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The intestines of all mammals are colonized with a diverse microbiota that
provide metabolic benefits to their hosts. However, this symbiotic relationship can break
down when resident bacteria opportunistically invade the intestinal barrier, leading to
pathologies such as inflammatory bowel disease (IBD), and bacteremia. As a result,
epithelial cell innate immune responses play an essential role in preventing bacterial
invasion of host tissues and maintaining a symbiotic host-bacterial relationship.
Autophagy is emerging as an important component of innate immunity. Mounting
evidence suggests that dysregulation of the autophagy-independent function of autophagy
genes can lead to inflammatory bowel disease. However, little is known about the role of

autophagy-dependent gene function in controlling interactions between intestinal bacteria



and the intestinal epithelium in vivo. In this study, | have demonstrated that small
intestinal epithelial cell autophagy is essential for protection against tissue invasion by
intestinal pathogens and opportunistically invasive commensals. | have shown that small
intestinal autophagy is an early innate immune response that functions in an epithelial
cell-intrinsic MyD88-dependent, NOD2-independent manner. Utilizing mice deficient in
small intestinal epithelial cell autophagy (Atg5*'=c), I have determined that epithelial cell
autophagy is required to limit pathogen dissemination to extraintestinal sites. This study
thus shows that autophagy is a critical mechanism of innate immune defense that protects
intestinal epithelial surfaces from bacterial invasion. My findings may lead to new
insights into how autophagy protects against gastrointestinal infections and maintains

homeostasis with the intestinal microbiota.
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CHAPTER ONE

The Intestinal Microbiota

Introduction

Bacteria represent some of the most ancient inhabitants of our planet and have
been members of the Earth’s biota from at least the past 2700 million years (Brocks et al.,
1999). These bacteria colonize a wide array of environments and ecological niches. The
remarkable adaptability of bacteria is best exemplified by the extreme range of
environments which bacteria call home, ranging from deep-sea geothermal vents at the
bottom of the ocean floor to arsenic laden lakes. Bacteria are capable of not only
surviving but thriving in staggering wide variety of conditions (Petersen et al., 2011)
(Wolfe-Simon et al., 2011).

The mammalian intestine is home to a complex and diverse population of
bacteria. Astonishingly, the total number of bacterial cells within the human host exceeds
the total number of human cells in the body by more than tenfold (Savage, 1977). Prior
to the advent of high-throughput sequencing, some of the most basic questions about the
constituents of the intestinal microbiota were unanswerable. These questions include, 1)
What are the bacterial species present? 2) What is the normal ratio of these constituents?
3) Is there diversity in the genetic background of intestinal bacteria? However, in recent
years, massive projects such as the US Human Microbiome Progect (HMP) and the
European Metagenomics of the Human Intestinal Tract (MetaHIT) aimed at
understanding the relationship between gut microbes and the human host have made

significant progress towards answering some of these basic questions.



Culture dependent analysis of the microbiota initially suggested that the majority
of healthy adults had a ‘core’ microbiota that could be consistently identified in most
people. However, further investigation via culture independent methods revealed a more
nuanced picture. The more sensitive high-throughput genotyping strategies rely on
identification of bacterial species through rDNA genotyping of sequences in their small
subunit (16S) of ribosomal RNA genes. Utilizing this rDNA genotyping strategy, it was
demonstrated that each person has more than 1,000, species-level phylotypes. The vast
majority of these phylotypes belong to a small number of phyla. In adults, Firmicutes and
Bacteroidetes are the primary components of the microbiota and the Proteobacteria,
Verrucomicrobia and Actinobacteria typically representing minor members (Claesson et
al., 2009).

The members of this microbial community are essential to host metabolism and
digestive efficiency, promotion of immune system development and protection against
pathogenic bacterial infection, thereby creating a functionally mutualistic relationship.
Although the overall host-microbial relationship is symbiotic, the bacterial components
of this community span a wide spectrum of lifestyles, encompassing benign commensals,
opportunistically pathogenic pathobionts, and frank pathogens (O'Hara et al., 2006)
(Eckburg et al., 2005). Additionally, the proximity of such a vast number of microbes to
the intestinal epithelial surface poses an added challenge to the host, which must limit
bacterial invasion of intestinal tissue without eliciting damaging inflammatory responses.
In my thesis, | have explored the role of autophagy as an epithelial cell-intrinsic cellular
process that limits bacterial persistence in epithelial cells and prevents their dissemination

to extraintestinal sites.



Functions of Intestinal Microbiota
Enhancing Digestive Efficiency

The human intestine is home to 10 to 100 trillion bacteria. A major driver of the
evolution of commensalism between humans and bacteria was the enhanced metabolic
capabilities endowed upon humans by their microbial communities, including the
capability of liberating nutrients and energy from portions of our diet that, without
bacteria, would be inaccessible.

The metabolic relationship between the host and the intestinal microbiota is
spotlighted when examining the lifestyle of the bacterium Bacteroides thetaiotaomicron.
B. thetaiotaomicron is a protypical member of the phylum Bacteroidetes, a highly
abundant obligate anaerobe found in the intestinal microbiota of most normal adult
humans. Interestingly, B. thetaiotaomicron has a very large percentage of its genome
related to carbohydrate uptake and utilization (Xu et al., 2003). Additionally, greater than
50 percent of the polysaccharide-degrading enzymes are predicted to be secreted into the
extracellular or periplasmic space, allowing the bacterium to access both dietary and
mucus based polysaccharides and break them into simpler oligo or monosaccharides that
can then be absorbed by the bacterium or human host. Indeed, following
monoassociation in the small intestines of male, germ-free mice, B. thetaiotaomicron was
found to assemble on food particles and mucus. Once B. thetaiotaomicron colonizes the
gut, it then induces production of glycoside hydrolases and outer-membrane

polysaccharide-binding proteins.



In the intestines of fed germ-free mice, the most abundant monosaccharides were
found to be arabinose, glucose and xylose, however following monocolonization with B.
thetaiotaomicron, significant reductions in the same hexoses, arabinose, glucose and
xylose, were noticed while no changes in pentose sugar levels were noted. The depletion
of abundant hexoses following bacterial colonization is caused by the combination of
increased host uptake and utilization of the liberated monosaccharide and microbial
utilization (Sonnenburg et al., 2005). The presence of the bacterium allows the host to
access sugars previously unavailable and simultaneously gives the bacterium continuous
nutrient exposure and an environmental niche. Examining the relationship between the
host and intestinal bacteria highlights a key function of the intestinal microbiota:
enhancing digestive efficiency. Both sides win, establishing a mutually-beneficial host-

microbial relationship.

Promoting immune system development

Initial exposure to microbes during early life has a profound impact on the normal
development of the mammalian immune system. The intestine represents the largest
immunological compartment of the body. The perpetual exposure of the host immune
system to microbial antigens is critical for normal development and encompasses part of

the immune system known as the gut — associated lymphoid tissues, or GALT.

IgA production
As mammals pass through the birth canal, they come into contact with the

mother’s fecal matter and are thus able to acquire her intestinal bacteria. These bacteria



then become major drivers of immune system development. Indeed, a similar transition
and change to the immune system is seen as germ-free mice undergo conventionalization.
When germ-free mice are moved from their isolators to specific pathogen-free conditions,
increases in all immunoglobulin classes, except IgM, are seen (Horsfall et al., 1978). Of
these changes in immunoglobulin levels, the most striking change is in the production of
IgA, and more specifically, secretory IgA, an antibody class specific to mucosal surfaces.

Subsequent work has demonstrated that the development of the gut-associated
lymphoid tissues (GALT) is initiated by the colonization of the intestines with bacteria.
The role for intestinal microbiota in driving immune function is highlighted by the fact
that at least 80 percent of all immunoglobulin producing plasma cells are found in the
intestinal lamina propria, of which most produce secretory IgA. A particularly interesting
finding, was that monoassociation of germ-free mice with a commensal bacteria,
Morganella morganii, resulted in the production of broad-specturum IgA in an antigen-
nonspecific manner. Amazingly, greater than 85% of the IgA produced by these animals
was not reactive to the M. morganii with which the mouse was colonized (Shroff et al.,
1995). Therefore, colonization of the intestine with the intestinal microbiota endows the
mouse with protection against unseen antigens. The ability and importance of the innate
IgA or natural IgA, as they are termed, to bind multiple antigens and protect against
pathogenic bacterial invasion is further emphasized when considering mice deficient in
the polymeric immunglobulin receptor (pIgR).

The polymeric immunoglobulin receptor mediates the active transport of
secretory IgA and IgM across mucosal surfaces. Mice deficient in the pIgR are unable to

bind and actively transport dimeric IgA and pentameric IgM and completely lack active



external IgA and IgM (Johansen et al., 1999). When plgR deficient mice are orally
challenged with S. typhimurium, they are profoundly more sensitive to disease than their
wild-type controls, exhibiting increased epithelial invasion by S. typhiumurium, a lower
median lethal dose of S. typhimurium and increased fecal-oral spread of S. typhimurium
infection (Wijburg et al., 2006). Taken together, these data emphasize the crucial role of
the intestinal microbiota in development of IgA production as well as the critical role of

sIgA production in maintaining intestinal homeostasis.

Invariant natural killer T cells (iNKT cells)

Invariant natural Killer T cells are important immune mediators throughout the
body but are especially important in the gut. They are thought to play an important role in
the pathogenesis of inflammatory bowel disease. iINKT cells recognize antigens
presented to them by the major histocompatibility complex (MHC) class I. In response to
activation, iINKT cells produce and secrete large amounts of proinflammatory cytokines
such as interleukin-4 (IL-4) and interleukin-13 (IL-13).

A recent study showed that intestinal microbiota have a profound influence over
the development of INKT cells during a specific developmental window. Analysis of
INKT cell populations revealed that germ-free (GF) mice had higher numbers of iINKT
cells in the lamina propria of the colon both after weaning and later in life. Utilizing the
oxazolone-induced colitis model, a model of intestinal inflammation that is dependent on
IL-13 production by iNKT cells, GF mice were found to be more sensitive to colitis than

specific pathogen-free (SPF) mice. However, if pregnant GF mice were colonized with



the SPF microbiota just prior to delivery, their pups exhibited completely normal iNKT
cell levels that persisted for months.

The expression of the chemokine receptor CXCRG6 and its ligand CXCL16 play an
important role in INKT cell homeostasis (Germanov et al., 2008). Expression of Cxcl16
was significantly increased in the colons of GF mice when compared to SPF mice.
Indeed, it was demonstrated that hypermethlyation of the 5’ region of the Cxcll16 gene
occurs in germ-free mice, but neonatal colonization of GF mice with SPF microbiota was
capable of decreasing the hypermethylation of Cxcl16 to SPF levels. Interestingly, the
reversibility of the hypermethylation did not occur when adult GF mice were
conventionalized, highlighting the importance of the microbiota in normal immune

system and iNKT cell development during early life (Olszak et al., 2012).

Providing protection against pathogens

In addition to enhancing digestive efficiency and promoting immune system
development, the intestinal microbiota also plays an important role in providing
protection against invasive intestinal pathogens. Perhaps one of the best studied examples
of a beneficial space-filling commensal is the bacterial genus Bifidobacterium. One of the
first demonstrations of the protective effects of Bifidobacterium was seen when
researchers were examining the effects of different Bifidobacteria strains on the mouse
response to Shiga toxin-producing E. coli O157:H7 (STEC/EHEC). In the absence of
beneficial, commensal bacterial strains, mice infected with STEC demonstrate profound
weight loss and ultimately die. However, it was noticed that when the mice were pre-

colonized with the Bifidobacterium breve stain Yakult, they were almost completely



protected from the deleterious effects of Shiga-Toxin producing E. coli. Interestingly, not
all strains of Bifidobacterium were capable of conferring protection, as B. bifidum and B.
catenulatum were unable to protect mice from E. coli infection even after colonizing the
intestines to high density. In a finding that set the foundation for subsequent discoveries,
it was noted that the difference between the protective and non-protective strains included
a high production of acetic acid by the protective strains (Asahara et al., 2004).
Subsequent experiments with additional strains have confirmed this initial finding and
also identified additional strains such as Bifidobacterium longus, that also protect mice
from a fatal E. coli 0157:H7 infection (Yoshimura et al., 2010). Although the
phenomenon of protection against pathogens by a commensal had been seen, the
mechanism behind the protective effects of Bifidobacterium remained unclear.

A significant advancement in our understanding of the commensal protection
against pathogens came when researchers began to build upon the observation that
protective Bifidobacterium strains produced more acetate than non-protective strains.
Utilizing a proteomics approach, researchers examined the differential host response to
protective and non-protective strains. They found that in the presence of non-protective
strains, E. coli 0157 elicits epithelial cell apoptosis and mucosal inflammation, but in the
presence of protective strains like B. longus, such inflammation does not occur.
Additionally, some of the most striking differences were found in the fecal metabolite
composition, with byproducts of carbohydrate metabolism, such as acetate, as the
primary difference. They found a correlation between the efficiency of carbohydrate
uptake by Bifidobacterium and their ability to protect against STEC. They continued by

showing that the difference in carbohydrate metabolism was due to an ATP-binding-



cassette carbohydrate transporter. The carbohydrate transporter allowed the protective
strains to produce more acetate, and production of acetate was critical in the ability of B.
longus to protect against fatal Shiga-Toxin producing E. coli infections (Fukuda et al.,

2011).

Cellular Makeup of the Intestinal Epithelial Barrier

The mucosal surface of the intestinal epithelium represents a vast frontier that
serves as the gateway to entry into the human body. In the terminal ileum, the lumen of
the small intestine is filled with more than of 10° to 10'° colony forming units of bacteria
per microliter of intestinal contents. The epithelial cell barrier is the primary interface
with the intestinal microbiota. The epithelial cell border represents a single cell layer
separating outside from inside. There are several different cell types that contribute to the
maintenance of a functional epithelial layer, including enterocytes, goblet cells and

gammadelta (yo) T cells.

Enterocytes

Enterocytes are the most numerous cell type in the intestine and they represent the
most rapidly self-renewing tissue of adult mammals. These simple, columnar epithelial
cells line the villi of the small and large intestines and are joined together by structures
known as tight junctions (TJ), which form a critical physical barrier to bacterial entry into
host tissues. In addition to the physical barrier presented by enterocytes, they also serve a
critical innate immune function in their ability to produce antimicrobial peptides such as

Regllly (Vaishnava et al., 2008). At the base of the small intestinal villus are structures



known as the crypts of Lieberkiihn. A notable feature of the crypts is a cluster of
specialized cells found at the base of the crypts of Lieberkiihn called Paneth cells. Paneth
cells are easily recognized by their prominent, apically oriented secretory granules. In
contrast to enterocytes which live for only three to five days, Paneth cells in the crypts
typically live approximately 30 days. Intestinal stem-cells, which replace old enterocytes
that slough off from the villus tip, are thought to reside at the top of the crypts directly
above the Paneth cells and are positive for Lgr5. After a new cell is born, it migrates
upward while differentiating into enterocytes, goblets cells and tuft cells. Paneth cell
secretory granules are antimicrobial and secrete antimicrobial peptides like Ang-4 and

lysozyme (Hooper et al., 2003) (Deckx et al., 1967).

Goblet cells

Goblet cells are a secretory cell lineage of the intestinal epithelium. The goblet
cells produce and secrete a thick mucus layer which covers the entire intestinal
epithelium. The mucus produced by the goblet cells consists primarily of mucin
glycoproteins. The mucin glycoproteins form a matrix of protection that extends up to

150 pm from the surface of the epithelium.

Gamma Delta (yo) T cells

yd T cells are a unconventional type of T cell, which express yo T cell receptor
(TCR) on their cell surface, and are thought to function in both innate and adaptive
immunity. Numerically, yoé intraepithelial lymphocytes (IEL) T cells are the most

abundant T cell population in the body, and they play an important role in maintaining
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intestinal homeostasis. yo T cells reside in the intestine, intercalate under epithelial tight
junctions, and are constitutively present in the intestinal epithelia (Bandeira et al., 1990) .
Work from the Hooper lab has been critical in understanding the function of yo T cells.
Ismail et al have shown that yo T cells are a critical regulatory input in both the small and
large intestine (Ismail et al., 2011). yd have been shown to play two critical roles within
the intestine. The first of these roles is to provide protection against invading commensals
following mucosal damage. The second role of yd T cells is to limit the extraintestinal
dissemination of invasive pathogens. Combining these two functions of yo T cells, yo T
cells are now considered to be a critical component of the immune response to invading

bacteria early following infection.

Tuft Cells

Tuft cells are the most recent cell type to be discovered to exist within the small
intestinal epithelium. Tuft cells are relatively rare cell types that are defined by their thick
brush of long microvilli projecting from its apical surface. Additionally, tuft cells have
been shown to be a major source of endogenous opioid production in the intestine with
all tuft cells being positive for B-endorphin. Mature tuft cells express DCLK1 and are the
only cells in the small intestinal epithelium that express cyclooxygenase enzymes (Gerbe

etal., 2011) .

Host Mechanisms for Sensing Bacteria
Over millions of years, eukaryotes have evolved mechanisms that allow them to
inspect their surroundings for signals indicating the presence of microbes. This constant

surveillance allows the cells to maintain a sterile environment. The danger signals are
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known as PAMPs (pathogen-associated molecular patterns) and come in a wide variety of
forms, including lipopolysaccharide (LPS), double-stranded RNA, and flagellin. The
sensing of PAMPs by eukaryotic cells is performed utilizing pattern recognition receptors
(PRRs). PRRs can be cytoplasmic or transmembrane proteins. The ability of intestinal
epithelial cells to monitor and sense bacteria is especially crucial because of the close
contact with the intestinal microbiota. Therefore, bacterial sensing by intestinal
enterocytes is a critical function in the maintenance of normal intestinal health.
Furthermore, as | will discuss in Chapter Four, bacterial sensing is essential for the

activation of antibacterial autophagy in the intestinal epithelium

TLRs

Among the best characterized pattern recognition receptors are the Toll-like
receptors (TLRs). The name Toll-like receptor comes from the similarity of TLRs to the
Toll protein initially discovered in Drosophila melanogaster. The gene products of TLRs
encode two highly conserved motifs. In TLRs, the extracellular portion of the receptor
contains a leucine-rich repeat (LRR) which is important in binding of the target ligand.
The second conserved portion of the TLR is the intracellular or cytoplasmic portion of
the receptor, known as the Toll / Interleukin-1 receptor (TIR) domain. The TIR allows the
TLR to transduce its signal and activate downstream response following ligand binding.
To date, the human genome has been shown to include at least 13 different TLRs. These
TLRs interact with a wide variety of molecular targets, including lipospolysaccharide, a
component of the bacterial cell wall of Gram-negative bacteria, unmethlyated CpG DNA,

found in the genomes of both bacteria and DNA viruses and flagellin. Additionally, TLRs
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can be positioned on the cell surface or within cellular compartments such as endosomes.
Another important feature of TLRs is their requirement for adaptor proteins to transduce
their signal. So far, there have been four adaptor proteins identified to be involved in
TLR signaling, MyD88, Trif, Tirap and Tram. Of these four proteins, two of the best

studied are MyD88 and Trif.
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Figure 1: Bacterial Sensing in the Intestinal Epithelium. (A) TLR mediated recognition
detect bacterial motifs through membrane bound receptors (B) Cytoplasmic Nod2 receptor
detects muramy| dipeptide, a major fragment of peptidogly can.

Myeloid differentiation primary response gene 88 (MyD88) is required for the
signaling of all TLRs except TLR3. The primary effect of MyD88 activation is activation
of both the mitogen-activated protein kinase (MAP kinase) and nuclear factor kappa-
light-chain-enhancer of activated B cells (NFxB) pathways. Following MyD88

activation, a series of events occurs which ultimately result in the phosphorlyation and
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degradation of the Inhibitor of kB (IkB) which allows NF«kB to enter the nucleus and
activate the transcription of antibacterial peptides and pro-inflammatory cytokines.
TIR-domain-containing-adaptor-inducing-interferon-p  (TRIF) is an adaptor
protein involved in the signaling of TLR3 and TLR4. The primary responses following
activation of TRIF are activation of two kinases, TANK-binding kinase 1 (TBK1) and
receptor interacting protein 1 (RIP1). Activation of TBK1 results phosphorylation and
translocation of Interferon Regulatory factor 3 (IRF3) into the nucleus were it turns on
the production of type 1 Interferon. Meanwhile, the activation of RIP1 relieves repression

of NF«B allowing it to enter the nucleus.

NODs

In addition to the membrane bound class of PRRs, the TLRs, there is also a class
of PRRs that reside in the cytosol and are capable of recognizing intracytoplasmic
PAMPs. An example of this type of cytoplasmic receptor is the nucleotide-binding
oligomerization domain (NOD) family.

Nod proteins have a basic structure that is similar to the TLRs, in that one portion
of the protein consists of LRR region which is thought to be responsible for the binding
of the PAMP ligand. However, a recent report from the Baumler group at UC Davis has
added additional insight into PAMP recognition by NOD receptors. Keestra et al. found
that NOD1 senses the presence of cytosolic bacterial PAMPs by monitoring the
activation state of small Rho GTPases (Keestra et al., 2013). They found that constitutive
activation of RAC1 or CDC42, both Rho GTPases was sufficient to trigger NOD1

signaling. The N-terminal portion of the Nod proteins contains the caspase activation and
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recruitment domains (CARDs) which, similarly to the TIR domain of TLRs, functions to
activate the downstream response of NOD activation.

The initial observation that led to the discovery of the cytoplasmic PRR was that
an invasive-bacterium, Shigella flexneri, was capable of inducing an inflammatory
response in epithelial cells while a non-invasive strain of S. flexneri was not. Moreover, it
was shown that microinjection of LPS into cells could induce both NFkB and c-Jun N-
terminal kinase (JNK), leading to the production of pro-inflammatory cytokines like IL-8
(Girardin et al., 2001). These findings resulted in the discovery of Nod1/CARD4, a
cytosolic protein involved in recognition of bacterial PAMPs.

Having established the existence and location of the Nod proteins, the next major
question was the nature of the ligand bound by the LRR region of the Nod proteins. In
this case, the initial finding of Nodl protein activation by microinjection of LPS into
epithelial cells was a red herring. Commercial preparations of LPS, which were used in
the initial study, are often contaminated with bacterial cell wall components. When
highly purified E. coli LPS was used to test activation of Nod1 proteins, no activation
was seen. Additionally, it was observed that only peptidoglycan preparations from Gram-
negative bacteria were could stimulate Nod1 signaling. Taken together, these findings
indicated that PAMP activation of the Nodl protein was unique to Gram-negative
peptidoglycan and did not involve LPS or lipid A. After careful analysis of the
peptidoglycan fragments released from Gram-negative bacteria, muropeptides were
found to be the major peptidoglycan products released. These efforts ultimately resulted
in the identification of N-acetylglucosamine (GIcNAc or “G”) B-1,4 linked to N-

acetylmuramic acid (MurNAc or “M”) substituted with a tripeptide group as the ligand
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for Nod1 and GM-dipeptide or M-dipeptide as the ligand for Nod2 (Girardin et al., 2003).
These results established that Nod proteins sense similar but non-overlapping motifs that
result in pathogen detection within the cytoplasm, with Nod1 sensing a structure unique
to Gram-negative bacteria, and Nod2 sensing a structure present in the peptidoglycan of
both Gram-negative and Gram-positive bacteria.

Having established the location of the Nod proteins as well as the nature of the
ligands sensed by the PRR-domain of the proteins, the next major advance was the
demonstration of an in vivo functional role for Nod proteins. Investigation of the immune
response of wild-type and Nod2 deficient to the intracellular bacteria Listeria
monocytogenes Yyielded very interesting results. The Flavell group found that both WT
and Nod2 knockout mice demonstrated similar levels of L. monocytogenes dissemination
to the spleen and liver when the bacteria were introduced via intravenous (IV) or
intraperitoneal (IP) methods. However, when Nod2 knockout mice were challenged with
L. monocytogenes via intragastric gavage, they demonstrated significantly more bacterial
translocation to the spleen and liver than their wild-type counterparts. Additionally, it was
observed that Nod2 deficient mice expressed significantly lower levels of a class of
intestinal antimicrobial peptides known as cryptidins, called a-defensins in humans,
especially defensin-related cryptdin 4 (Defcr4) and defensin-related cryptdin 10
(Defcr10) (Kobayashi et al., 2005). These results demonstrated that Nod2 is a critical
component of innate immunity within the small intestine, recognizing M-dipeptide

(MDP) and regulating antimicrobial peptide production.

16



Mechanisms Limiting Bacterial Invasion of Intestinal Tissues

For many years, it was accepted dogma that mammalian intestinal tissues are
‘tolerant’ to intestinal bacteria. In this context, tolerance means that the host tissues
exhibit minimal recognition and/or responsiveness to the presence of bacteria. It was
proposed that this lack of responsiveness to bacteria is how mammalian hosts maintained
homeostasis with the microbiota (Sansonetti, 2004). Another concept that has emerged is
that of “ignorance” which refers to the host limiting bacterial contact with intestinal
tissues (Duerkop et al., 2009) (Figure 2). In this section, I will discuss the mechanisms

that are critical for maintaining immune system ignorance of the microbiota.
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Figure 2: Immune mechanisins minimizing bacterial-epithelial contact
The immune system has many mechanisms in place to sequester the
microbiota in the lumen of intestine; These include mucus production,
secretory IgA and antimicrobial peptides. (Adapted from Duerkop et al,
Immunity, 2009)
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Secretory IgA

IgA is the most abundant immunoglobulin produced in the human body. In fact,
the body’s total production of IgA exceeds that of all the classes of immunoglobulins
combined (Pabst, 2012). Secretory IgA produced the intestine is a critical barrier
separating the host from toxins and pathogens. Plasma cells residing in the lamina propria
are responsible for the production of polymeric IgA (Figure 3 A-B). Most commonly,
IgA is produced as a dimer with two IgA molecules joined with the joining (J) chain. The
dimeric IgA molecule then binds the polymeric immunoglobulin receptor (pIgR) on the
basolateral portion of the epithelial cell and is transcytosed to the apical side of the cell.
When the transcytosed IgA reaches the apical membrane, the polymeric immunoglobulin
receptor is cleaved from the IgA. However, not all of the pIgR is cleaved off, and a
portion of the plgR, called the secretory component, remains attached to the secretory
IgA. In humans, there are two subclasses of IgA, IgA1 and IgA2. These two classes can
be separated by tissue abundance — IgAl is more abundant in the airways and serum,
while 1IgA2 predominates in colon. Interestingly, the small intestine shows equal levels of
both 1gA1l and IgA2.

Given the considerable amount of energy expended in the production of secretory
IgA, one could easily wonder whether it is efficient to transcytose IgA to simply lose it in
the feces. Critical findings regarding the interaction between the intestinal microbiota and
secretory IgA are yielding great insight into why secretory IgA is released in this way. A
substantial portion of the commensal bacteria population is permanently coated with IgA
(van der Waaij et al., 1996) (De Palma et al., 2010). The efficiency in binding to luminal

targets by secretory IgA is due in part to utilization of unconventional binding sites. For
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example, researchers have demonstrated that both the constant region and secretory
component can facilitate binding to antigens (Mantis and Forbes, 2010).

Secretory IgA functions to capture antigens and maintain them at a safe distance
from the mucosal surface. A growing body of work has now shown that secretory IgA is
a critical portion of the innate immune response to invasive pathogens. Especially
germane to this study, binding of secretory IgA to S. typhimurium has been shown to
reduce Salmonella motility (Forbes et al., 2008). Utilizing a monoclonal IgA antibody to
O antigen of lipopolysaccharide of S. typhimurium, it was seen that upon addition of IgA,
S. typhimurium’s flagellar-based motility immediately ceased. Additionally, it was seen
that the IgA blocked the SPI-I-dependent invasion of intestinal eptihelial cells by S.
typhimurium. Invasion of intestinal epithelial cells by S. typhimurium is a Type 3
secretion system (T3SS), Spi-1-dependent process.

Finally, a major question surrounding IgA production in the intestine is the
question of antigen specificity and the relationship between the two different types of IgA
found in the intestine — classical IgA and natural IgA. Classical IgA, as it sounds, features
IgA binding in a conventional manner, with a high-affinity antigen-specific interaction.
Conversely, natural IgA features a low-affinity, non-specific antigen interactions. The
idea of natural IgA when it was first observed was that a large portion of IgA produced in
the intestine following monocolonization of germ free mice is not specific to the bacteria
colonized the intestine (Shroff et al., 1995). The current accepted thinking is that the
classical IgA develops in a T-cell dependent manner (Slack et al., 2012). In contrast,
natural 1gA is thought to originate in a T-cell independent manner, with the IgA positive

plasma cell originating from structures known as isolated lymphoid follicles (ILFs).
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Antimicrobial Peptides

Peptides and proteins that kill bacteria are a key mechanism by which the
intestine limits physical interactions between the microbiota and host tissues. The
intestinal epithelium produces a varied repertoire of antimicrobial proteins belonging to
different protein families, including C-type lectins, ribonucleases and defensins.

The C-type lectins are proteins of approximately 15 kDa and utilize their lectin
domains to recognize and bind to peptidoglycan of the bacterial cell wall. Of the C-type
lectin family of antimicrobial peptides, regenerating islet-derived protein 11l gamma
(Regllly) or HIP/PAP in humans is perhaps the best understood and well characterized.
Regllly is expressed throughout the epithelium of the small intestine, in all epithelial
lineages including enterocytes, goblet cells and Paneth cells. Biochemical and in vivo
work on Regllly in the Hooper lab have provided considerable insight into how
recognition of bacterial peptidoglycan by Regllly is mediated and into the physiological
role of Regllly in the small intestine.

To uncover the in vivo functional role of Regllly in the intestine, studies were
carried out on Regllly-deficient mice. In wild-type mice, there is a relatively bacteria free
zone of approximately 50 pm immediately adjacent to the epithelial cell surface of the
small intestine. However, Regllly-deficient mice showed extensive bacterial invasion
into this normally protected zone. The bacteria were predominantly Gram-positive
bacteria, which accords with the Gram-positive specificity of Regllly antibacterial
activity. Additionally, Regllly deficient mice exhibitied increased numbers of IgA
positive plasma cells in their lamina propria as well as higher levels of secretory IgA in

the feces (Vaishnava et al., 2011). Taken together, these data highlight the importance of
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antimicrobial peptide production and secretion in the maintenance of normal, healthy
intestinal function.

Although Regllly has clearly been shown to be an important innate immune
effector maintaining a relatively bacteria free zone near the epithelial cell surface, there
are some critical remaining questions. How does the host handle Gram-negative bacteria
that are not killed by Regllly? What happens to bacteria that manage to invade the
epithelial cell cytoplasm? Are there epithelial cell-intrinsic innate immune responses that
limit the persistence and dissemination of invading bacteria? These questions led me to
investigate the role of epithelial cell autophagy in maintaining homeostasis with the
intestinal microbiota. | hypothesized that epithelial cell autophagy would be uniquely
positioned to handle the challenge of clearing invading bacteria in a cell-intrinsic manner.

In the next chapter, | will discuss autophagy and its functions in immunity.
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CHAPTER TWO

Autophagy

Introduction

The lysosomal degradation pathway is the only known mechanism for eukaryotic
cells to target molecules too large for the proteasome for destruction. Autophagy is the
general term used for the pathway of delivery of molecules to the lysosome for
degradation.

The broad term “autophagy” generally refers to any process that involves the
hallmark structure of the double-membrane autophagosome. However, there are at least
three different types of autophagy — microautophagy, chaperone-mediated autophagy and
macroautophagy. In macroautophagy or simply autophagy, a portion of the cytoplasm is
engulfed by an isolation membrane. The isolation membrane subsequently matures into a
double-membrane structure known as the autophagosome. There are a number of known
targets for autophagy, including intracellular organelles such as the mitochondria, protein
aggregates or intracellular microbes such as viruses, protozoa, fungi or bacteria.
Additionally, autophagy has been shown to be an important cellular response to both
starvation and inflammatory responses. Given the diverse functions of autophagy,
understanding the function and regulation of autophagy in the intestine is critically
important. By understanding how epithelial cell autophagy functions in vivo, we can learn
a great deal about the central functions performed by epithelial cells — immunity and

metabolism.
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Autophagy is an evolutionarily ancient homeostatic process in which cytoplasmic
materials are targeted to the lysosome for degradation. Portions of the cytoplasm are
sequestered into double-membrane structures called autophagosomes which fuse with
lysosomes, delivering their contents for degradation. It has long been known that
autophagy is essential for cellular homeostasis by degrading cytoplasmic contents during
starvation, and by recycling damaged organelles and proteins. More recently, autophagy
has been shown to be critical for the recognition and degradation of intracellular
pathogens, thus functioning as an innate barrier to infection. Anti-viral autophagy
promotes the in vivo elimination of several viral pathogens including Sindbis virus and
HSV-1. Autophagy also plays an important role in activating adaptive immune responses
by promoting major histocompatibility complex class Il (MHC Il)-restricted antigen
presentation.

Autophagy also functions in anti-bacterial innate immunity by limiting the
replication of bacteria that invade host cells. Bacterial targets of autophagy include
Salmonella typhimurium and Listeria monocytogenes. However, the importance of
autophagy for anti-bacterial immunity in mammalian hosts in vivo remains
underexplored. Such functions are likely to be especially important in the intestinal
epithelium, which interfaces with a dense microbial community that harbors invasive
bacteria, and which acts a critical barrier to bacterial penetration into deeper tissues. In
this chapter, 1 will review the current state of knowledge about the functions of

autophagy in both metabolic homeostasis and in immunity.
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The Autophagy Machinery
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Autophagy is a highly conserved pathway in which eukaryotic cells are able to
capture portions of their cytoplasm and ultimately deliver the cargo to the lysosome for
destruction. The characteristic, trademark features of autophagy, separating it from other
degradation pathways is the double-membrane structure, known as the autophagosome.
In the first stages of autophagy, nucleation of the isolation membrane occurs. The
nucleation event is followed by membrane elongation and closure around the cytoplasmic
target resulting in a double membrane structure known as an autophagosome. Finally, the
autophagosome fuses with a lysosome, destroying the contents of the autophagosome
(Fig. 1). The origins of this membrane have yet to be definitively determined but current
opinion suggests the endoplasmic reticulum or the Golgi apparatus to be the mostly likely
sources. The proteins controlling the autophagy system utilize a series of conjugation

and are all designated as “Atg” proteins.
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The growth of the isolation membrane occurs via two series of ubiquitin-like
conjugation reactions, with Atg7 functioning as the E1-like enzyme in both reactions.
Briefly summarizing tremendous amounts of biochemical work, the first series of
reactions involves the formation of the Atgl2-Atg5-AtgleL complex. Following
activation of the C-terminal glycine of Atgl2 by Atg7, Atgl2 is transferred by Atgl0 to
Atg5 where there a linked via an isopeptide bond. The Atgl2-Atg5 complex then
associates with Atgl6L forming the Atgl2-Atg5-Atgl6L complex. Interestingly, the
Atg12-Atg5-Atgl6L protein complex then acts like a E3 ligase in the next set of
conjugation steps. The second set of conjugation events involves the formation of LC3-1I
(Atg8-PE). In the formation of LC3-I11, LC3 is first cleaved by Atg4, a cysteine protease.
The cleaved LC3 is then conjugated to phosphatidylethanolamine (PE) by the actions of
Atg7 and Atg3, both acting in a E2-like manner. Finally, the Atgl2-Atg5-Atgl6L
complex, acts in a E3-like manner, directing the localization of LC3-Il to the
autophagosome. LC3-I1 associates with and remains on autophagosomal membranes until

they fuse with lysosomes (Fig. 2) (Burman and Ktistakis, 2010).
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Figure 2: Ubiquitin-like conjugation system for autophagy proteins.
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Metabolic Regulation of Autophagy

mTor and Starvation

Autophagosomes were first described in 1966 by a group studying the tissues of

stressed animals via electron microscopy. Under conditions of stress, such as amino acid
deprivation, autophagy is strongly induced. Mounting evidence has suggested that
starvation activates amino acid signaling pathways which involve the mammalian Target
of rapamycin (mTor). mTor is a highly conserved, nutrient response regulator. It is a
serine/threonine kinase that is known to be involved in the response of many cell types to
nutrient deprivation and is found in all eukaryotes (Nobukuni et al., 2005). mTor exists in
two independent complexes, mTor complex 1 (mTORC1) and mTor complex 2

(mTORC2). mTORC1 contains mTOR and other regulatory subunits like raptor which

26



are critical in controlling cellular metabolism. mTORC2 is important is regulating the
actin cytoskeleton (Sengupta et al., 2010). mTor functions as an inhibitor of the
autophagy pathway. Starvation inactivates mMTORC1, thereby activating autophagy. More
specifically, researchers have found that the mTor complexl (mTORCL1) requires three
separate proteins, Vps34, Rheb and Rag GTPase, for the activation and ensuing
repression of autophagy during starvation.

When there are low intracellular ATP concentrations and high intracellular AMP
concentration, a key cellular enzyme, AMP-activated protein kinase (AMPK) is
activated. Interestingly, AMPK and mTor demonstrate inverse type of regulation. AMPK
is activated under low energy conditions, while mTor is activated under nutrient-rich
conditions. Activation of AMPK results in the phosphorylation of raptor. Raptor is a
scaffold protein which facilitates the recruitment of downstream substrates to the
mTORC1 complex. The phosphorylation of raptor has been shown to be essential for the
inhibition of mMTORC1 complex by AMPK (Gwinn et al., 2008).

Recent work has begun to explain the mechanisms of how mTOR and autophagy
are linked. Koroluchuk et al. demonstrated that lysosomal positioning was critical in the
management of nutrient balance and autophagy activation. They found that during high-
energy periods, mTORC1 was found to localize on peripheral lysosomes away from the
nucleus. However, during periods of starvation, a change in the localization of mMTORC1
was seen, with mTORC1 clustering in perinuclear lysosomes. They further found that the
peripheral lysosomal localization resulted in increased mTOR activity which blocked
autophagosome synthesis. Meanwhile, they found that perinuclear lysosome localization

was associated with reduced mTOR activity and increased autophagosomal formation
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(Korolchuk et al., 2011). These findings indicate that the cell carefully coordinates
MTORC1 localization to orchestrate both the nutrient sensing and response mechanisms

like autophagy induction.

Exercise

While starvation and cellular energy status are important regulators of autophagy,
they are not the only activators of autophagy. Recent work from the Levine lab has
shown that exercise can be a potent inducer of autophagy in vivo. When examining the
role of autophagy in response to stimulus, they found that exercise was a powerful
activator for autophagy in the muscle tissue of mice. Bcl-2 is an anti-autophagic protein
that blocks autophagy through its interaction with the pro-autophagic proteins, Beclin 1.
The dissociation of Bcl-2 from Beclin 1 is mediated by the phosphorylation of three
separate residues on Bcl-2. Utilizing a knock-in mouse, engineered to replace Bcl-2
phosphorylation sites with alanine residues (Bcl-2***), He et al demonstrated that the
dissociation of Bcl-2 from Beclin 1 was essential for exercise induced autophagy to occur
(He et al., 2012). Additionally, they showed that stimulus induced autophagy was critical
for proper muscle glucose metabolism. Even more strikingly, they found that the inability

to induce autophagy in Bcl-2°44

mice meant that exercise no longer protected the mice
from the negative effects of a high-fat, Western Diet, with the Bcl-2 mice demonstrating
elevated levels of resting blood glucose and leptin. Given the critical role for Bcl-2 in

regulating induced autophagy and energy homeostasis, it will be crucial to determine the

role of Bcl-2: Beclin 1 complex in regulating other forms of induced autophagy such as
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antibacterial autophagy. This may be especially relevant in small intestinal epithelial cells

which must also function in glucose uptake.

Autophagy in Innate immunity and Infection

Autophagy was initially thought to be a non-selective degradation pathway.
However, increasing evidence indicates that autophagy is an important innate immune
response to intracellular pathogens. Selective autophagic degradation of intracellular
pathogens is known as xenophagy. The exact organelle origin of the membranes involved
in xenophagy still remains to be determined. However, there has been advancement in
identifying the similarities and differences between xenophagy and bulk-degradative
autophagy. Perhaps one of the most striking differences found in xenophagy is the size of
the autophagosomes. Studies examining the xenophagy in response to group A
Streptococcus found that the autophagosomes formed following group A Streptococcus
infection could be as large as 10 pum (Nakagawa et al., 2004). In contrast,
autophagosomes formed in response to starvation are typically much smaller, ranging
from 0.5 to 1.0 um, depending on tissue origin. Additionally, it has been shown that
intracellular bacteria are commonly targeted for autophagosomes via interactions
between a molecular tag found on the bacterial surface and adaptor proteins which
recognize the tags and also contain an LC3-interacting region (LIR). The LIRs typically
contain a conserved motif of WXXL or WXXI. Most commonly, intracellular bacteria
are tagged with a polyubiquitin chain which mediates the recognition of the bacteria via

adaptor protein containing LIRs. Examples of such adaptors include p62 and NDP52.
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Bacteria

A key question in understanding xenophagy was determining how autophagy is
activated when bacteria enter the cell cytoplasm. The initial clues into this link were
provided when researchers began studying the fate of S. typhimurium once it had escaped
the Salmonella containing vacuole (SCV). Following escape from the SCV, S.
typhimurium was shown to be coated with Ubiquitin (Perrin et al., 2004). More recent
work has provided even more detail into how S. typhimurium is detected for clearance via
autophagy. Thurston et al have also shown that the human cells use a cytosolic lectin,
galectin 8, to monitor endosomal integrity by binding glycans exposed on damaged
SCVs. When S. typhimurium begins the process of escape from the Salmonella
containing vacuole, holes in the SCV membrane are formed. The holes result in the
exposure of foreign carbohydrates to the cell cytoplasm. These foreign carbohydrates are
detected by galectin 8. Glycan binding by galectin 8 then recruits NDP52 to activate
antibacterial autophagy (Thurston et al., 2012). Interestingly, they also showed that the
recruitment of NDP52 by galectin 8 is independent of the Ub-dependent recruitment of
NDP52 to S. typhimuirium. This same group also identified a novel adaptor protein,
TBK1, which recognizes polyubiquitin chains on S. typhimurium and targets S.
typhimurium for destruction via autophagy (Thurston et al., 2009). This indicates that the
cell likely uses several distinct mechanisms to mark and recognize cytosolic bacterial
invaders for autophagy. Similar mechanisms of Ubiquitin-mediated autophagy detection
have been unraveled for S. flexneri and L. monocytogenes.

Several in vitro studies have demonstrated that autophagy plays a role in the

clearance of bacteria that invade the cytoplasm. In mammalian cells, for example,
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autophagy has been shown to be involved in innate defense against Mycobacterium
tuberculosis, S. flexneri, S. typhimurium and group A streptococcus. Group A
streptococcus is an extracellular, Gram-positive bacterium that is capable of invading the
cytoplasm. Upon invasion, Streptococcus is rapidly sequestered into LC3 positive
autophagosomes and subsequently degraded via autophagosomal fusion with the
lysosome (Nakagawa et al., 2004). S. typhimurium is a Gram-negative rod that causes
gastroenteritis and typhoid fever. An initial observation noted that following infection, a
subset of intracellular S. typhimurium was found to be Ubiquitin positive, indicating that
the bacterium had been exposed to the cytoplasm. Subsequent work by Birmingham et al,
demonstrated in vitro that S. typhimurium uses its SPI-I pathogenicity island to damage
the SCV. They went on to show that damage and escape from the SCV targeted S.
typhimurium for autophagy. Additionally, they demonstrated that in Atg5-deficient cells,
S. typhimurium proliferation was increased, thus indicating that autophagy was an
important part of the cellular response to S. typhimurium (Birmingham et al., 2006).
There is significantly less data regarding an antibacterial role for autophagy at the
organismal level. Studies in Drosophila melanogaster have shown that deletion of
autophagy genes leads to increased susceptibility to L. monocytogenes (Yano et al.,
2008). The work in Drosophila demonstrated that the innate immune receptor PGRP-LE,
which is responsible for the detection of diaminopimelic acid-type peptidoglycan, was
critical for the induction of autophagy by L. monocytogenes. Yano et al continued by
showing that autophagy served to both limit L. monocytogenes replication as well as
promote Drosophila survival following infection. Another major study involving

antibacterial autophagy in an organism was performed in Caenorhabditis elegans. Using

31



RNAI to silence critical autophagy genes, Jia et al. demonstrated that autophagy was a
critical mediator of host defense against S. typhimurium in C. elegans. When the
researchers performed RNAIi knockdown of the C. elegans atg genes, bec-1 and lgg-1,
the orthologs of yeast ATG6 and ATGS, they found that S. typhimurium-infected worms
had significantly shorter lifespans than the control worms. Additionally, the RNAI treated
worms demonstrated numerous examples of intact bacteria within the epithelial cells of
the intestine while control worms very rarely had any bacteria visibly intact (Jia et al.,
2009). Prior to 2013, no group had demonstrated an in vivo antibacterial role for

autophagy in intestinal epithelial cells in a mammalian system.

Viruses

Relatively little is known about how viruses are targeted for autophagy. The first
study linking autophagy genes and host response to infection was performed in the
central nervous system of mice. The Levine group found that neuronal overexpression of
Beclin 1, the mammalian ortholog of the yeast gene Atg6, protected mice from lethal
Sindbis virus infection (Liang et al., 1998). Additional, studies in Drosophila have shown
that loss of autophagy genes leads to increased susceptibility to Vesicular Stomatitis
Virus (VSV-G) (Shelly et al., 2009). However, a recent study demonstrated that some of
the mechanisms used to target bacteria for autophagy are also used to target viruses for
destruction. Orvedahl et al. found that p62 interacts with a capsid protein of Sindbis virus
during neuronal infection of the central nervous system. The interaction of p62 was
shown to be required for the proper localization of Sindbis virus to the autophagosome

(Orvedahl et al., 2010). Further confirming the importance of the host autophagy
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response to viral infection, mice infected with Sindbis virus following genetic deletion of
neuronal Atg5 demonstrated increased neuronal death and mortality and had increased
p62 aggregates. Together, these findings show that both p62 and autophagy proteins are
crucial in the host innate response to Sindbis virus infection. Another intriguing finding
revealed by this study is that the adaptor protein p62 is capable of recognizing multiple
molecular tags. This finding is implied by the fact that Sindbis virus has not been shown
to be ubiquitinated. The concept of novel molecular tags as well as novel adaptors will

be further considered in Chapter 5.

Bacterial Subversion and Evasion of Autophagy

Autophagy was initially thought to be a non-selective process; however, mounting
experimental evidence has shown this not to be true. The process of autophagy evolved at
the beginning of eukaryotic life. This process was likely driven by the ability of microbes
— virus and bacteria — to invade the cell cytoplasm and cells’ need to maintain a sterile
cytosol. When viewed through this evolutionary prism, it is clear that autophagy was one
of the first antimicrobial defenses evolved by eukaryotic cells. Given this ancient
evolutionary pressure, it is not surprising that microbes, in turn, have developed
mechanisms for subverting and avoiding detection by autophagy. Indeed, we find that
many of the bacterial targets for autophagy, such as Legionalla pneumophila, Shigella
flexneri and Listeria monocytogenes have evolved mechanisms to evade autophagy or
hijack autophagy for their own benefit.

There are a number of bacteria that are capable of invading cells and these

bacteria are often able to live within the vacuole or even an autophagosome. The real
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danger in residing within a cell is when the vacuole or autophagosome is targeted to fuse
with a lysosome. Therefore, it is not surprising that the majority of bacterial efforts to
subvert destruction via autophagy center around avoidance of autophagic capture or
suppression of autophagosomal maturation.

One example of suppression of autophagosomal maturation can be seen with L.
pneuomophila. Legionella is a Gram-negative rod bacterium. The bacterium is
ubiquitous although largely aquatic. Legionella is also the causative agent in
Legionnaire’s disease, a bacterial pneumonia like disease. During the initial stages of
infection, L. pneumophila invades the epithelial cell and resides within an endosomal
compartment that is Atg7-positive and ER marker-positive. Amer et al. have shown that
L. pneumophila utilizes its Type 4 Secretion System (T4SS) to inject a soluble factor of
between 10 and 30 kDa. This soluble factor causes a delay in the maturation of the
bacteria containing vacuole/early autophagosome. They went on to show that this delay
was critical for the survival of L. pneumophila (Amer and Swanson, 2005). The delay
allows the bacteria to change their physiology to an acid-tolerant metabolic state which,
in turn, allows L. pneumophila to survive more readily in acid conditions found in
autophagolysosome and autolysosomes.

Another example highlighting the avoidance of autophagic capture strategy is
seen with Shigella flexneri. S. flexneri is a Gram—negative rod that causes shigellosis or
dysentery. During the infection of the epithelial cells of the colon, Shigella uses its Type
3 Secretion System (T3SS) to translocate the IcsB effector protein. VirG is required for
the actin-based motility but VirG is also the surface protein targeting Shigella for

autophagy. Researchers found that once in the cytoplasm, IcsB competitively inhibits the
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binding of ATGS5 to the Shigella surface protein VirG (Ogawa et al., 2005) (Kayath et al.,
2010). By blocking the binding of ATGS5, Shigella becomes capable of multiplying

within the epithelial cells.

Autophagy in Intestinal Disease

Inflammatory bowel disease (IBD) is a serious chronic inflammatory disease that
afflicts more than 1.4 million people in the United States alone. Crohn's disease (CD) is a
specific type of IBD that affects any portion of the intestine from the mouth to the
perianal area, with the ileum being the most common region of involvement. While the
etiology of IBD and CD remain poorly understood, a number of studies have implicated
dysregulated immune responses to the normal microbiota. Crohn’s disease is commonly
associated with increased bacterial adherence to the mucosa and abnormal microbiota
composition (Sartor, 2010). Frontline therapies for CD are currently sulfasalazine and 5-
aminosalicyate, which are thought to have anti-inflammatory and antibacterial properties.
Ultimately, more potent treatments such as antibiotics, steroids, or immunosuppressants
are often required. The poor treatment modalities reflect how little is known about how
the body maintains homeostasis with the gut microbiota.

Mutations in autophagy genes have been shown to increase the susceptibility to
intracellular infection in a variety of organisms ranging from Drosophila to mice.
Interestingly, in humans the best characterized link between mutation in autophagy
factors and disease has been Crohn’s disease (CD). Crohn’s disease is a type of
Inflammatory Bowel Disease (IBD) that can affect any portion of the gastrointestinal

tract. The terminal ileum, the most distal portion of the small intestine, is the region most
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commonly affected in Crohn’s disecase. In Crohn’s disease, there is often a loss in the
spatial segregation of bacteria, meaning the 50 um-wide bacteria-free zone immediately
adjacent to the intestinal epithelium is no longer present. Bacterial invasion of the inner
mucus layer brings bacteria into close contact with the intestinal epithelium, making them
more likely to invade epithelial cells.

The first indication of a link between autophagy and Crohn’s disease was found
when the genome wide association studies found three different autophagy related genes
— IGRM, NOD2 and ATG16L1 — linked to Crohn’s disease (2007). Recent studies have
begun to elucidate pathophysiological basis for the links between autophagy and Crohn’s
disease. Interestingly, some of these links appear to involve non-autophagy functions of
the genes.

For example, mice expressing a hypomorphic variant of ATG16L1 exhibit
distinctive defects in granule formation in Paneth cells, a specialized epithelial cell
lineage that has key functions in mucosal defense. In addition to the Paneth cell
abnormalities, ATG16L1 hypomorphic mice also displayed increased expression of leptin
and adiponectin, two adipocytokines linked with the intestinal response to injury.
Cadwell and colleagues went on to demonstrate that Crohn’s disease patients who were
homozygous for the same mutation in ATG16L1 also showed similar Paneth cell
abnormalities and increased leptin expression (Cadwell et al., 2008).

More recently, Cadwell and colleagues demonstrated that viral infection with
mouse norovirus (MNV) is required for the aberrant Paneth cell response in ATG16L1
hypomorphic mice, (Cadwell et al., 2010). They continued and found that ATG16L1

hypomorphic mice displayed an aberrant response to dextran sodium sulfate (DSS)-
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induced colitis. In response to DSS, ATG16L1 mice showed ileal villus blunting,
muscular hypertrophy and lymphoid aggregates, all hallmarks of Crohn’s disease.
Cadwell et al. concluded that both MNV infection as well as commensal bacteria were
needed to induce the Crohn’s-like phenotype in ATG16L1 hypomorphic mice, thus
establishing a strong link between viral infection, commensal bacteria, autophagy, and
Crohn's disease. Additionally, other groups have found that Crohn’s disease patients who
harbor a mutation in ATG16L1 gene have intestinal dysbiosis (Frank et al., 2011) as well
as Paneth cell abnormalities that closely resemble that Paneth cell observation seen in
mice by Cadwell and collaborators (Cadwell et al., 2010).

The discovery of a link between mutations in the gene encoding immunity-related
GTPase family, M (IRGM) and Crohn’s disease added another layer of intrigue to the
relationship between autophagy and IBD. IRGM has been shown to be needed for
clearance of an adherent, invasive strain of E. coli (AIEC) by autophagy (Brest et al.,
2011) . Given that increased mucosal bacteria adherence in Crohn’s disease is frequently
observed (Sartor, 2008), the link between IRGM mutations and CD clearly hints at a role
for antibacterial autophagy in maintaining normal intestinal homeostasis.

Even more recent work by Thachil and collaborators has reported that autophagy
is specifically activated in the Paneth cells of Crohn’s disease patients, independent of
mutations in IGRM or ATG16L1. They found that the activation of Paneth cell
autophagy in Crohn’s patients ultimately led to a lower number of secretory granules
(Thachil et al.,, 2012) . This finding and the preponderance of evidence linking

autophagy, bacterial handling and Crohn’s disease all point to the importance of
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understanding how intestinal epithelial cell autophagy functions in vivo as a critical and

necessary step in understanding and curing IBD.

Aims of the study

The intestines of all mammals are colonized with a dense and diverse bacterial
flora. These microorganisms benefit their hosts by breaking down nutrients in
the diet and by stimulating normal immune system development. However, this
symbiotic relationship can break down when resident bacteria opportunistically
invade the intestinal barrier, leading to pathologies such as inflammatory bowel
disease (IBD) and bacteremia. As a result, epithelial innate immune responses play
an essential role in preventing bacterial invasion of host tissues and maintaining a
symbiotic host-bacterial relationship.

Autophagy is an evolutionarily ancient homeostatic process in which cytoplasmic
materials are targeted to the lysosome for degradation. Recently, autophagy has
emerged as a crucial element of the innate immune response to viruses as
well as intracellular bacteria. Additionally, mounting evidence suggests that
dysregulation of the autophagic pathway may be associated with inflammatory
bowel disease. However, little is known about the role of autophagy in controlling
interactions between intestinal bacteria and the host intestinal epithelium. The aims
of this study were therefore to gain mechanistic insight into how intestinal epithelial
autophagy is activated by bacteria, and to determine whether epithelial autophagy

protects against bacterial invasion of the intestinal epithelium.
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My specific aims were as follows:
1. ldentify the enteric bacteria that activate autophagy in intestinal epithelial
cells.
2. Determine the host factors that govern autophagy activation in the intestinal
epithelium.
3. Define the role of epithelial autophagy in protecting against bacterial invasion

of intestinal tissues.

Using gnotobiotic mouse models, | have shown that intestinal bacteria can induce
autophagy in intestinal epithelial cells in vivo. | have further shown that this
induction requires invasive bacteria, and depends on epithelial cell-intrinsic
MyD88 signaling. On the basis of my findings, | conclude that autophagy is an
important early component of the epithelial innate immune response to invasive

members of the resident intestinal microbiota and overt intestinal pathogens.
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CHAPTER THREE

Methodology

Animals

C57BL/6 wild-type, Myd88™, Myd88™ Myd88““ and villin-Cre mice were
maintained in the barrier at the University of Texas Southwestern Medical Center.
MyD88*¢ genotyping was described previously (Vaishnava et al., 2011). Germ-free

5f|/f| mice

C57BL/6 mice were maintained in isolators as described (Cash et al., 2006). Atg
have been described previously (Hara et al., 2006). B6.SJL-Tg(Vil-cre)997Gum/J (villin-
cre) mice were obtained from the Jackson Laboratory. Experimental mice were generated
by mating Atg5™™ mice with Atg5" mice that were heterozygous for the villin-Cre
transgene. Genotyping of the Atg5"" and the Cre gene has been described previously
(Miller et al., 2008). Myd88™ mice were obtained from Dr. Anthony DeFranco of the
University of California San Francisco. All experiments were performed using protocols

approved by the Institutional Animal Care and Use Committees of the UT Southwestern

Medical Center.

Bacterial Strains

Salmonella enterica Serovar Typhimurium (SL1344) and its isogenic mutants
ASPI-1 (Eichelberg and Galan, 1999), AinvA (Galan et al., 1992), and S. typhimurium-
GFP (a gift from Dr. Vanessa Sperandio, University of Texas Southwestern Medical
Center) were cultured as described (Vaishnava et al., 2008). Enterococcus faecalis

(V583) and its derivatives E. faecalis (V583 pMV158gfp) (Nieto and Espinosa, 2003)
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were both cultured as described (Duerkop et al., 2012). Lactobacillus salivarius (ATCC
11741) was transformed with the plasmid pMV158gfp to create the strain ATCC 11741

pMV158gfp, and was cultured as described (Thompson and Collins, 1996).

Antibodies and Reagents

Rabbit polyclonal anti-ATG5 and anti-LC3 antibodies were from Novus
Biologicals. Goat polyclonal anti-GFP and donkey polyclonal secondary antibody to
Goat 1gG (conjugated to DyLight 488) were from Abcam. Alexa Fluor 568-Phalloidin
(Invitrogen) was used as a counterstain to identify epithelial cell borders of OCT-

embedded frozen small intestine sections fixed in 4% paraformaldehyde/10% sucrose.

Immunodetection of Autophagosomes

Small intestines were fixed with Bouin’s fixative overnight at 4°C and then
embedded in paraffin. Paraffin-embedded tissues were washed twice for 10 min in
xylene, twice in 100% EtOH, twice in 95% EtOH, and then rinsed in deionzed water for
5 minutes. Sections were boiled in 10 mM sodium citrate, pH 6, for antigen retrieval and
then washed in PBS. Sections were blocked in 1% BSA, 0.3% Triton-X-100 in PBS and
incubated with a 1:200 dilution of rabbit polyclonal anti-LC3 antibody (Novus
Biologicals) at 4°C overnight. After washing in TBS-T (50 mM Tris, pH 7.6, 150 mM
NaCl, 0.05% Tween-20), tissue sections were incubated with goat anti-rabbit 19G-Cy3
conjugate (1:400 Biomeda), for 30 min at 25°C. Tissues were counterstained with DAPI.

After PBS washes, cover slips were added and images were captured on a Zeiss
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Axiolmager M1 microscope. LC3+ puncta were counted in 100 epithelial cells from

well-oriented crypt/villus units unless otherwise indicated.

Isolation of Small Intestinal Epithelial cells

Distal small intestines from 6-8 week old mice were flushed with 4°C PBS.
Epithelial cells were lysed by incubation with Tissue—Protein Extraction Reagent (T-
PER, Thermo Scientific) with complete protease inhibitor cocktail (Roche) for 5 min
(Fig. 1). Lysates were cleared of debris by centrifugation at 10,000 revolutions per
minute at 4°C for 5 min and then boiled and analyzed by Western blotting. Immunoblots

were visualized by chemiluminescence.

Figure 1: Isolation of Epithelial cell proteins.
Example of a terminal ileal tissue filled with Tissue
protein extraction reagent (T-PER). Sample should
be filled maximally to ensure maximal mucosal
epithelial exposure
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Electron Microscopy

Distal small intestines from 6-8 week old mice were flushed with ice-cold PBS.
The intestinal fragments were fixed for 24 h at 4°C in 2% paraformaldehyde, 2%
glutaraldehyde, 0.1 M cacodylate (prepared in PBS), washed in PBS, post-fixed for 1 h in
2% osmium tetroxide, and stained with a solution containing aqueous uranyl acetate and
lead. Samples were dehydrated in graded alcohols and embedded in Poly/BED 812
(Electron Microscopy Sciences). Sections were prepared and viewed with a TEM 2 JEOL

1200EX Il or Scanning Electron microscope.

Mouse Infection

Mice were infected intraperitoneally with S. typhimurium at 2 x 10° CFU per mouse, or
intragastrically by gavage with 10° CFU per mouse. Intestinal bacterial colonization
levels were determined by serial dilution plating of 1 ul of intestinal contents taken
directly from the terminal ileum. To monitor bacterial dissemination to liver and spleen,
organs were homogenized in sterile PBS, and bacteria were quantified by dilution plating

on Luria broth plates containing 100 pg/ml ampicillin.

FISH analysis

Small intestinal tissues were prepared for FISH analysis by fixation in Carnoy's
fixative (Ricca Chemical), followed by embedding in paraffin. Tissues were sectioned at
a thickness of 5 pum and hybridized to a universal bacterial probe directed against the 16S

rRNA gene: 5’-Cy3GCTGCCTCCCGTAGGAGT-Cy3-3’. Hybridizations were carried
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out as described (Vaishnava et al., 2011), and tissues were visualized using a Zeiss

Axiolmager M1 Microscope.
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CHAPTER FOUR
Intestinal Epithelial Autophagy is Essential for Host
Defense Against Invasive Bacteria
Introduction

The mammalian intestine is home to a complex and diverse population of
bacteria. The members of this microbial community are essential for host metabolism and
digestion, thereby creating a mutualistic relationship. Although the overall host-microbial
relationship is symbiotic, the bacterial components of this community span a wide
spectrum of lifestyles, encompassing benign commensals, opportunistically pathogenic
pathobionts, and overt pathogens.

The intestinal epithelium interfaces directly with this diverse community of
bacteria, and is the first line of defense against bacterial invasion of host tissues. The
epithelium must therefore be equipped with a diverse array of defenses against bacterial
attachment and invasion. One mechanism by which the epithelium defends against
bacterial penetration is by secreting antimicrobial proteins, such as Regllly, that limit
bacterial contact with the epithelial surface (Vaishnava et al., 2011). Such secreted
antimicrobial factors are essential for limiting bacterial invasion of epithelial cells and
maintaining immune homeostasis with the intestinal microbiota (Gallo and Hooper,
2012) (Salzman et al., 2010) However, certain intestinal pathogens, such as Salmonella
enterica Serovar Typhimurium (Salmonella typhimurium), or opportunistically invasive
commensal bacteria, such as Enterococcus faecalis, can evade this first line of innate
defense and enter intestinal epithelial cells (Eichelberg and Galan, 1999) (Klare et al.,

2001) (Muller et al., 2012). This raises the question of whether there are epithelial cell-
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intrinsic immune mechanisms that detect invading bacteria and limit their further
dissemination into deeper tissues.

Autophagy is an evolutionarily ancient process in which cytoplasmic materials are
targeted to the lysosome for degradation. Portions of the cytoplasm are sequestered into
double-membrane structures, called autophagosomes, which fuse with lysosomes,
delivering their contents for degradation by lysosomal enzymes (Deretic and Levine,
2009). The process involves the concerted action of several cytoplasmic proteins. These
include LC3, which becomes lipid-conjugated and associates with the autophagosome
membrane, and ATG5, which is conjugated to ATG12 and associates with the elongating
isolation membrane (Mizushima et al., 2002).

Autophagy plays a central role in cellular homeostasis by degrading cytoplasmic
contents during cellular starvation, and by recycling damaged organelles and proteins
(Rabinowitz and White, 2010). More recently, autophagy has been shown to be critical
for the recognition and degradation of intracellular pathogens, thus functioning as an
innate barrier to infection (Deretic and Levine, 2009) (Levine et al., 2011) . Bacterial
targets of autophagy include the intestinal pathogens S. typhimurium (Jia et al., 2009)
(Kuballa et al., 2008) (Rioux et al., 2007) (Wild et al., 2011) and Listeria monocytogenes
(Py et al., 2007). Autophagy has been shown to limit the replication of both of these
bacterial species in cell culture models (Py et al., 2007) (Wild et al., 2011). In the case of
S. typhimurium, intestinal epithelial cell autophagy is critical for host resistance of the
nematode Caenhorhabditis elegans (Jia et al., 2009). However, the importance of
autophagy for intestinal immunity in mammalian hosts in vivo remains underexplored.

Such functions are likely to be especially important in the intestinal epithelium, which
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interfaces with a dense microbial community that harbors invasive bacteria, and which
acts as a critical barrier to bacterial penetration into deeper tissues.

Genetic studies of inflammatory bowel disease (IBD) have revealed important
roles for autophagy pathway proteins in intestinal immune homeostasis. IBD is a chronic
inflammatory disease of the intestine that is thought to arise from dysregulated
interactions with the resident intestinal microbiota (Xavier and Podolsky, 2007). Recent
studies have uncovered polymorphisms in genes of the autophagy pathway that are linked
to Crohn’s disease, a type of IBD in which the inflammation is localized to the distal
small intestine and variable regions in the colon. Mutations in the critical autophagy gene
ATG16L1 are associated with a predisposition to Crohn's disease in humans (Hampe et
al., 2007) (Rioux et al., 2007) (2007). However, recent studies have shown that the
ATG16L1 polymorphisms associated with Crohn’s disease do not confer autophagy
defects in mice, suggesting that the inflammatory phenotypes arise from autophagy-
independent functions of ATG16L1 (Cadwell et al., 2008). Rather, the mutations have
been found to cause defects in granule formation in Paneth cells, a specialized epithelial
cell lineage that secretes abundant antimicrobial proteins and has key functions in
mucosal defense (Cadwell et al., 2008) (Cadwell et al., 2010). Thus, it is not yet clear
whether bona fide autophagy plays a role in maintaining intestinal homeostasis in vivo.

Here we report that intestinal epithelial cell autophagy is essential for mammalian
intestinal defense against invasive bacteria. We show that epithelial autophagy is
activated in the mouse intestinal epithelium by an intestinal pathogen, S. typhimurium, as
well as by E. faecalis, an opportunistically invasive member of the intestinal microbiota.

Our data further suggest that activation of epithelial autophagy is specifically triggered by
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bacterial invasion of epithelial cells and requires epithelial cell-intrinsic MyD88
signaling. Finally, we use mice with an epithelial cell-specific deletion of a critical
autophagy factor to show that epithelial cell autophagy is critical for limiting
extraintestinal spread of S. typhimurium. Our observations thus reveal that autophagy is a
key epithelial cell-autonomous mechanism of antibacterial defense that protects against
dissemination of intestinal bacteria. Our findings provide new insight into how the
mammalian intestinal epithelium maintains homeostasis with a diverse intestinal
microbiota and establish a key role for autophagy in innate immune defense of the

intestine.

Bacterial Induction of Autophagy in Small intestine Epithelial cells

LC3 is an essential autophagy protein that is recruited from the cytoplasm to the
autophagosome membrane (Mizushima et al., 2002). A classical assay for autophagy
activation uses immunofluorescence to visually assess the recruitment of cytoplasmic
LC3 to autophagosomes, which are readily detected as morphologically distinct punctate
structures (Mizushima et al., 2010). To assess whether bacteria activate autophagy in the
intestinal epithelium in vivo, we compared the distribution and localization of LC3 in the
intestinal epithelial cells of mice of differing bacterial colonization status. Germ-free
mice are microbiologically sterile, thus allowing us to compare LC3 localization in the
presence and absence of intestinal bacteria. Both germ-free and conventionally-raised
(conventional) mice exhibited a diffuse, cytoplasmic distribution of LC3, indicating that
the presence of specified pathogen-free (SPF) microbiota was not sufficient to activate

epithelial autophagosome formation as indicated by LC3 staining (Figure 1A).
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Figure 1: Sahnonella typhimurium friggers autophagosome formation in small intestinal epithelial cells.
(A) Germ-free and conventional mice were orally inoculated with 10° CFU of 5. typhimurium. Sections of distal
small intestine (ileum) were stained with anti-LC3 and anti-rabbit IgG-Cy3 (red). Uninfected mice show diffuse
cytoplasmic LC3, while LC3* autophagosomes are visible as distinct puncta in the infected mice (arrowheads).
Tissues were counterstained with DAPT (blue). Scale bar=10 pm. (B) Autophagosome number as a function of
small intestinal location (proximal to distal). Tissue sections were from the experiment shown i (A). Data are
represented as meantSEM; **, p<0.001, n=6 mice. (C)Time course of LC3" autophagosome formation after
oral challenge with 10° CFU of S. typhimurium. Numbers of LC3* puncta in ileal sections were counted. Data
are represented as meantSEM: n=6 mice/time point).

To test whether an invasive bacterial pathogen could elicit autophagosome
formation we orally infected mice with S. typhimurium. 24 hours after S. typhimurium
inoculation into both germ-free and conventional mice, we observed punctate LC3+
structures in small intestinal epithelial cells, indicating autophagosome formation (Fig.
1A). The LC3+ puncta were positioned apically relative to the nucleus following S.
typhimurium infection of germ-free mice,whereas they were positioned both apically and
basolaterally relative to the epithelial cell nuclei in conventional mice (Fig. 1A).
Although the cause of this difference is not clear, it may be due to different routes of S.
typhimurium entry (e.g., apical versus basolateral) in the two different host settings
(Chieppa et al., 2006) (Muller et al., 2012) (Niess et al., 2005). We also performed Z-
stack reconstructions of the fluorescent images in multiple focal planes to verify that the

LC3+ structures were located within epithelial cells.
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We next characterized the location and timing of epithelial LC3+ autophagosome
formation following S. typhimurium infection. Numbers of LC3+ puncta were highest in
the distal small intestine (ileum) and diminished in the middle and proximal regions
(Jejunum and duodenum, respectively) (Fig. 1B). LC3+ autophagosomes were more
abundant in epithelial cells inhabiting the ileal villus tips compared to the cells located
closer to the crypts. LC3+ puncta were also observed in colonic epithelial cells following
S. typhimurium infection but were rare relative to the numbers in the terminal ileum.
Numbers of LC3+ autophagosomes were highest in the terminal ileum at ~24 hours
following S. typhimurium infection, and diminished at 48 and 72 hours post-infection
(Fig. 1C). Thus, autophagosome formation is a rapid and transient response of the
intestinal epithelium to oral S. typhimurium infection. Drawing on these initial
observations, all subsequent analysis was performed on ileal tissues, with epithelial cells
visualized at the midpoint between the crypt base and villus tip.

During recruitment to the autophagosome, LC3-I is lipidated to yield LC3-II,
which becomes associated with the autophagosome membrane (Pankiv et al., 2007).
Western blot analysis of isolated ileal epithelial cells showed increased conversion of
LC3-1 to LC3-1I at 24 hours following S. typhimurium infection, consistent with
autophagy activation (Fig. 2A,B). This conversion was diminished after 72 hours (Figure
1A,B), which accords with the reduced numbers of LC3+ autophagosomes observed by

immunofluorescence (Fig. 1C).
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Figure 2: Western Blot Analysis of Ileal Epithelial Cell Lysates following S.
typivnnrinm imfection (A) Western blot of LC3 and actin (loading control) from ileal
epithelial cells isolated from germ-free mice before and after colonization with 5.
typhimurium for 24 and 72 hr. Epithelial cell protein extracts were blotted and probed
with anti-LC3 and anti-rabbit IgG-HRP. LC3-I and I denote the non-lipidated and
lipidated forms of MAPILC3, respectively. Results are representative of tluee
independent experiments. (B) The LC3-I and LC3-II band mtensities in (A) were
quantified by scanning densitometry and normalized to the actin band intensity. Data are
represented ag meantSEM; *, p<0.05; n=3 independent experiments.

To assess whether autophagosomes colocalized with intracellular bacteria, we
orally challenged germ-free mice with S. typhimurium constitutively expressing green
fluorescent protein (S. typhimurium-GFP). 24 hours after challenge, we could visualize S.
typhimurium within enterocytes (Fig. 3A). Analysis of serially-cut sections with a no
primary antibody control verified that the GFP signal was not due to nonspecific
autofluorescence, which is frequently observed in fixed small intestinal tissues (Salzman
et al., 2010; Vaishnava et al., 2011). The GFP signal was specific to S. typhimurium, as
no signal was detected above background in uninfected germ-free tissues. Upon merging
the LC3 and GFP channels, we found that some S. typhimurium-GFP were colocalized
with LC3 (Fig. 3A), consistent with the targeting of S. typhimurium to autophagosomes.
The colocalization of LC3 and GFP was determined to have a Pearson’s coefficient of
0.89, indicating a strong, positive relationship between the two signals (Fig. 3B).

Approximately 40% of intracellular S. typhimurium colocalized with LC3 (Fig. 3C),
51



while ~70% of the LC3+ puncta colocalized with S. typhimurium-GFP (Fig. 3D). These
results demonstrate that autophagosome formation occurs in epithelial cells in response to
S. typhimurium infection, and that the majority of autophagosomes colocalize with

bacteria.
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Autophagy activation by Enterococcus faecalis, a native member of the microbiota
To determine whether the epithelial autophagic response to S. typhimurium
represented a general response of epithelial cells to invading bacteria, we asked whether
epithelial autophagy could also be activated by opportunistically-invasive members of the
intestinal microbiota. To test this idea we orally challenged germ-free mice with
Enterococcus faecalis, a Gram-positive, opportunistically invasive member of the human

intestinal microbiota (Klare et al., 2001). Twenty-four hours after challenge, we detected
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E. faecalis (harboring an episomal GFP-expressing plasmid) in epithelial cells of the

small intestine (Fig. 4A,C).
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bacteria-GFP phalloidin DAPI Figure 4: Enterococcus faecalis invades small intestinal
epithelial cells. (A) CQuantification of intracellular
-C Lactobacilius salivarius and Enferococcus jfaecalis in the
ileal epithelium. 10° cfu of GFP-expressing L. salivarits or
E. faecalis were introduced into germ-free mice and tissue-
e de e aszociated bacteria (green) were visualized by fluorescence
microscopy of fresh-frozen ileal tissues after 24 hr
(arrowheads). GFP was visualized on the basis of its
intringic fluorescence. Tissues were also stained with
phalloidin (red) to visualize filamentous actin at the
epithelial cell border, and were counterstained with DAPI
(blue) to visualize cell nuclei. Scale bars=10 pm. (B) L.
salivarius and E. faecalis small intestinal colonization
levels 24 hr after oral inoculation. ng, not significant. Data
\\c" are represented as meantSEM. (C) Enumeration of
intracellular bacteria in (A). Epithelial cell-agsociated
bacteria were counted in 200 well-oriented aypt-villug
units from 5 mice per group. Data are represented as
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Coincident with the ability of E. faecalis to invade epithelial cells, we observed
the formation of numerous LC3+ autophagosomes (Fig. 5A,B). In contrast to the apical
localization of the LC3+ puncta observed after S. typhimurium colonization of germ-free
mice (Figure 1A), the majority of the E. faecalis-induced autophagosomes were localized
on the basolateral side of the nucleus. As discussed above, we suggest that this may be

due to differing routes of epithelial cell entry for S. typhimurium and E. faecalis.
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Figure 5: Enterococcus faecalis induces formation of autophagosomes
in small intestinal epithelial cells. (A) Ileal tissues were stained with
anti-LC3 (red) to visualize LC3" autophagosomes (arrows). Scale bar=10
jum. (B) LC3* puncta were enumerated in the epithelial cells of 200 well-
oriented ileal aypt-villug units from 5 mice pe goup. Data are
represented as meantSEM; *, p<0.05; nd, not detected.
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Western blot analysis of isolated ileal epithelial cells revealed increased
conversion of LC3-1 to LC3-11 at 24 hours following E. faecalis colonization, consistent
with autophagy activation (Fig 6A,B). In contrast, a non-invasive member of the
microbiota, Lactobacillus salivarius, colonized the small intestine to approximately the
same extent as E. faecalis (Fig. 4B) but was not detected within epithelial cells (Fig.
4A,C) and did not trigger formation of LC3+ autophagosomes (Fig. 5A,B). Together,

these results suggest that epithelial cell autophagy can be activated by opportunistically

invasive members of the microbiota such as E. faecalis.
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Figure 6: Western Blot Analysis of Ileal Epithelial Cell Lysates following E. firecalis
infection (A) Western blot of LC3 and actin (loading control) from ileal epithelial cells
1zolated from germ-fiee mice before and after colonization with E. jfaecalis for 241w, The
experiment was performed as described for Figure 1D and results are representative of
three independent experiments (B) The LC3-I and LC3-II band intensities in (A) were
quantified by scanning densitometry and normalized to the actin band intensity. Data are
represented ag meantSEM: *, p<0.05; n=3 indep endent experiments.

Ultrastructure of intestinal epithelial autophagosomes

We further characterized the autophagic response of intestinal epithelial cells
using transmission electron microscopy. 24 hours after introduction of S. typhimurium
into germ-free mice we observed double-membraned autophagosomes within small
intestinal epithelial cells (Fig. 7B,C) (Mizushima et al., 2010). The double membranes
enclosed bacteria, and were absent from the intestinal epithelial cells of germ-free mice
(Fig. 7A). We also observed double-membraned structures surrounding bacteria in the
epithelial cells of mice colonized for 24 hours with E. faecalis (Fig. 7D,E). These results
support the idea that invading bacteria activate autophagy within intestinal epithelial

cells, and that bacteria are targeted to the autophagosomes.
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Figure 7: Ultrasttucture of autophagosomes induced by bacteria in small intestinal epithelial cells.
(A) Transmission electron microscopy of an ileal epithelial cell of a germ-free mouse. Key morphological
features such as the nucleus, microvilli, tight junctions (TT), epithelial cell border (ECB), and mitochondria
(mt) are indicated. Scale bar=2 pm. (B,C) Lower and higher magnification images of an ileal epithelial
cell 24 I after 5. fyphimurium colonization of a germ-free mouge. Arrows indicate double membrane-
bound compartments surrounding bacteria (St). Scale bars=1 mm (B) and 0.5 pm (C). (D,E) Teal
epithelial cell 24 hr after E. faecalis colonization of a germ-free mouse. Arrows indicate examples of
double membrane-bound compartments enclosing bacteria (Ef). Scale bars=2 mm (D) and 1 pm (E).

Invasive bacteria elicit intestinal epithelial autophagy

Our findings above suggested that bacterial invasion of epithelial cells is required
to activate intestinal epithelial autophagy. To further test this idea we used genetically
altered S.typhimurium. The SPI-1 pathogenicity island encompasses genes essential for S.
typhimurium entry into epithelial cells, and a S. typhimurium mutant engineered to lack
this island (ASPI-1) is defective in its ability to invade gut epithelia (Eichelberg and
Galan, 1999). The wild-type and ASPI-1 strains colonized germ-free mice to equivalent
levels after 24 hours (Fig. 9) yet the numbers of LC3+ autophagosomes formed in

response to the ASPI-1 mutant were dramatically reduced relative to the wild-type strain
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(Figure 8A,B). This suggests that cellular invasion is required for S. typhimurium to

activate epithelial autophagy.
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Figure 8: Invasive bacteria elicit autophagy in intestinal epithelial cells. (A) 10° CFU of
wild-type or isogenic mutant .S. fvphimuritim (ASPI-1 or AimvA) were introduced into germ-free
mice and LC3* puncta in ileal epithelial cells were visualized by immunofluorescence 24 hr
later. Scale bar=10 pum. (B) Quantification of LC3* puncta in (A). Data are represented as
mean+SEM; * p<0.05; n=4 mice/group.

To corroborate this finding we tested a second isogenic S. typhimurium mutant
strain lacking a single component of the type Ill secretion apparatus, InvA. Deletion of
invA also inhibits epithelial cell entry by S. typhimurium (Everest et al., 1999; Galan et
al., 1992), and like the ASPI-1 strain, the 4invA mutant elicited reduced numbers of
LC3+ autophagosomes in the small intestinal epithelium (Fig. 8A,B). These results
support the idea that bacterial entry into epithelial cells is a prerequisite for autophagy

activation.
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Epithelial cell intrinsic MyD88 is required for autophagy activation

Prior studies have shown that bacterial induction of autophagy in macrophages
requires activation of innate immune signaling pathways (Shi and Kehrl, 2008; Travassos
et al., 2010). At the same time, other intestinal epithelial cell-intrinsic innate immune
responses, such as expression of the antimicrobial protein Regllly, are dependent on
MyD88 (Brandl et al., 2007; Vaishnava et al., 2008), which signals downstream of Toll-
like receptors (TLRs), the IL-1 receptor (IL-1R), and the IL-18 receptor (IL-18R) (Akira
et al., 2006). We therefore tested whether bacterial induction of epithelial autophagy was
similarly dependent on MyD88. As in conventional wild-type mice, epithelial LC3

showed a cytoplasmic distribution in conventional Myd88”" mice (Fig. 10A,B). However,
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unlike wild-type mice, Myd88” mice did not show detectable LC3+ autophagosome
formation after oral challenge with S. typhimurium (Fig 10A,B), indicating that MyD88 is

essential for bacterial activation of autophagy in small intestinal epithelial cells.
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Figure 10: MyD88 is required for intestinal epithelial autophagy. Immunofluorescence
detection of LC3 (red) in ileal epithelial cells from wild-type and A DSS* mice (A). Tissues
were counterstained with DAPI (blue). Mice were orally infected with S. fyphimurium for 24 hr
or were left uninfected. Arrowheads indicate examples of LC3* puncta within intestinal
epithelial cells. LC3* autophagosomes were quantified m (B). Data are represented as
mean+SEM; *, p<0.05; n=5-8 mice/group; nd, not detected; scale bar=10 pm.

We next investigated the cellular origin of the MyD88 signals required to elicit
epithelial autophagy. We generated mice with an epithelial cell-specific deletion of
Myd88 (Myd88+£€) (Ismail et al., 2011) by crossing mice carrying a loxP-flanked
(floxed, fl) Myd88 allele (Myd88™) (Hou et al., 2008) with mice expressing Cre
recombinase under the control of the intestinal epithelial cell (IEC)-specific villin
promoter (Madison et al., 2002). 24 hours after oral challenge with S. typhimurium, the
Myd887£€ mice retained a cytoplasmic distribution of epithelial LC3 whereas their

Myd88™" littermates showed LC3+ autophagosome formation (Fig. 11A,B).
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Figure 11: Epithelial cell-intrinsic MyDS88 is required for intestinal epithelial cell autophagy.
(A) MydSSAEC mice or MydSSH? littermates were analyzed by immunofluorescence detection of
LC3 in ileal epithelial cells. LC3* puncta were quantified in (B). Data are represented as
mean£SEM; *, p<0.05; n=5-8 mice/group; nd, not detected; scale bar=10 pum.

Western blot analysis of isolated ileal epithelial cells revealed increased
conversion of LC3-1 to LC3-11 at 24 hours following S. typhimurium colonization of the
Myd88™" mice but not the Myd88“EC mice (Fig. 12A,B), consistent with reduced
autophagosome formation in the absence of epithelial MyD88. These results show that
epithelial cell-intrinsic MyD88 signaling is required for bacterial induction of autophagy

in intestinal epithelial cells.
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Figure 12: Western blot analysis of LC3 from ileal epithelial cell lysates following

S. typhimurinn infection. (A) Ileal Epithelial cell lysates were isolated from AfvdSSH or
MydSS*EC mice before and after colonization with S fyplimurivin for 24 hr (B). The experiment
was performed as described m Figure 1D, and band intensities from three independent
experiments were quantified in (F). Data are represented as mean+SEM; *, p<<0.05.
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Intestinal Autophagy activation is TRIF independent

We examined whether other innate immune signaling pathways are also required
for intestinal epithelial autophagy. Prior studies have implicated signaling through the
adaptor protein Toll-interleukin-1 receptor domain containing adaptor-inducing
interferon-p (TRIF) in bacterially-activated autophagy in RAW macrophages (Xu et al.,
2007). However, we observed that TRIF” mice exhibited autophagosome formation
following oral S. typhimurium infection (Fig. 13), indicating that TRIF is not required for

intestinal epithelial autophagy in vivo.
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Figure 13: Autophagy Induction in the intestinal epithelium is not TRIF-dep endent. 77if-/-
and wild-type were analyzed by immunofluorescence detection of LC3 in ileal epithelial cells
before and after colonization with .S fyphimurium for 24 hr.

Nod2 Independent activation of the epithelial cell autophagy
Since the intracellular pattern recognition receptor Nod2 has been implicated in

the autophagy pathway in macrophages (Travassos et al., 2010), dendritic cells (Cooney
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et al., 2010), and cultured epithelial cells (Homer et al., 2010), we also examined Nod2™"
mice (Kobayashi et al., 2005). We observed numerous LC3+ puncta in conventional
Nod2” mice, even in the absence of an additional bacterial challenge (Fig. 14A,B).
Depletion of the microbiota with broad spectrum antibiotics reduced the number of LC3+
autophagosomes in the Nod2” mice (Fig. 14A,B), indicating that autophagosome
formation was a response to the microbiota and was probably not due to blocked flux

through the autophagy pathway (Mizushima et al., 2010).
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Figure 14: Intestinal epithelial autophagy does not require Nod2. (A) Ileal tissue sections
from conventionally-raised Nod2-- mice were analyzed by immunofluorescence detection of
LC3. LC3* puncta formation was reversible by antibiotic (Abx) treatment to reduce the
microflora. LC3* puncta were quantified in (B). Data are represented as mean+SEM; *, p<<0.05,
n=5-8mice/group; scale bar=10 pm.

Because epithelial autophagosome formation is associated with bacterial invasion
into the cell cytoplasm (Fig. 1-8), we postulated that the increased autophagosome
formation in Nod2”" mice was due to increased invasion of epithelial cells by commensal
bacteria. To test this idea we assayed for intracellular bacteria using fluorescence in situ
hybridization with a universal 16S ribosomal RNA (rRNA) gene probe. We observed
increased numbers of intracellular bacteria within the small intestinal epithelial cells of

Nod2” mice as compared to wild-type mice (Fig. 15A,B). Numbers of intracellular
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bacteria were reduced upon antibiotic treatment of the Nod2” mice (Fig. 15A,B). These
findings support the idea that autophagy activation in the intestinal epithelium is

associated with bacterial invasion of epithelial cells.
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Figure 15: Increased bacterial invasion into the epithelial cells of Nod2-- mice. (I) Bacteria
were localized by FISH using a fluorescent probe against the 16S tRNA genes of all bacteria
(universal 168, red). (A) Cell-associated bacteria in (B) were counted. Data are represented as
mean+SEM; *** p<0.001; n=3 mice/group; scale bar=10 pun.

Together, our results establish that in vivo intestinal epithelial autophagy is
MyD88-dependent, TRIF-independent and NOD2-independent, and suggest that
commensal bacteria can elicit epithelial autophagy in certain immune deficient hosts

where there is increased bacterial invasion of the intestinal epithelium.

Epithelial cell autophagy limits bacterial dissemination to extraintestinal tissues

We next sought to determine whether autophagy in intestinal epithelial cells
contributes to host resistance to bacterial infection and dissemination. To assess this, we
created mice with an intestinal epithelial cell-specific deletion of the essential autophagy
gene Atg5 by crossing mice with a loxP-flanked Atg5 allele (Atg5™™) (Hara et al., 2006;

Tsukamoto et al., 2008) with villin-Cre transgenic mice (Madison et al., 2002) to produce
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Atg5?£¢ mice. We verified that ATG5 expression was diminished in intestinal epithelial
cells isolated from the terminal ileum (Fig 16A).

Atg5™ Atg5*EC

|- <«— ATG5-ATG12 complex (56 kD)

A 75D
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Figure 16: Characterization of Atg34EC mice. (A) Western blot analysis for Atg5 in
Ileal Epithelial cell lysates of Atg5%% and Atg54EC mice. (B) H & E stains of Ileal tissue

of Atg581 and Atg524EC mice scale bar=10 pm.

We further observed reduced numbers of LC3+ autophagosomes in the intestinal

AIE
5 C

epithelial cells of the Atg mice after oral S. typhimurium challenge as compared to

Atg5"™ littermates (Fig 17A,B).
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Figure 17: Intestinal epithelial cell requires Atgs. (A) Arg5*? and Arg352EC

littermates were orally infected with S typhimurium-GFP. Ileal sections were

stained with anti-LC3 (red) to visualize LC3* autophagosomes (arrows)(A). Scale

bar=10 nm. Numbers of LC3* autophagosomes in (A) were counted (B). Data are

represented as mean+SEM: *** p<0.001: n=5 mice/group.

The decreased numbers of autophagosomes accorded with reduced conversion of
LC3-1 to LC3-Il in the Atg5"““ mice (Fig. 18A,B). While there was no histological
evidence of overt inflammation or pathology in unchallenged Atg5“““ mice (Figure
16B), we saw that the decreased autophagosome formation in the Atg5?“¢ mice
coincided with increased numbers of intracellular S. typhimurium 24 hours after oral
challenge (Fig. 17A,B and Fig. 18C). These data are consistent with a role for intestinal

epithelial autophagy as a cell autonomous mechanism for limiting the persistence of

invading bacteria.
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Figure 18: Western Blot and Epithelial invasion analysis following S. typhimurium
infection. (A) Proteins from ileal epithelial cells isolated from Arg5% and Arg54EC mice before
and after oral infection with S\ Aphimurivim for 24 hr. Band intensities from three independent
experiments are quantified in (B). Data are represented as meantSEM; *, p<<0.05; ** p<0.01,
nd, not detected. (C) Intracellular bacteria (green) were visualized by immunofluorescence
microscopy in the ileums of 475 and A7g52EC mice 24 hr post-infection with S, tvphimurivm-
GFP. Tissue sections were counterstained with DAPI (blue) to visualize cell nuclei. Arrowheads
point to examples of intracellular bacteria. Scale bar=10 pm. (D) Intracellular bacteria were
counted. Data are represented as mean+SEM: *** p<0.001: n=5 mice/group.

The Atg5”““ mice also showed increased S. typhimurium dissemination to
extraintestinal tissues. 24 hours after oral S. typhimurium challenge, we recovered
significantly higher numbers of bacteria from the spleens and livers of the Atg5*““ mice
relative to their Atgs"™ littermates (Fig. 19A,B). This was not due to differences in
overall small intestinal bacterial colonization levels, which were similar between the two

groups (Fig. 19C).
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The differences in dissemination to extraintestinal tissues were only observed after oral
infection; no significant difference was observed in the numbers of S. typhimurium
recovered from the spleens of Atg5”“¢ and Atg5"" mice following intraperitoneal

inoculation (Fig. 20). This indicates that the increased S. typhimurium dissemination was
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Figure 19: Extraintestinal dissemination of
S, typhimurinm in Atg501 and Atg3LEC
mice. Bacterial burdens (CFU) in the spleen
(A), liver (B) or small intestine (C) of

Atg5 and Atg54EC littermates 24 hr after

oral infection with 10° CFU of wild-type S
tvphimurium  or the non-invasive mutant
strains ASPI-1 and Aimd. Each pomt
represents an individual mouse; data are
from three independent experiments. Data
are represented as mean£SEM; *, p<t0.05,
ns=not significant. Dashed lines indicate
limits of detection.

not due to a global immune defect in the Atg5*““ mice.
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We considered whether the increased dissemination of S. typhimurium in Atg
mice might be due to autophagy-independent effects of ATG5-deficiency. The Atg
mice did not exhibit increased permeability to orally-administered FITC-dextran (Fig.
21), suggesting that the increase in S. typhimurium dissemination did not arise from
enhanced nonspecific barrier permeability. We also did not observe enhanced

dissemination of the non-invasive S. typhimurium strains ASPI-1 and AinvA when

introduced into Atg5#“¢ mice (Fig. 19A-B).
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This indicates that the increased dissemination of wild-type S. typhimurium in

Atg5#¢ mice is unlikely to arise from defects in Paneth cell granule exocytosis and
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antimicrobial protein secretion that have been observed in these mice (Cadwell et al.,
2008). Taken together, our findings show that intestinal epithelial autophagy plays an
essential role in limiting the numbers of S. typhimurium within intestinal epithelial cells

and in controlling its dissemination to extraintestinal tissues.

DISCUSSION

The mammalian intestine is colonized with thousands of bacterial species that
include potential pathogens as well as symbionts. As the primary interface between the
host and the microbiota, the epithelium must use multiple immune defense strategies that
both prevent bacterial attachment to the epithelial surface and eliminate those microbes
that manage to penetrate the epithelial barrier. Here, we have identified autophagy as an
important component of epithelial cell-intrinsic innate immune defense in the intestine.
We found that autophagy was activated in epithelial cells of the intestine by bacteria that
invade the cell cytoplasm. These included Salmonella typhimurium, an overt pathogen, as
well as Enterococcus faecalis, an opportunistically-invasive member of the microbiota.
We found that activation of autophagosome formation required epithelial cell-intrinsic
MyD88 signaling, and that epithelial autophagy was essential for limiting the numbers of
epithelial intracellular bacteria and for preventing their spread to extraintestinal sites
(Figure 6K). These findings provide essential new insight into how the mammalian
intestinal epithelium maintains homeostasis with a large and diverse microbial
community, and demonstrate the importance of autophagy for intestinal innate immunity

in vivo.
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The intestinal epithelium plays diverse roles in immune protection against
commensal and pathogenic bacteria in the intestine. For example, epithelial cells produce
a variety of antimicrobial proteins that are critical for maintaining homeostasis with the
microbiota (Gallo and Hooper, 2012). a-defensins produced by Paneth cells play an
important role in shaping the composition of luminal bacterial communities in the small
intestine (Salzman et al., 2010). Other antimicrobial proteins protect the apical surface of
the epithelium from excessive bacterial attachment. Regllly, an antimicrobial lectin that
is expressed throughout the intestinal epithelium, is regulated by bacterial signals through
an epithelial cell-intrinsic MyD88 pathway (Brandl et al., 2007; Cash et al., 2006;
Vaishnava et al., 2008). Regllly interacts with the intestinal mucus layer to limit bacterial
interactions with the intestinal epithelial surface and thus restrict bacterial invasion of
host tissues (Vaishnava et al., 2011). In addition to directing antimicrobial responses to
the epithelial surface and the lumen, the intestinal epithelium also orchestrates a complex
array of subepithelial immune responses to intestinal bacteria through the secretion of
cytokines and other factors (Artis, 2008).

Despite the presence of a formidable antimicrobial barrier at the epithelial surface,
some bacteria are equipped to evade these defenses and invade epithelial cells. Our
findings suggest that autophagy is a critical mechanism of epithelial cell-intrinsic innate
immunity that functions to eliminate invading bacteria before they can access deeper
tissues. Consistent with this idea, our results indicate that epithelial autophagy is
specifically activated by invasive bacteria. These include S. typhimurium, an overt
pathogen, and E. faecalis, an opportunistically-invasive pathobiont. In contrast, non-

invasive bacteria, including Lactobacillus salivarius and S.typhimurium lacking the SPI1-1
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pathogenicity island, did not trigger autophagosome formation in the intestinal
epithelium. This argues that autophagy is not activated as a general response to a SPF
microbiota, but requires bacterial invasion into the cell cytoplasm.

The autophagy machinery has been shown to be involved in cellular functions that
are distinct from classical autophagy involving the targeting of bacteria to
autophagosomes (Zhao et al., 2008). Mice harboring genetic mutations or deletions in
Atg5 or Atgl6L1 exhibit abnormalities in the secretory pathway of Paneth cells, a
specialized small intestinal epithelial lineage involved in antimicrobial protein secretion
(Cadwell et al., 2008; Cadwell et al., 2010). It is possible that the Atg5*““ mice exhibit
increased S. typhimurium invasion because of such defects in Paneth cell function, which
could lead to increased accessibility of bacteria to the epithelial surface (Vaishnava et al.,
2008). However, a role for classical autophagy would be consistent with our finding of
prominent activation of autophagosome formation in the intestinal epithelium after S.
typhimurium challenge. Additionally, we found that unlike wild-type S. typhimurium,
non-invasive S. typhimurium strains do not show increased dissemination in Atg5*““
mice. This argues against the idea that the increased dissemination of wild-type S.

typhimurium in Atg5*™¢

mice is due to defective Paneth cell secretory function. Finally,
it is possible that S. typhimurium infection results in conditions of nutrient deprivation
that initiate autophagy in order to sustain essential metabolic functions (Tattoli et al.,
2012). However, our observation that S. typhimurium-induced autophagosome formation

is also MyD88 dependent suggests that nutrient starvation does not entirely account for

bacterially-induced autophagy in the intestinal epithelium in vivo.
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Other types of intestinal bacterial pathogens may also be targets of epithelial cell
autophagy. A prior study showed that epithelial cell expression of the autophagy protein
ATG7 confers protection against the mouse intestinal pathogen Citrobacter rodentium in
vivo, limiting its intestinal colonization levels and the pathogenic response of host tissue
(Inoue et al., 2012). C. rodentium belongs to a family of enteric pathogens that includes
the human pathogens enteropathogenic Escherichia coli (EPEC) and enterohaemorrhagic
E. coli (EHEC). These organisms colonize the gastrointestinal tract by forming attaching
and effacing lesions on the apical surface of the colonic epithelium but do not appear to
enter epithelial cells in large numbers (Mundy et al., 2005). It is not yet clear whether
bona fide autophagy is involved in limiting C. rodentium intestinal colonization and
pathogenesis (Inoue et al., 2012). Thus, it will be interesting to determine whether C.
rodentium triggers autophagy in colonic epithelial cells, and whether autophagy-
dependent or -independent functions of ATG7 are involved in protecting against the
pathogenic effects of C. rodentium.

Our analysis of the host factors involved in autophagy initiation in the intestinal
epithelium revealed a requirement for epithelial cell-intrinsic MyD88. However, the host
receptors that lie upstream of MyD88 remain to be defined. Given that autophagy
activation requires invasive bacteria, it is possible that intracellular TLRs, such as TLROY,
might be involved. It is also possible that invading bacteria could penetrate the epithelium
via a paracellular route, or could traverse and exit epithelial cells via the basolateral
surface, and thus might trigger basolaterally oriented epithelial TLRs such as TLR5
(Gewirtz et al., 2001). Given the dependence of epithelial autophagosome formation on

bacterial invasion, it seems unlikely that these responses are stimulated through activation
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of apically-oriented epithelial TLRs. It is also possible that autophagy activation could
involve MyD88-dependent IL-1 or IL-18 signaling (Akira et al., 2006).

Another key question is how MyD88 integrates with the autophagy pathway to
promote autophagosome formation. One possibility is that MyD88 signaling controls the
expression of proteins involved in autophagosome formation in response to bacteria.
Another possibility is that MyD88 acts as an adaptor for assembly of protein complexes
that regulate autophagosome formation. In macrophages, MyD88 promotes autophagy by
interacting with Beclin 1, a key autophagy protein that promotes autophagosome
formation by recruiting other autophagy factors to the pre-autophagosomal membrane
(Kihara et al., 2001a; Kihara et al., 2001b). Beclin 1 function is inhibited by binding to
Bcl-2, an autophagy inhibitor (Pattingre et al., 2005). The MyD88-Beclin 1 interaction
inhibits the binding of Beclin 1 to Bcl-2, thus relieving the Bcl-2 inhibition and
promoting autophagy (Shi and Kehrl, 2008). It will be interesting to determine whether
MyD88 plays a similar role in the intestinal epithelium.

A growing body of research supports a connection between autophagy gene
mutations and IBD. Genome wide association studies have linked mutations in Atg16L1
to an increased risk for developing Crohn’s disease. The polymorphisms were found to
impact autophagy independent functions of Atgl6L1, resulting in abnormal granule
packaging and protein secretion in Paneth cells (Cadwell et al., 2008). These
abnormalities were associated with increased susceptibility to Crohn’s disease-like
pathologies upon virus infection of mice (Cadwell et al., 2010). These findings suggested
how defects in autophagy gene function can lead to inflammatory pathologies. Our

results expand upon these findings by suggesting that autophagy defects could have a
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broader role in inflammatory disease by interfering with the ability of the intestinal
epithelium to clear invading bacteria. This could lead to ongoing immune activation,
particularly in the presence of other immune system defects or perturbed intestinal

microbial communities.
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CHAPTER FIVE

Conclusions and Future Directions

General Discussion

The intestinal epithelium is tasked with the incredibly difficult yet extremely
important task of absorbing the critical nutrients from the diet. To acieve maximal
efficiency at extracting calories, mammals have evolved to coexist with trillions of
bacteria within the lumen of our intestines. However, the normally beneficial, mutualistic
relationship can go awry when the bacteria invade the host tissue. When considering the
findings of the past decade, it becomes clear that the host expends considerable amounts
of energy to limit the extent to which members of the intestinal microbiota invade
mucosal tissue. Perhaps one of the most interesting things about the innate immune
protection of the intestinal surface is that many of the different mechanisms used by the
host to protect the mucosal surface are critically important, meaning that loss of any one
of them results in a perturbation of homeostasis and ultimately a quantifiable phenotype.

For example, the goblet cells of the intestine are responsible for production of the
mucus in the gut. One might think that loss of mucus production alone would probably
not be enough to cause disease, but in fact that turns out not to be the case. Mice
engineered to be deficient in the production of mucus via deletion of MUC2 gene show a
significant phenotype relative to their littermate controls. At just 5 weeks of age, Muc2
deficient mice demonstrated significant growth retardation. Additionally, they were also

showed rectal prolapse, an increase in colonic crypt length with crypt hyperplasia and
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enhanced lymphocyte infiltration into the colon, all signs of colitis (Van der Sluis et al.,
2006).

The importance of all various arms of innate immunity is again highlighted when
considering Regllly. Regllly is one of a number of antimicrobial peptides produced in
the intestine. Again, when considering the variety and number of antimicrobial peptides,
one would predict some level of redundancy with respect to their role in maintaining
intestinal homestasis, but in fact, Vaishnava et al. have demonstrated Regllly to be
essential in maintaining normal intestinal function (Vaishnava et al., 2011).

The work presented here has established that epithelial cell autophagy is a critical
component of the innate immune defense on the small intestine. Without epithelial cell
autophagy in the small intestine, hosts are more susceptible to extraintestinal
dissemination of invasive bacteria. When we consider autophagy against the
evolutionary backdrop upon which it evolved, it is not surprising that epithelial
autophagy is critical in innate immunity of the intestine. Evolution is driven by natural
selection which is determined by fitness. Over millions of years, adaptations in immune
responses have occurred that have fine-tuned our immune response. This fine-tuning
process undoubtedly included the loss of unessential functions and the maintenance of
immune functions providing most benefit to the host. Therefore, | suggest that many of
the antibacterial innate immune mechanisms will ultimately prove critical to some part of

maintenance of intestinal homeostasis.
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Regulation of Bacterial-Induced Autophagy

Moving forward, critical questions remain about the molecular mechanisms
involved in the regulation of epithelial cell autophagy. A great deal of interest was
generated in the NOD2 gene when it was first identified as having polymorphims
associated with Crohn’s disease (2007). This was especially intriguing because NOD2
had been shown to recognize bacterial muramyl—dipeptide (MDP). This was consistent
with the fact that the etiology of Crohn’s disease is thought to involve aberrant bacterial
invasion of intestinal tissue (Sartor, 2008). Subsequent findings also indicated an
interaction between the Nod proteins and the autophagy protein Atgl6L1 following
infection of tissue culture cells with invasive bacteria (Travassos et al., 2010). The
researchers conducting that study suggested that a direct interaction between Nod2 and
Atgl6L1 might explain the link seen between Nod2 mutations, Atgl6L1 mutations and
Crohn’s disease. However, following investigation of the role of Nod2 in vivo in the
intestinal epithelium, I hypothesize a different mechanism linking Nod2 and autophagy.

When | analyzed the ability of Nod2” mice to form autophagosomes, | was
surprised to find that conventionally-raised Nod2”" mice, with no additional pathogenic
bacterial challenge like S. typhimurium infection, demonstrated autophagy activation.
Moreover, autophagosomal formation in the intestinal epithelium disappeared when the
Nod2™” mice were placed on antibiotic treatment. This led me to investigate the spatial
distribution of the conventional microbiota in Nod2™” mice versus wild-type or antibiotic
treated Nod2” mice. To my surprise, | saw that the entire crypt-villus unit of
conventionally-raised Nod2” mice was covered in bacteria, a strikingly different

phenotype than that displayed by conventional-raised wild-type or antibiotic treated
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Nod2”" mice. This finding helped develop my suggested my hypothesis regarding Nod2
mutations and their link to Crohn’s disease: NOD2 deficiency leads to an alteration,
either in the composition or the control of conventional microbiota, and this alteration
ultimately brings the microbiota much closer to the mucosal surface making invasion into

epithelial cell much more likely.

MyD88 Integration into Autophagy Machinery

Given the requirement of epithelial MyD88 to activate autophagy in response to
bacterial challenge, a critical question is how MyD88 integrates with the autophagy
pathway in the intestinal epithelium. In cultured macrophages, MyD88 promotes
autophagy by interacting with Beclin 1 (Shi and Kehrl, 2008), a key autophagy protein
that initiates autophagosome formation and helps to localize other autophagy factors to
the pre-autophagosomal membrane. The MyD88-Beclin 1 interaction inhibits the binding
of Beclin 1 to BCL2, which suppresses autophagy. Based on these findings, | hypothesize
that bacterial triggering of MyD88 signaling in the intestinal epithelium stimulates
autophagy by promoting the dissociation of Beclin 1 from the BCL2 inhibitor (Fig. 1).
Understanding the nature of this relationship should yield key insights into the

mechanisms by which MyD88 induces intestinal epithelial autophagy.
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Figure 1: Model of MyD88 Interaction with Autophagy Machinery. (A)
In the uninfected condition, epithelial cell MydS88 is not triggered, keeping
the BCL2:Beclin 1 complex intact. (B) Following S. fyphimuritim infection,
MydS88 is triggered. causing dissociation of BCL2:Beclin 1 complex and
autophagy activation

Bcl-2:Beclin 1 Function in Intestinal Epithelium

An important question regarding epithelial cell autophagy is to identify the
mechanisms regulating autophagy function and activation. Previous work has
demonstrated that the Bcl-2:Beclin 1 protein interaction is critical in regulating inducible
autophagy. Work from the Levine lab has shown that the dissociation of Bcl-2 from
Beclin 1 is a critical part of the autophagic response to metabolic stimulus. Additionally,
the proper regulation of the dissociation of BCL2: Beclin 1 complex was also shown to
be required for proper glucose metabolism following exercise stimulus (He et al., 2012).
The contribution of the Bcl-2:Beclin 1 complex to autophagy regulation as well as energy
metabolism suggests that it may also regulate autophagy within the intestinal epithelium.

The BCL2*** knock-in mice will be a critical tool in assessing whether

dissociation of the BCL-2:Beclin 1 complex is important for driving autophagy in the
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intestinal epithelium. BCL2*** knock-in mice harbor three point mutations that together
render BCL2 nonphosphorylatable and thus incapable of dissociating from Beclin 1.
Using fluorescent microscopy analysis, | asked whether the BCL2*** knock-in mice
were capable of forming autophagosomes in response to S. typhimurium infection in a
manner similar to that seen in wild-type mice. My hypothesis was that the BCL2"*** mice
would be unable to form autophagosomes following S. typhimurium infection, as Beclin 1
should be unable to dissociate from BCL2. Preliminary experiments performed on both
conventional (CV) and S. typhimurium challenged BCL2*** mice indicate that, in
contrast to wild-type mice which form autphagosomes in their epithelium following S.

typhimurium challenge (Fig. 2A), BCL2*

mice are unable to form autophagosomes in
their intestinal epithelial cells following bacterial stimulus (Fig. 2B). These preliminary
data need to be confirmed with biochemically via Western blot analysis of small

intestinal epithelial cell lysates and via electron microscopy.
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Figure2: Autophagy activation by S. &yphimurinm in Bc2424 mice. LC3 DAPI
Conventional mice were left uninfected or were orally inoculated with 10° CFU of S.
typhimurium. for 24hr. Sections of ileum were stained for LC3. (A) WT mice form
autophagosomes in response to S. typhimurim (B) CV Bcl2444 mice show diffuse
cytoplasmic LC3 staining. but Bel2444 are unable to form autophagosomes following .S
typhimurium infection. Tissues were counterstained with DAPI (blue). Scale bar = 10pum
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If the phosphorylation of Bcl-2 does indeed prove to be a critical step in the
initiation of autophagy, the next logical step is to determine if dissociation of BCL2 from
Beclin 1 is under MyD88 control. Analysis and comparison of epithelial cell lysates via
immunoprecipitation with an antibody specific for BCL2 and subsequent Western blot
analysis for Beclin 1 will be critical experiments in determining the nature of the MyD88,
BCL2:Beclin 1 relationship. In uninfected wild-type mice, Beclin 1 should remain
complexed with BCL2 and should therefore be detectable via Western Blot analysis.
However, in the S. typhimurium challenged wild-type mice, a MyD88 signal will be
triggered activating epithelial autophagy and thus Beclin 1 should no longer co-
precipitate with BCL2. Conversely, in MyD88™ mice, Beclinl should co-precipitate with
BCL2 in both the uninfected and infected conditions.

The prior study of Shi and Kehrl showed that the disruption of the Beclin 1:BCL2
interaction was both MyD88 and Trif dependent (Shi and Kehrl, 2008). Therefore, it is
possible that the residual TRIF signal in the MyD88™ mice will be sufficient to disrupt
the Beclin 1:BCL2 complex. However, because Trif is only required for signaling
through TLR3 and 4, it seems likely that MyD88 is the critical signal for autophagy
activation by invading bacteria. Additionally, my previous work has demonstrated that
TRIF is not required for autophagy activation following S. typhimurium challenge,
making its requirement for Beclin 1:BCL-2 dissociation even less likely although not
impossible.

It is also possible that dissociation of the Beclin 1:BCL2 complex will be
unimportant for autophagy activation in the intestinal epithelium. However, such a

scenario seems unlikely given the fundamental role of the Beclin 1: BCL-2 complex in
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autophagy regulation; the nature of the BCL-2:Beclin 1 complex and bacterial activation
of epithelial autophagy should be revealed by Salmonella challenge experiments on the
BCL2**"* mice. However, preliminary immunofluorescence data indicates that
dissociation of the Beclin 1:BCL-2 complex is important in activation of epithelial cell
autophagy (Fig. 2B).

If further experimentation reveals dissociation of the BCL2:Beclin 1 complex
unimportant, or if MyD88 does not regulate the dissociation another alternative but
equally interesting hypothesis is that MyD88 regulates epithelial autophagy through
activation of NFkB. To test this hypothesis, we will use mice with an epithelial cell-
specific deletion of IKKB (IKKA'®C), a component of the kinase complex that signals
downstream of MyD88 and phosphorylates IkB, thus liberating NF«xB for translocation

into the nucleus. Analysis of IKKB*'=¢

mice is preferable to analysis of individual NFxB
subunit knockouts, as there are several different NFkB subunits that have redundant
functions. Previous work from the Hooper lab has shown that the IKKB*E® mice lack
expression of the MyD88-regulated antibacterial protein Regllly (Vaishnava et al., 2008),
thus confirming that epithelial NFkB activation is defective in the small intestines of
these mice. If NFxB activation is required to activate epithelial autophagy, then the
intestinal epithelial cells of these mice should be unable to form autophagosomes in the

face of bacterial challenge. From there, the goal should be to identify autophagy factors

that are transcriptionally regulated in the intestinal epithelium by MyD88 and NF«B.
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Identification of Autophagy Adaptors for Commensals

Understanding how bacteria are identified and ultimately targeted for destruction
via the autophagy machinery is an area of intense investigation in the autophagy field.
The vast majority of the work centers around the identification of molecules required for
efficient target of bacteria to autophagosome. Because most of the studies are performed
in tissue culture cells, the work usually involves the addition of known targets for
autophagy — such as S. typhimurium, S. flexneri and Mycobacterium tuberculosis and
subsequent monitoring of the cellular autophagy responses to the pathogen. Indeed, such
studies have greatly enhanced our understanding of the various adaptors required for
clearance of bacterial targets. Intracellular pathogens are commonly targeted for
autophagosomes via interactions between a molecular tag found on the bacterial surface
and adaptor proteins which recognize the tags and also contain an LC3-interacting region
(LIR). The LIRs typically contain a conserved motif of WXXL or WXXI. Several
different adaptors have been shown to be involved with clearance of Salmonella
typhimurium. For example p62, NDP52 and most recently LRSAM1 have all been shown
to be required for efficient delivery of S. typhimurium to autophagosome (Huett et al.,
2012). Although these studies are quite informative, an equally interesting question is
whether other adaptors play a role in the intestinal epithelium in vivo.

An example of one such bacterial activator of autophagy is E. faecalis. In this
study, E. faecalis was shown to be capable of epithelial autophagy activation within
intestine of ex-germ-free mice. Additionally, in unpublished data, | have identified a
Proteus mirabilis strain present in the conventional microbiota of mice in the Hooper lab

mouse colony that is also a newly discovered bacterial activator of epithelial cell
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autophagy (Fig. 3B). P. mirabilis is a Gram-negative rod and native member of the
intestinal microbiota. It is also one of the most common causes of urinary tract and
nosocomial infections, leading to its designation as a pathobiont. Many have studies have
sought to understand the nature of the interaction between P. mirabilis and the host
(Coker et al., 2000) . Perhaps most relevant to this study was the finding that germ-free
mice that had been monocolonized with P. mirabilis mice demonstrated evidence of P.
mirabilis within their intestinal tissue (Wells and Erlandsen, 1991). This finding indicates
that P. mirabilis is capable of crossing the intestinal epithelial barrier. An interesting
question is whether or not there are novel adaptor proteins required for autophagy
activation in response to E. faecalis and P. mirabilis or if the same adaptors previously
characterized can account for autophagy activation by this bacterial species.

Germ Free Wild Type Germ Free Wild Type
No Infection P mirabilis Monocolonized

uonodajur 1sod 1y g

lamina propria

LC3 DAPI
Figure 3: Proteus mirabilis triggers autophagosome formation in small intestinal epithelial cells.
Germ-free mice were maintained germ-free or orally inoculated with 10° CFU of P mirabilis Sections
of distal small intestine (1leum) were stained with anti-LC3 and anti-rabbit IgG-Cy3 (red). (A) Germ-
free no infection mice show cytoplasmic LC3 staming (B) 48 hrs post infection with 2 mirabilis mice
show LC3* autophagosomes visible as distinct puncta (arrowheads). Tissues were counterstained with
DAPI (blue). scale bar=10 um.

Although it is possible that no new proteins are involved in targeting newly
discovered bacterial activators for destruction via autophagy, previous studies with

different bacterial activators of autophagy suggest that this is unlikely. For example,
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research investigating the relationship between M. tuberculosis clearance through the
autophagy pathway has produced interesting findings regarding the possible
identification of Parkin as critical adaptor protein and E3 ligase in the recognition of M.
tuberculosis by the autophagy pathway. Preliminary studies from the Cox group at UCSF
have shown that Parkin” mice are more susceptible to M. tuberculosis infection and that
Parkin functions to mark cytosolic M. tuberculosis with a Lysine 63-linked Ubiquitin
chain (Komatsu et al., 2013). Given that E. faecalis is Gram-positive bacterium, |
hypothesize that recognition of bacteria molecularly tagged for autophagy by the host cell
will differ in mechanism from Gram-negative bacteria like S. typhimurium.

There are a number of different strategies one could take to identify novel
activators of autophagy, but these strategies become much more complicated with the
added complexity of studying a specific cell type in mice. As previously demonstrated, E.
faecalis is readily capable of invading epithelial cells. | propose to take an unbiased
proteomics approach and utilize the ability to distinguish and separate E. faecalis infected
epithelial cells from non-infected epithelial cells to identify proteins involved in the
enterocyte response to E. faecalis infection. | also hypothesize that since autophagy is an
important, early, enterocyte-intrinsic process, autophagy proteins and, therefore, novel
antibacterial autophagy adaptors will be among the proteins most differentially expressed
in infected versus non-infected epithelial cells.

First, epithelial cell preparations are made utilizing a protocol initially developed
to isolate intestinal lamina propria lymphocytes (Ismail et al., 2011). Incidentally, it was
noticed that a large contaminant in the preparations for lamina propria lymphocytes

preparations were intestinal epithelial cells. In fact, if we use an anti-CD45.2 antibody
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conjugated to magnetic beads, we can readily separate the epithelial cell preparations into
two relatively pure fractions of CD45.2 positive and CD45.2 negative populations (Fig
2B). CD45.2 is a cell surface marker that expressed by all cells of hematopoietic origin.
Therefore, by selecting for CD45.2 positive cells and depleting them, we have removed
abundant contaminant cells such as lymphocytes and macrophages from our epithelial
cells. Integrins are a class of transmembrane proteins that function in the attachment of
the cell to the extracellular matrix. Within the intestinal epithelium, Integrins f1 and 4
classes are the most prominent integrins, mediating binding to Type IV collagen and
laminins. Additionally, the Integrins Bl and P4 classes are required for the proper
formation of adherent junctions between epithelial cells (Beaulieu, 1999). Therefore, by
selecting for cells that are Integrin f4™ and CD45.2" (Fig. 2B) we can be confident that
we have isolated and purified ileal intestinal epithelial cells.

Next, we want to subdivide the infected epithelial cells from the non-infected
cells. By utilizing the E. faecalis-GFP strain, we can sort the GFP positive cells away
from the GFP negative cells. Once the different population have been created,
comparative proteomic analysis will be conducted to identify newly expressed or highly
enhanced proteins following E. faecalis infection (Fig. 2C). The proteomics approach is
the preferred method for identifying adaptors for antibacterial autophagy because
autophagy is regulated post-translationally.

Although autophagy is classically thought to be regulated post-translationally, it is
possible that the regulation of antibacterial autophagy in the intestinal epithelium is
transcriptionally regulated. If this is the case, the best experimental approach would be to

use laser capture microdissection to specifically isolate the mRNA from the epithelial
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cells of germ-free or E. faecalis monocolonized mice (Espina et al., 2006). Following the
isolation of the mRNA, microarray studies can then be performed to look for genes

whose expression is increased following E. faecalis infection.
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Figure 4: Proteomic Discovery of Novel Antibacterial Autophagy adaptors. Epithelial cell
preparations are made from the termunal ileum. (A) Epithelial cells are negatively selected via MACS
with an 0-CD45.2 Ab. (B) Selection for Integrm p4+, CD45.2- indicates high enrichment of epithelial
cell population. (C) GFP positive and negative epithelial cells are then separated and used to compare
changes in epithelial cell protein expression with (GFP+) and without(GFP-) E. faecalis infection.

On initial consideration the proteomics approach to identification of adaptors
might seem unfeasible; however, recent findings suggest otherwise. In fact, a recent
publication has used the proteomics analysis approach to comprehensively identify 97%
of the proteins produced by the 4,000 open reading frames found within the genome of
M. tuberculosis. The advancement of this technology has become so sensitive that for
over half of the M. tuberculosis proteins, researchers were able to estimate the absolute
abundance (Schubert et al., 2013). The development of the complete proteome for M.
tuberculosis has resulted in the identification of new proteins. Thus, proteomics is a valid

approach for discovering previously unknown proteins.
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The process of developing a proteome library can be broken into 3 phases —
Proteome Mapping, Proteome Library Generation, Proteome Library Validation. During
the proteome mapping phase, | will develop a library of the core proteins expressed by
the epithelial cell utilizing discovery-driven mass spectrometry (MS). The benefits and
details of discovery driven focus more on highly accurate and reproducible identification
of the proteins. The next step involves the development of proteome libraries for three-
different experimental conditions — germ-free no infection, E. faecalis monocolonized
germ-free and P. mirabilis monocolonized mice (Fig. 5B). Finally, potential protein
adaptors identified through proteomic analysis are validated and confirmed through in
vivo and in vitro assays of autophagy activation. The proteome analysis of germ-free
epithelial cells and epithelial cells following infection with both a Gram-negative and
Gram-positive bacterium should vyields incredible amounts of information. This
information is easily categorized by category (Fig. 5C). Proteins in the Gram-negative
category are specifically increased following infection with P. mirabilis, whereas proteins
in the Gram-positive category are important in the epithelial cell response to E. faecalis.
Initial categorization will make determination of function for previous unknown proteins

considerably easier.

88



A B C

Phase I — Proteome Mapping
Identification of Core Epithelial
Cell Protein Expression Profile

Gram Negative

N - E. faecalis P mirabilis Autophagy factors
thru Digscovery MS . )
monocolonized monocolonized Core Antibacterial
Phase II — Proteome Proteome Proteome factors
—

Library Generation
Proteome Libraries for
Germfree, E. faecalis and P
mirabilis monocolonized GF
mice.

Phase ITI — Library Validation

Confirmation of newly
identified proteins with in vitro
and in vivo assays

>

Autophagy factors

P{ Essential Proteins
\\ > Gram Positive

Gern free
no infection
Proteome

Gnotobiotic
Proteome

Figure 5: Epithelial Cell Proteome Library for Protein Discovery. Epithelial cell preparations are
made from the terminal ileum. (A) A three phase workflow is used to develop the core proteome
libraries. (B) Proteomes of different experimental sets are compared allowing for separation of
proteins into distinct functional groups (C) Functional groups designation allows newly identified
proteins to be quickly annotated and classified.

Utilizing the proteomics approach will likely yield large numbers of potential
adaptor proteins. The next step in the adaptor protein identification pipeline will involve
validation of the putative adaptor in MODE-K cells, an immortalized small intestinal cell
line. One way to test the validity of the adaptor candidate is through RNAI studies. RNAI
validation studies would first involve knockdown of the proposed adaptor followed by
infection of MODE-K cells with E. faecalis or P. mirabilis. If the putative adaptor is
involved in antibacterial autophagy, | would expect to see increased proliferation of E.
faecalis or P. mirabilis in the RNAI knockdown cells relative to wild-type cells. If any of
the candidate proteins show promise in the initial infection studies, the next step will be
to determine if the potential adaptor protein directly interacts with the invading bacteria
or LC3. Co-immunoprecipitation and Western blot studies using anti-E. faecalis and anti-
P. mirabilis antibodies will be critical in determining interactions between the newly

identified adaptor, invading bacteria and LC3.
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Autophagy in Immunodeficient Mice

The ability of the conventional microbiota to invade epithelial cells and activate
epithelial cell autophagy in Nod2” mice poses an interesting question; do other defects in
innate immunity also result in activation of epithelial autophagy by the conventional
microbiota? An initial observation made by the Hooper lab hinted at this possibility.
Vaishnava et al. demonstrated that loss of the intestinal antibacterial peptide, Regllly,
resulted in a loss of the spatial segregation of the microbiota (Vaishnava et al., 2011).
This paper furthered showed that loss of Regllly also resulted in increased fecal IgA
levels. | predicted that the loss in spatial segregation of the intestinal microbiota in
Regllly knockout mice would make it more likely for intestinal bacteria to invade the
epithelium and activate autophagy. When | examined autophagy activation within the
intestinal epithelium of conventionally raised Regllly deficient mice, 1 observed
autophagosome formation within the intestinal epithelium (Fig. 6A-B). The observation
of autophagy activation represents the second time | have observed a mouse genotype
where the conventional, intestinal microbiota is capable of activating epithelial cell

autophagy, Nod2”™ mice representing the first.
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Given this link between mutation in innate immune effectors and the ability of the
conventional microbiota to activate epithelial autophagy, | hypothesize that other mouse
models with defects in innate immune mediators such as antimicrobial peptides will
likely also have conventional microbiota capable of activating epithelial autophagy.
Looming questions going forward will be analysis of the effect of losing both
antimicrobial peptide production and epithelial autophagy, and how loss of innate
immune proteins, like Regllly and NOD2, results in a more invasive conventional

microbiota.

Conclusions
My findings indicate that epithelial cell autophagy is an important and essential
response to invasive bacteria within the small intestine. Additionally, | have determined

that epithelial cell autophagy is rapid and transient response to invasion of the epithelium.
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This activation of epithelial cell autophagy occurs in an epithelial-cell intrinsic MyD88
dependent manner and can occur in the absence of the adaptor protein TRIF or NOD2, a
cytosolic pattern recognition receptor. Although we have gained a great deal of insight
into the bacterial targets of epithelial cell autophagy and the pattern recognition receptors
involved, there is still a great amount of work to be done to fully understand the role of
autophagy in maintaining homeostasis with intestinal microbiota. It will also be important
to determine if the same mechanisms of autophagy regulation occurs in other intestinal
cell types like macrophages and dendritic cells, professionally phagocytic cells that are
abundant in the lamina propria of the intestine.

The ultimate goal of biomedical research is to achieve a better fundamental
understanding of a disease process so that we can better readily intervene when needed.
We are only now beginning to understand the complex interplay between the intestinal
microbiota, innate immune responses and immunity. Mechanistic dissection of autophagy
in the intestine will be critical in developing the next line of therapies for debilitating

diseases like IBD or intestinal infectious diseases.
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