagocytic cells, many bacteria are able to
replicate in two niches. The initial niche is within the induced entry vacuole (e.g. Salmonella
Typhimurium) or within the cytoplasm itself (e.g. Shigella flexneri). In the case of
Salmonella this environment supports only slow replication, and Shigella must establish
motility to evade autophagy and induce cell to cell spread. Escape from this initial niche into
the cytoplasm, or loss of niche integrity results in one of two outcomes. Pathogens may be
recognized (e.g. by NOD-like receptors) marked (e.g. by ubiquitination) and destroyed, by
autophagy or other mechanisms; or they may establish rapid replication within the cytosol.
When autophagy is unable to restrict bacteria to a vacuolar niche bacterial replication is
elevated, yielding increased spread of bacteria and more severe disease.

Huett and Xavier Page 32

Inflamm Bowel Dis. Author manuscript; available in PMC 2014 March 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. The diverse roles of autophagy in IBD pathology
Autophagy may play several special roles in the gut related to epithelial barrier function,
immunity and bacterial infection in addition to normal cellular homeostasis. (A) Under
normal conditions intestinal crypts are kept free of the majority of microbial flora by Paneth
cell secretion of anti-microbial peptides. Loss or reduction of such secretion results in an
increase in bacteria within the crypts and alterations in overall flora composition. Paneth cell
secretion defects have been observed in CD patients with ATG16L1 polymorphisms. (B)
Autophagy is required for normal T cell development and plays a role in negative selection
of T cells during thymic development. Defects in autophagy may result in increased auto-
reactive T cells within the gut, as well as a reduced B1 cell numbers. T cells may therefore
be triggered to induce inflammation by self-antigen or increased exposure to microbial
products. Loss of innate antibodies from B1 cells will also yield lowered resistance to
bacterial colonization. (C) Several lines of evidence point towards a link between autophagy
and regulation of cell-cell junctions. Maintenance of junctions is important to prevent
leakage of gut contents through the epithelium. Disruptions in cell junctions may directly
render the epithelium leakier, or result in loss of integrity during cell shedding and
replacement, exposing sub-epithelial layers and basolateral cell surfaces to microbes. (D)
The role of autophagy in M cell antigen uptake and presentation is largely unknown.
However M cells are preferred portals of a number of infectious agents. Thus it is likely that
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without fully competent autophagy M cells are more prone to infection and less able to
present antigens to immune cells. This will result in more infections, increased inflammation
and altered immune responses to gut flora. (E) Epithelial cells and phagocytes rely upon
autophagy to control invading bacteria and to present cytosolic antigens upon MHCII.
Therefore autophagic defects will result in less capable bacterial handling and antigen
delivery, increasing the risk of infection and slowing initiation of immune responses.
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Table 1

Autophagy subclasses

Major category Subtype name Major purpose Cargo selection Notes

Macroautophagy

Constitutive / basal Homeostatic Non-selective

Induced Stress response – nutrient
depletion, toxic protein

accumulation or
aggregation

Non-selective It has been proposed
that some induced
autophagy may be

selective, e.g.
ribophagy

Xenophagy Response to infection Selective – signals largely
unknown

Mammalian cells
appear to utilize

additional specific
proteins

Mitophagy Removal of damaged
mitochondria

Selective – signals thought
to relate to fusion/fission
and membrane integrity

Signals and specific
proteins largely
uncharacterised

Microautophagy

Chaperone-mediated autophagy Homeostatic Selective – cargoes bearing
a pentapeptide motif are

recognized by hsc70

Piecemeal autophagy of the
nucleus

Homeostatic Presumed to be selective,
since only a subset of
nuclear contents are

degraded
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