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Genome wide association studies (GWAS) have linked polymorphisms in autophagy genes
to Crohn’s Disease (CD). Interestingly, recent studies have shown that defective autophagy
leads to increased levels of the cytokines IL-1 and TNF-a, which play a critical role in Th17
cell differentiation. This is significant because CD is marked by a Th17 cell mediated
inflammatory response. Through a unique synthesis of the current CD literature, this review
examines the manners in which defective expression of autophagy linked proteins indirectly
amplify and sustain Th17 cell induction through increasing the production of Th17 positively
differentiating cytokines (IL-1 and TNF-a) and decreasing the production of the Th17 down
regulating cytokine IL-10.

Introduction

In the western hemisphere over 2.5 million people have inflammatory bowel diseases (IBD) [1].
The two most prevalent varieties of IBD are Ulcerative Colitis (UC) and Crohn’s Disease (CD),
which are both marked by aberrant inflammation in the intestinal tract. Although previously
thought to primarily affect Western Europe and North America, new evidence shows strikingly
increased prevalence rates across the globe especially in the Middle East, India, China, and
Japan [2]. In light of this increased prevalence, the need for effective treatment is urgent.

This paper will focus on Crohn’s Disease (CD), which is marked by chronic intestinal
inflammation primarily in the terminal ileum. Symptoms include abdominal pain, fever,
intestinal blockage and diarrhea. Severe cases are characterized by intestinal stricturing and
intra-abdominal or perianal fistulae. CD results from genetically and environmentally driven
defects in intestinal immune cells, which allows the intestinal micro biota to improperly
stimulate the intestinal immune system [3]. This continual and improper stimulation results in
excessive intestinal inflammation.

Th17 Cells

The culprit for much of the CD inflammation is the IL-17 producing helper T cells
(Th17). Th17 cells are highly inflammatory CD4+ T cells divergent from CD4+ T helper cells
and are categorized as a distinct Th cell lineage [4, 5]. Th17 cells are constitutively present in
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CD inflammation is strongly associated with increased Th17 cell levels. Compared to
normal intestinal mucosa, the mucosa of CD patients contains increased levels of Th17 cells
[5]. The increased numbers of Th17 cells in active CD, is logical as high levels of both the
cytokines needed for Th17 induction (IL-1, IL-6, TNF-a)) and stabilization (IL-23) and the
effector cytokines produced by Th17 cells (IL-17, IL-21, and 1L-22) are found in the inflamed
mucosa of CD patients.

Genome Wide Association Studies (GWAS) have further strengthened the link between
Th17 cells and CD by linking single nucleotide polymorphisms (SNPs) in components of the
Th17 pathway, including p40, jak2, ccr6, and most significantly the IL-23 receptor (IL-23R),
to IBD [6]. The most common SNP for the IL-23R is the second most frequent polymorphism
linked to CD [7]. Th17 cells are specifically marked by the expression of CD161*, the presence
of the retinoic acid receptor-related orphan nuclear receptor gamma transcription factor (ROR-
vt) and high levels of IL-23R [8].

Th17 Effector cytokines lead to CD inflammation

Increased Th17 cell levels lead to CD inflammation. Th17 cells promote a hyper immune
response through the secretion of highly inflammatory cytokines. Th17 predominantly produce
the effector cytokines IL-17, IL-21, and IL-22. Likewise, high levels of IL-17 [9], 1I-21 [10],
and IL-22 [11, 12] are present in the inflamed mucosa of CD patients. Thus the primary effector
cytokines produced by Th17 cells are found in abundance in the intestine of CD patients.

Th17 cell derived cytokines contribute to the hyperactive and damaging immune response
associated with CD in a number of ways. IL-17 [13],1L-21 [14] and IL-22 [15] activate colonic
fibroblasts to produce enzymes known as matrix metalloproteinases (MMPs) that degrade the
extracellular matrix. The extracellular matrix between cells is made up of proteins, like collagen,
that help to maintain the integrity and strength of intestinal walls. Thus, high levels of MMPs
damage the intestinal wall. The abnormally high levels of MMPs are likely to be responsible for
much of the intestinal damage (ulceration and fibrosis-scarring) of CD [16]. Indeed, in mouse
models of CD, antibodies designed to inhibit MMPs have shown a therapeutic ability to reduce
intestinal damage and inflammation [17]. Thus, effector cytokines of Th17 cells contribute to
CD symptoms partially through the activation of MMPs.

Besides activating MMPs, Th17 effector cytokines contribute to the hyper immune
response associated with CD in a plethora of other ways. IL-17 binds to receptors on endothelial
and myeloid cells, where it induces the expression of key chemokines involved in neutrophil
recruitment and of pro-inflammatory cytokines including IL-13, tumor necrosis factor-o
(TNF-a) and IL-6 [18]. IL-21 induces the expression of the T-cell chemoattractant macrophage
inflammatory protein-3o. (MIP-3a) from intestinal epithelial cells [19], and endows CD4*
T cells with resistance to Treg-mediated suppression [20]. IL-22, up regulates -defensin
production [21], TNF-a and IL-6 mRNA expression [12], intestinal epithelial cell migration
[12], and levels of acute-phase reactants [22].Thus, through the activation of various factors,
including MMPs, the effector cytokines produced by Th17 cells are responsible for much of the
severe inflammation associated with CD.

Th17 Polarization

Interestingly, Th17 cells are closely related to inducible T regulatory (iTreg) cells, another
sub population of CD4*T cells. In contrast to the damaging properties of Th17 cells, Treg cells,
including both peripherally generated induced Treg (iTreg) and thymus-derived natural Treg
(nTreg), actively suppress a broad range of immune cell responses [23, 24]. Decreased levels of
functional Treg cells have been found in CD patients [25], this is fitting as Treg cells suppress
inflammation.

Th17 and iTreg cells both arise from the differentiation of naive CD4* Th cells. Once
naive CD4* T cells have developed and matured in the thymus, they exit and begin to circulate

hrough-the lym c mphnodes (LN). (Naive CD4* T cells are T cells that have not
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encountered the antigen that they are designed to react to). In the LN, these naive CD4* T cells
are activated by antigen-presenting cells (APCs) through T-cell receptor ligation (presentation
of a specific antigen on the APC’s major histocompatibility complex II to the naive CD4* T cell’s
T cell receptor) and costimulation. The specific antigens that the APCs are using to activate
naive CD4* T cells in CD remain unclear. The final phenotype of a naive CD4* T cell is then
determined by the cytokine environment. Thus the factors that alter the cytokine environment
have a major role in determining the terminal lineage commitment of naive CD4* T cells.

Indeed the fate of a naive CD4* T cell is critically influenced by which cytokines it
comes into contact with. In the LN, naive CD4* T cells are likely to come into contact with
stimulatory cytokines. These cytokines can be either anti-inflammatory, including IL-10, or
pro-inflammatory, including IL-1, TNF- and IL-23.

Treg cell (both iTreg and nTreg) induction largely depends upon the activation of the Treg
transcription factor, Foxp3 (forkhead box protein 3) [26-28]. In contrast Th17 cell induction
largely depends upon the activation of Th17 transcription factor, ROR-yt [29]. Without the
interference of inflammatory cytokines, Foxp3 normally binds to and down regulates RORyt
[30]. Thus, the induction of iTreg cells is naturally favored over the induction of Th17 cells in
non-inflammatory conditions. Yet, the inflammatory cytokines IL.-23 and TNF-, prevent the
Foxp3 down regulation of RORYt by deactivating Foxp3 [30-32]. Once Foxp3 is deactivated,
RORyt is no longer inhibited and if additionally activated by IL-1 will begin polarizing the
naive CD4* T cell towards a Th17 phenotype [29, 33]. Thus, high levels of IL-1, IL-23 and
TNF- can strongly bias the differentiation of naive CD4* T cells into Th17 cells.

Th17 Inducing Cytokines
IL-1B

Increased levels of IL-1f3 are consistently found in patients with CD [34-37]. Indeed,
much of CD inflammation is the result of heightened IL-1 levels. The potent anti-inflammatory
power of anti-TNF antibodies is partially attributed to the ability of anti-TNF antibodies to
down regulate IL-1f secretion [38]. In mice with increased IL-1 levels, anti-IL-1 antibodies
tapered the severe intestinal inflammation that resulted from DSS treatment [39], suggesting the
primary role IL-1 plays in intestinal inflammation.

The IL-1 receptor (IL-1R) is found not only on leukocytes, but also on numerous other
cells including hepatocytes, endothelial and epithelial cells [40]. This broad expression of IL-
1R helps account for the broad and potent inflammatory potential of IL-1. Yet, the primary
reason that IL-1 plays such an important role in intestinal CD inflammation is because it plays
a pivotal role in activating Th17 cells [29, 31, 33, 34,41-44].

IL-1 activates and sustains Th17 populations. In the gut, resident macrophages (CD68
+) are the main source of IL-1 [29, 45]. The removal of these IL-1 producing macrophages
impaired the Th17 response and subsequently reduced intestinal inflammation [29, 45]. Th17
(CD161+) lymphocytes express unusually higher levels of IL-1 receptors than CD161 negative
lymphocytes [8]. This shows the critical role IL-1 plays in driving differentiation of Th17 cells,
as CD161 is a marker of cells committed to the Th17 phenotype [8]. Studies have shown that
disruption of the IL-1R strongly impairs Th17 differentiation and accumulation as well as
intestinal inflammation [34].

Like IL-23 and TNF-a, IL-1 plays a critical role in polarizing the Th17 phenotype
from the Treg phenotype. While IL-1 has not yet directly been shown to inhibit the Foxp3
inhibition of RORYt, it does significantly up regulate RORYt [29, 31, 40]. In addition to up
regulating RORvyt, IL-1 up regulates Interferon regulatory factor 4 (IRF4), which has been
shown to be essential for Th17 differentiation [46].

Besides polarizing the Th17 phenotype, IL-1 has a key role in maintaining the activated
state and growth of Th17 cells. In vitro experiments showed IL-1’s ability to activate IL-17
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production and Th17 expansion in an environment devoid of TCR stimulation [33,43]. Therefore,
through driving the polarization and expansion of the Th17 phenotype, IL-1 increases intestinal
inflammation.

I-23

IL-23 plays a major role in the stabilization and maintenance of Th17 cells and is
implicated in CD inflammation. In the intestine it is mainly produced by stimulated macrophages
and dendritic cells (DCs) [47]. Polymorphisms increasing the activation and expansion of IL-
23R are linked to heightened risks of developing CD, while polymorphisms decreasing the
activation and expansion IL-23R are linked to increased protection against developing CD [48].
Indeed, in the inflamed gut mucosa of CD patients, high levels of IL-23 and high numbers of
cells with IL-23 receptors are found [49, 50]. Likewise, anti-IL.-23 antibodies have displayed
benefits in CD patients [51].1L-23 plays a key role in inhibiting IL-10 production [52], activating
RORyt [30], up regulating the expression of IL-1R [53], and sustaining the expansion of Th17
cells [54]. All of these factors lead to the induction of Th17 cells and thus the inflammatory
conditions of CD.

High levels of IL-23 specifically inhibit the production of IL-10 by lamina propria
mononuclear cells and CD4* T cells [52]. IL-10 is a potent anti-inflammatory cytokine that
plays a vital role in the regulation of inflammatory responses [55]. IL-10 has the capability to
influence the differentiation of naive CD4* T cells. IL-10 helps persuade naive CD4* T cells to
differentiate into iTreg cells [56]. High levels of IL-10 can persuade naive CD4* T cells in vitro
to become specialized Tr1 (Foxp3-) cells that in turn secrete increased levels of IL-10 [57]. Thus
inhibition of IL-10 would lead to decreased Treg cell induction and increased inflammatory
conditions that would favor Th17 development. Studies continue to show that the polarization
of the Th17 phenotype is strongly dependent on inflammatory conditions in the surrounding in
vivo microenvironment [58].

The addition of IL-23 to naive CD4* T cells decreases the inhibition of the Th17
transcription factor RORyt by Foxp3 and accordingly leads to the increased polarization of the
Th17 phenotype [30]. Besides polarizing the Th17 phenotype, studies have shown that IL-23
works with IL-1 to support the maintenance and expansion of the Th17 population. Indeed
IL-23 signals for the increased display of IL-1 receptors on Th17 cells [34, 53]. IL-1f3 and IL-
23 work in synchrony to drive the differentiation of the Th17 phenotype and to maintain the
homeostasis and expansion of Th17 cells [34]. Therefore, increased levels of either or both IL-
1 and IL-23 would lead to large populations of mature Th17 cells.

INF-a

TNF-a is a potent pro-inflammatory cytokine that is found at elevated levels in the
intestinal mucosa of CD patients [25, 36]. The relief of CD symptoms by anti-TNF-a antibodies
testifies to the central role TNF-a plays in CD inflammation. TNF-a. is primarily produced by
activated macrophages, T lymphocytes and monocytes [25]. TNF-a inactivates Foxp3 function
[32] and down regulates Foxp3 expression in CD4* T cells [59]. Thus, TNF-a strongly polarizes
naive CD4* T cells towards the pro-inflammatory Th17 phenotype and inhibits functional Treg
cell induction. Thus any genetic mutation that would lead to increased levels of IL-1[3, IL-23 or
TNF-a, would result in increased Th17 induction.

The presence of certain cytokines has an enormous effect on dictating whether the
immune response will be regulated or will become excessive. Because the up-regulation
of Th17 cells simultaneously down regulates Treg cells, the induction of Th17 cells
simultaneously removes the primary cell associated with immune regulation. This results
in an increase in the ratio of Th17 cells to Treg cells. Thus, the compound effect pro-
inflammatory cytokines have of unleashing Th17 cells at the cost of Treg cells, results
in severe and unchecked inflammation. Therefore, any cellular process that leads to
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abnormally high levels of the specific cytokines needed for Th17 cell differentiation could
potentially be linked to increased Th17 induction. Fascinatingly, both TNF-o and IL-1
secretion is up regulated when a cellular process known as autophagy is defective. The
remainder of this paper will attempt to trace the manners in which TNF-o and IL-1 are up
regulated by the defective autophagy.

Autophagy

Autophagy refers to the cellular response to stress that results in the degradation/
recycling of cytoplasmic components. This catabolic pathway responds to a wide variety of
cellular stress such as nutrient deprivation, hypoxia, DNA damage, mechanical injury, ROS,
misfolded protein/ER stress, organelle dysfunction and pathogen (viruses, bacteria, or parasites)
infection [60-63].

Xenophagy is the form of autophagy when the cytoplasmic component being degraded
is a pathogen. In other words, xenophagy is the autophagic engulfment and breakdown of
intracellular bacteria [64]. Xenophagy has been shown to occur in fibroblasts [65], intestinal
epithelial cells [66], non-intestinal epithelial cells [67], monocytes [68], and macrophages [68,
69].

Autophagy (and thus xenophagy) functions through the engulfment of cytoplasmic
components by an autophagosome, which then fuses with alysosome, resulting in the degradation
of the components [70]. The autophagosome is a double membrane vesicle that is assembled by
autophagy related proteins (Atgs) [70]. Proper autophagosome induction is a complex process
involving many steps and is dependent on many different proteins [70]. Interestingly three of
these proteins, ATG16L1, NOD2 and IRGM, have been genetically linked to CD.

Genetics (GWAS Genome Wide Association Studies)

In an attempt to understand the pathogenesis of CD, researchers have utilized new
technology in attempt to find genes that correlate with CD. In the last decade genotyping, a
once expensive and laborious process, has become significantly more affordable and efficient
[71]. This improvement in genotyping has led to the arrival of Genome Wide Association
Studies (GWAS). In GWAS, thousands of genome wide single nucleotide polymorphisms
(SNPs) in controls and cases are compared. So far, this process has resulted in the labeling of
71 risk loci for CD [6, 72]. Intriguingly, three of the genes most strongly linked to CD code for
proteins (ATG16L1, NOD2 and IRGM) that are involved in autophagy [72]. These studies thus
suggested a key role of autophagy in the pathogenesis of CD.
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CD linked Single Nucleotide Polymorphisms (SNPs) associated with
autophagy

NOD2

Pattern recognition receptors (PRRs), including Toll like receptors (TLRs) and Nod like
receptors (NLRs) recognize components of viruses and bacteria. NOD2 (nucleotide-binding
oligomerization domain 2) is a NLR intracellular sensor of muramyl dipeptide (MDP), a
bacterial cell peptidoglycan [73]. Upon recognition of MDP, NOD2 activates the production
of various pro-inflammatory and anti-inflammatory cytokines through the NFB pathway [73].
Because NOD2 is an intracellular receptor it only recognizes cytoplasmic MDP. Thus, NOD2
principally recognizes bacteria inside the cell. Consequently as NOD?2 is strongly linked to CD,
intracellular bacteria have the potential to play a major role in CD.

Three specific mutations in the NOD2 genes in humans have been strongly linked to CD.
Both the two SNPs, substitution of positively charged arginine for neutrally charged glycine
at amino acid residue 908 (Gly908Arg) and substitution of neutrally charged tryptophan for
positively charged arginine at amino acid residue 702 (Arg702Trp), and the frameshift mutation
(Leu1007fs) are found in the leucine-rich-repeat (LRR) domain in NOD2. The LRR domain is the
microbe-associated molecular pattern recognition region of NOD2 [73]. Thus these mutations
affect the microbial recognition ability of NOD2. The frame shift mutation (Leul007fs) is the
product of a cytosine insertion (3020insC) that truncates the terminal LRR domain of NOD2
protein by 33 amino acids. As the frameshift mutation cleaves off part of the LRR domain it
severely inhibits NOD2 function. Accordingly a severe form of CD, often requiring surgery, is
found in patients homozygous for the (L100fsinsC) frame shift mutation [74].

Stimulation of NOD2 by MDP results in the activation of xenophagy [75], the autophagic
engulfment and breakdown of intracellular bacteria. Functional xenophagy depends upon the
complete engulfment of intracellular pathogens and thus depends on the correct induction
of autophagosomes at the sites of pathogen entry. In turn this induction depends upon the
recruitment of ATG16L1 to the plasma membrane, where the sites of pathogen entry are located
[76].

The recruitment of ATG16L1 to the sites of bacterial entry was found to be completely
dependent upon NOD?2 [76]. NOD2 binds to ATG16L1 and positions it in the appropriate place
around the plasma membrane. Indeed, the physical interaction between MDP-stimulated NOD2
and ATG16L1 resulted in the proper recruitment of ATG16L1 to the sites of bacterial entry on
the plasma membrane [76]. Human macrophages homozygous for the (L100fsinsC) frameshift
mutation were unable to recruit ATG16L1 to the sites of bacterial entry on the plasma membrane
[76]. Consequently xenophagy was defective because the autophagosomes failed to sufficiently
engulf the invading bacteria.

This landmark study directly linked NOD2 with the autophagy pathway. This study also
strengthened the linkage between autophagy and CD, as defects in NOD2 are strongly linked to
CD. Later experiments confirmed the critical role NOD2 plays in functional xenophagy in DCs,
epithelial cells and macrophages [77]. Thus, functional xenophagy depends upon the correct
orientation of ATG16L1, which in turn depends on the proper recruitment by NOD2.

ATG16L1

In 2007, a GWAS linked the substitution of a polar threonine with a nonpolar alanine
on the ATG16L1 gene to CD [78]. This SNP (Thr300Ala) is specifically connected to CD in
the ileum [78]. The mutation is found in the carboxyl terminal WD-repeat domain, which is
implicated in protein-membrane/protein-protein interactions [78].

ATG16L1 combines with Atg5 and Atgl2 to form a multimeric protein complex
that is essential for correct autophagosome induction [79]. Dysfunctional ATG16L1 leads
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to dysfunctional autophagosome induction and hence, dysfunctional autophagy. Thus,
dysfunctional ATG16L1 would also impair xenophagy. Indeed, severely weakened clearance
of the intracellular pathogen Salmonella typhimurium was observed in human epithelial cells
with the CD-linked ATG16L1 mutation [80]. Other studies suggest that impaired xenophagy
(cellular clearance of intracellular bacteria) leads to the activation of Th17 cells.

IRGM

The third of the primary CD linked autophagy proteins is IRGM (Immunity-related
GTPase family M). Polymorphisms in both the coding and promoter regions of the IRGM gene
have been repeatedly linked to CD [6,72, 81]. IRGM is thought to play a crucial role in the early
activation of xenophagy [65]. Defective expression of IRGM leads to defects in xenophagy, and
as a result the failure to clear intracellular bacterial [66, 82].

Functional autophagy (and thus xenophagy) depends on the proper expression of
ATGI16L1, NOD2 and IRGM. Accordingly polymorphisms in any of these three genes lead to
dysfunctional autophagy (xenophagy). Dysfunctional expression of autophagic (xenophagic)
proteins leads to the activation of Th17 cells through the up regulation of IL-1, IL-23 and TNF-
and possibly through the down regulation of IL-10.

Increased secretion of IL-1

Recent studies have shown that autophagy plays an integral role in the production of
various cytokines. Specifically it has been found that the production of IL-1 is closely linked
to autophagy. Studies in human monocytes and murine macrophages have found that impaired
autophagy leads to increased secretion of IL-1 [39, 64, 83].

A common method to impair autophagy is the application of 3-methyladenine, which
blocks the Beclin-1 complex, which is required for the initiation of the induction of the
autophagosome [39, 84, 85]. Numerous studies have shown increased IL-1 production in the
presence of 3-methyladenine [39, 83, 86].

Various murine studies in macrophages have specifically studied the effect of the
disturbance of key autophagy proteins on IL-1 production. Impaired expression of Beclin 1[84,
87], LC3B [87] or Atg 7[88], all of which are required for proper autophagosome induction,
results in increased IL-1 production. Likewise impaired expression of ATG16L1, additionally
required for autophagosome induction, also led to heightened IL-1 production [39].

Because autophagy negatively regulates IL-1 production, defective autophagy would
lead to IL-1 secretion in response to TLR ligands that would normally fail to stimulate
IL-1 secretion. Saitoh et al., found higher secretion of IL-1 in response to LPS as well as
Eneterobacter aerogenes, E. coli and Klebsiella pneumoniae (non-invasive gram negative
commensal bacteria) in murine macrophages lacking ATG16L1 compared to controls [39].
These indicate that defective autophagy could be implicated in a hyperactive immune response
to commensal bacteria. Thus, defective autophagy could lead to a potentially harmful immune
response to non-pathogenic bacteria.

In order to understand how impaired autopahgy controls IL-1 production, it is necessary
to look at the IL-1 production pathway. The production of IL-1 is a complex process that testifies
to the potent inflammatory potential of active IL-1 and the host’s attempts to monitor it. IL-1
production begins with the induction of the transcription of the cytokine gene. TLR ligands,
primarily TLR-4 ligands, are the most common stimulator, though NLR ligands have also been
implicated as inducers [89, 90]. Stimulation of TLRs activates NF-»B, a cytokine transcription
regulating protein (factor), which initiates gene transcription [91].

Afte anscription anslation creates inactive precursor IL-1 which must be

ume %, 1umber 1



—

120 MORSE

proteolytically cleaved by the cysteine protease Caspase 1 to become activated IL-1f [92, 93].
Caspase 1 itself exists in an inactivate form, pro-caspase 1, until it is activated by the cytosolic
multiprotein complex, NLPR3 (Nucleotide-binding-and-oligomerization domain (Nod) and
leucine-rich-repeat—containing) inflammasome [87, 94]. Thus the secretion of mature IL-1 is
dependent upon NLRP3 inflammasome induction.

Autophagic Regulation of IL-1B production dependent on the NLRP3 inflammasome

Why did the removal of autophagic proteins lead to increased NLRP3 inflammasome
mediated cytokine production? Recently, mitochondrial homeostasis was linked to functional
autophagy through studies that showed dysfunctional autophagy disrupted mitochondrial
homeostasis [87, 94]. Because autophagy is responsible for organelle recycling, defective
autophagy impairs mitochondrial homeostasis. Disruption of mitochondrial homeostasis
was marked by increased mitochondrial membrane permeability, increased production of
mitochondrial reactive oxygen species (ROS) and release of mitochondrial DNA into the
cytosol [87, 94, 95]. Both the increase in mitochondrial ROS and the cytosolic translocation of
mitochondrial DNA leads to the induction of the NLRP3 inflammasome [87, 94].

Further studies showed that blocking ROS in macrophages with impaired autophagy, led
to decreased NLRP3 inflammasome activation [83]. Thus through maintaining mitochondrial
homeostasis, autophagic proteins regulate NLRP3 inflammasome induction which in turn
regulates the production of IL-1f3.

The key role ROS plays in NLRP3 inflammasome activation, links IL-1f to the
potent cytokine, TNF-a. This inflammatory cytokine is one of the primary cytokines
produced by macrophages in response to TLR ligands [96]. TNF-a has been shown to
disrupt mitochondrial homeostasis, which in turn heightens ROS production that ultimately
can lead to the increased secretion of mature IL-1f [97-99]. Indeed, as anti-TNF-a
antibodies leads to reduced secretion of IL-1[3 [38]. TLR ligands stimulate both IL-1f3 and
TNF-a production [99]. In cells with defective autophagy, the TNF-a produced from this
stimulation will substantially disrupt mitochondrial homeostasis, leading to increased ROS
production and NLRP3 inflammasome induction and subsequently, to highly increased
IL-1p secretion.

In summary defective autophagy leads to mitochondrial stress, which leads to
increased numbers of ROS, which in turn up regulates the NLRP3 inflammasome, which
in turn activates Caspase 1, which cleaves precursor IL-1f into mature IL-1f ready
for secretion. Thus autophagy can monitor IL-1f3 secretion in a NLRP3 inflammasome
dependent manner.

Autophagic Regulation of IL-1B production independent of the NLRP3 inflammasome

Autophagy has been also shown to monitor IL-1f secretion in manners independent of
the NLRP3 inflammasome. The NLRP3 inflammasome plays a major but not comprehensive
role in the autophagic monitoring of IL-1f production.

Studies have shown that autophagy targets precursor IL-1[ for degradation. Harris, et
al. using bone marrow-derived macrophages (iIBMM) and DCs (BMDC) from mice, showed
that in addition to the monitoring of the NLRP3 inflammasome, autophagy regulates IL-1[3 by
targeting precursor IL-1f for engulfment by autophagosomes and thus for subsequent lysosomal
degradation [83]. This concept that autophagy monitors precursor IL-1{ was partially supported
by experiments that showed in ATG16L1 deficient murine macrophages, the forced induction of
autophagy by rapamycin, leads to decreased levels of precursor IL-1 [83].

Autophagy has been shown to regulate IL-1f3 on the transcriptional level. Murine
models have shown that impaired expression of Atg7 can be linked to increased levels of IL-1[3
mRNA [88]. Plantinga and Crisan showed that in human peripheral blood monocytes (PBMCs),
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dependent on gene transcription [64, 86, 90]. Their data shows increased IL-13 mRNA when
autophagy is blocked and decreased IL-1 mRNA when autophagy is stimulated.

Plantinga et al., also showed that in response to the Nod2 ligand MDP, human peripheral
blood mononuclear cells with ATG16L1 polymorphisms had increased levels of IL-13 mRNA
expression [90]. These levels were shown to be independent of NLRP3 inflammasome activation,
as no affect in the processing of precursor IL-1[3 by caspase-1 activation was found [90].

The actual mechanism of how autophagy regulates IL-1{ transcription remains to be
discovered. Though it is thought that this mechanism is likely linked to the blocking of p38
mitogen activated protein kinase (MAPK) phosphorylation [86]. Thus autophagy monitors IL-
1 production through regulating: IL- 1§ transcription, precursor IL-1{ levels and the processing
of precursor IL-1f into its mature form. Accordingly defective autophagy leads to increased IL-
1P production and ultimately increased activation of Th17 cells.

Defective autophagy heightens II-1 signal transduction

Besides initiating autophagosome induction in autophagy and thus down regulating
IL-1 production, ATG16L1 was recently found to negatively regulate IL-1 signaling. Lee et al
showed that ATG16L1 deficient murine embryonic fibroblasts exhibited heightened IL-1 signal
transduction cascades [100]. Functional ATG16L1 promotes the degradation of Nucleoporin
62 (p62), a protein complex in the nuclear envelope [101], through both autolysosomal and
Cul-3-mediated proteasomal pathways [100]. This regulation of p62 is crucial to regulating
the IL-1 signal transduction cascade, as higher numbers of p62 are directly linked to increased
oligomerization and activation of the signal transducer, TRAF (TNF receptor associated factor)
6 [100].

In mouse embryonic fibroblasts the loss of ATG16L1 lead to the heightened activation
of TRAF 6, which in turn lead to the increased activation of NF-kB and MAPK signaling
in response to IL-1 [100]. This results in an increased inflammatory response that is the
consequence of heightened IL-1 signal transduction. Because the signal transduction cascade is
amplified in mouse embryonic fibroblasts with impaired expression of ATG16L1, significantly
lower amounts of IL-1 would be needed to stimulate an inflammatory response than those
without impaired expression of ATG16L1. [100] This implicates the ATG16L1 gene as
responsible for an excessive inflammatory response to signals that would typically trigger a
much smaller inflammatory response or fail to trigger any inflammatory response at all. As
previously discussed IL-1 is potent activator of Th17 cells, and thus amplification of the IL-1
signal transduction cascade up regulates Th17 differentiation. Thus, defective expression of a
key autophagy protein amplifies the IL-1 signal transduction cascade and potentially increases
the up regulation of Th17 cells.

Defective autophagy leads to impaired clearance of Adherent-Invasive E. coli
(AIEC), which results in increased production of TNF-a

Xenophagy plays a central role in the clearance of intracellular pathogens. Hence
polymorphisms in xenophagy genes have been linked to defective clearance of intracellular
pathogens. Numerous studies have reported high levels of a unique strain of E. coli in CD
patients [102, 103]. This strain is marked by strong adherence and invasive properties and hence
is referred to as adherent-invasive E. coli (AIEC).

AIEC are able to survive and replicate inside intestinal epithelial cells and macrophages
[82, 104]. This replication is normally negated by functional xenophagy, as xenophagy works
to degrade and remove intracellular pathogens. Indeed, the intracellular presence of AIEC
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stimulates the association of xenophagic components around the point of endocytosis where
the AIEC enter [82]. Impaired xenophagy leads to increased AIEC proliferation. Lapaquette et
al., showed that dysfunctional expression of any of the three primary xenophagy genes linked
to CD (NOD2, ATG16L1, or IRGM), leads to increased concentration of AIEC [82]. These
experiments also showed that forced induction of xenophagy decreased the concentration of
AIEC [82].

AIEC invade intestinal epithelial cells via a macropinocytosis-like process [105].
Once inside cells, AIEC begin to replicate inside acidic vacuolar phagolysosomes despite
the presence of cathepsin D [104]. AIEC are able to survive and replicate without causing
host cell death [102]. In fact, AIEC infections inhibit macrophages from undergoing
programmed apoptosis [103, 106]. Interestingly AIEC proliferation up regulates the
expression of TNF-a, which in turn activates Th17 cells.

As the intracellular concentration of AIEC in macrophages rises, the secretion
of TNF-a increases [82, 102, 107]. The increased secretion of TNF-a correlates with
increased replication of AIEC. The reasons why and the mechanism for how AIEC induces
TNF-a secretion remains unclear. Yet it was found that the secretion of TNF-a was found to
be primarily induced by AIEC in order to provide conditions favorable for their replication
instead of by the host cell in an attempt to clear the AIEC [106].

Regardless of the reasons why and the mechanisms how, substantial evidence points
to increased secretion of TNF-a by AIEC infected macrophages. This increase in TNF-a up
regulates Th17 cell induction specifically through increasing claudin-2 levels and through
the deactivation of the Foxp3 transcription factor.

Increased Claudin-2

Impaired clearance of AIEC results in the specific degradation of the intestinal
barrier. Dysfunctional xenophagy of AIEC would lead to increased claudin-2 levels as the
AIEC population up regulates TNF-a secretion. Increased claudin-2 expression amplifies
intestinal permeability. Thus high levels of TNF-a increase intestinal permeability, which
in turn leads to the induction of Th17 cells (and also allows for fecal-oral transmission of
AIEC).

Defects in the intestinal barrier lead to increased Th17 cell induction. This results
due to the increased contact of commensal and pathogenic microorganisms in the gut
lumen with immune cells in the lamina propria. Increased T cell activation would result
from the increased number of antigens antigen-presenting cells (APCs) would encounter.
Likewise increased stimulation of immune cells, principally macrophages and Dendritic
cells (DCs), would lead to secretion of pro-inflammatory cytokines, including TNF-a., IL-1
and IL-23, that would create a microenvironment that favors inflammation and promotes
Th17 cell induction. This effect would be compounded by any genetic factors that would
predispose the microenvironment to increased inflammation (example: ATG16L1 related
defective regulation of IL-1 production or signaling). Thus defects in the intestinal barrier
can lead to increased Th17 induction.

Increased polarization of Th17 cells through specific inhibition of Treg cell induction

As already noted, in addition to weakening the intestinal barrier, TNF- specifically
deactivates the Treg transcription factor, Foxp3. TNF- is a crucial driver of Th17 polarization
and increased levels of TNF-a would lead to increased levels of Th17 cells and decreased
levels of Treg cells. Thus increased levels of AIEC leads to increased levels of TNF-,
which in turn leads to increased levels of Th17 cells.
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High levels of AIEC are linked to defective autophagy and lead to elevated levels
of TNF-a. TNF-a promotes Th17 cell induction through degrading the intestinal barrier
and through deactivating the Foxp3 transcription factor. Thus in the presence of AIEC,
dysfunctional expression of autophagy genes leads to the specific activation of Th17 cells.

IL-10

Polymorphisms in the autophagy-associated gene NOD2, have the potential to activate
Th17 cells in manners relatively independent of autophagy. Specifically, a certain polymorphism
in NOD2 has been shown to down regulate IL-10 and, thus, to indirectly activate Th17 cells.
IL-10 is pleiotropic cytokine with multiple regulatory effects [52]. Treg cells secrete IL-10
as one of their key effectors [108]. While monocytes, dendritic cells (DCs), mast cells, and
macrophages secrete IL-10 upon stimulation of their pattern PRRs, including TLRs and NLRs.
It was purported in 2009 that the 3020insC frameshift mutation in the NOD2 gene, down
regulates IL-10 transcription through impeding the activation (phosphorylation) of the nuclear
ribonucleoprotein hnRNP-AT1 [3].

The study by Noguchi et al., is significant because it directly links a common CD
mutation with down regulation of a key anti-inflammatory cytokine IL-10. Yet this study is
not watertight. Clearly, this experiment showed that the NOD2 frame shift mutation results
in decreased secretion of IL-10. Yet it failed to specify the levels of the secretion of other
cytokines. Other studies have shown that defects in NOD2 lead to reduced secretion of various
cytokines; less total production of all cytokines both pro-inflammatory and anti-inflammatory
[73]. Thus further research is needed to implicate the NOD2 frame shift mutation with the
specific impairment of IL-10 production. If the NOD2 frame shift mutation can be shown
to specifically inhibit IL-10 then this autophagy related gene has the potential to drive Th17
induction through inhibiting IL-10.

IL-10 regulates CD inflammation

IL-10 plays an important role in intestinal homeostasis. Down regulation of IL-10
leads to reduced inhibition of inflammation and consequently, increased inflammation [55].
Accordingly reduced levels of IL-10 are found in CD patients [109]. Specifically very low
levels of IL-10 correlate to severe manifestations of CD that often require multiple surgeries
[109]. In addition, GWAS have linked both IL-10 promoter and IL-10 R polymorphisms to CD
[110].

IL-10 maintains intestinal barrier through activation of IgA

IL-10 stimulates the production of the immunoglobulin A (IgA) antibody by plasma cells
[52, 111]. IgA is present in the mucus layers of the gut and plays a critical role in maintaining
the intestinal barrier [52]. Indeed, polymorphisms in IgA genes have been linked to CD [6].
Likewise, patients with active CD have low levels of both IL-10 and IgA [52, 109]. Thus, the
NOD?2 mediated down regulation of IL-10 results in decreased levels of IgA, which would
negatively effect the intestinal barrier.

IL-10 enhances Treg induction

IL-10 also skews the differentiation of naive CD4* T cells into Treg cells [56]. High
levels of IL-10 lead to the differentiation of naive CD4* T cells, in vitro, into specialized Tregl
(Foxp3 -) cells, which secrete very high levels of IL-10 [57]. Thus inhibition of IL-10 would lead
to decreased Treg induction. Thus decreased levels of IL-10 leads to increased inflammatory
conditions in general, defective intestinal barrier and specific impairment of Treg activation all
of which favors Th17 cell activation.
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Conclusion

This paper examined the ways autophagy linked proteins regulate IL-1 production
and signaling, IL-10 production and intracellular bacterial levels. Autophagy monitors
secretion of IL-1. Likewise defective autophagy leads to the increased levels of IL-1.
The autophagic linked protein ATG16L1 monitors the IL-1 signal transduction cascade.
Dysfunctional expression of ATG16L1 leads to the amplification of the IL-1 signal
transduction cascade. The autophagic linked protein NOD2 monitors IL-10 production.
Dysfunctional NOD2 has been purported to specifically down regulate IL-10. Autophagy,
through xenophagy, controls intracellular bacterial levels. Defective autophagy leads to
increased AIEC levels, which leads to the specific up regulation of TNF-a by AIEC.

Defective expression of autophagy-linked proteins can lead to the up regulation of
the cytokines needed for Th17 induction (IL-1 and TNF-a) and the down regulation of
a Th17 induction inhibiting cytokine, IL-10. In light of this, the specific linking of the
autophagic proteins (ATG16L1, NOD2 and IRGM) to CD helps explain the deviant Th17
cell driven inflammation of CD.

This understanding should lead to the continued exploration and development of
CD treatment that specifically restores defective autophagy. If defective autophagy can
be restored Th17 induction would likely be reduced. Restored autophagy would down
regulate IL-1 production, decrease the levels of the TNF-a inducing AIEC and reduce
organelle stress. One known enhancer of autophagy is a compound called rapamycin [112].
Indeed, the administration of rapamycin analogues, including sirolimus and everolimus,
has led to reduced CD symptoms [112-114]. By clarifying the manner in which defective
autophagy induces Th17 cells, this paper encourages the continued exploration of potential
CD treatment involving autophagy.
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