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Abstract

Intestinal epithelial damage and homeostatic cell shedding sends evolutionarily conserved
growth signals to activate division programs in stem cells, which renews the epithelium to maintain
barrier integrity[1]. In addition to conserved growth and stress signaling, microbes and innate
immune pathways regulate stem cell function during homeostasis and disease. For instance, the
microbiome promotes stem cell proliferation and differentiation while overactive innate immune
signaling causes stem cell hyperproliferation and exacerbates tumorigenesis[2]. It is clear bacteria
and immune pathways are important regulators of stem cell function, however the complexity of the
microbiome has made it difficult to elucidate the specific effects individual bacterial species have on
stem cells. In addition, the intestine is a heterologous tissue composed of multiple different
specialized cell types, including intestinal stem cells, absorptive enterocytes and secretory
enteroendocrine cells. Given the heterogeneity of cell types in the intestine and the limitations of
vertebrate genetics, cell-type specific contributions of immune pathway activation on intestinal
growth have been hard to determine, especially the impact of immune activity in stem cells.

To determine how individual bacterial species and immune pathways impact stem cell
function | used Drosophila melanogaster as a model system. Drosophila provides a number of
advantages for this work. For example, Drosophila can be easily reared without a microbiome and
associated with single bacterial species to determine their effects. In addition, Drosophila genetics
allow for the perturbation of immune signaling in distinct cell types of the intestine, including stem
cells. Using Drosophila, | identified the commensal bacteria Lactobacillus brevis as a potent
stimulator of stem cell divisions and tumorigenesis. L. brevis altered the expression and intracellular

localization of integrins in stem cells, leading to symmetric stem cell expansion. Next, | asked what



the consequences of immune signaling in stem cells are by activating or inhibiting the immune
deficiency (IMD) pathway. Activation of IMD in progenitor cells resulted in intestinal hyperplasia and
exacerbation of tumorigenesis. Furthermore, inhibition of IMD reduced homeostatic proliferation
and disrupted differentiation. Finally, | asked if the NF-kB family transcription factor Relish acts in
stem cells to modulate damage response. Damage of the intestine results in elevated stem cell
divisions to repair the injury. However, stem cell specific Relish depletion caused stem cells and their
progeny to undergo apoptosis, rendering intestines incapable of effective epithelial repair, leading
to host lethality. Thus, bacterial species can have profound effects on stem cell physiology and that
immune pathways act directly in stem cells to modify proliferation, tumorigenesis, differentiation and

epithelial repair responses.
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Chapter 1

Introduction

This chapter contains content from the following sources:

o

Ferguson, M., & Foley, E., (2021). Microbial recognition regulates intestinal epithelial growth
in homeostasis and disease. FEBS. 1-26.

Ferguson, M., Petkau, K., Shin, M., Galenza, A., Fast, D., & Foley, E. (2021). Differential
effects of commensal bacteria on progenitor cell adhesion, division symmetry and

tumorigenesis in the Drosophila intestine. Development. 148(5): 1-14



1.1 Summary

The intestine is a dynamic tissue that is constantly exposed to environmental insults. In
response to such challenges, intestinal homeostasis must be tightly regulated to maintain epithelial
integrity. In addition to dietary inputs, the intestinal lumen is inhabited by a dense consortium of
microbes that aid intestinal digestion, direct the maturation of immune cells and alter epithelial
growth[3,4]. For example, commensal bacteria promote intestinal proliferation in flies, fish and
mice[5-9]. Observations like these suggest animals have evolved mechanisms that integrate
microbial cues to modulate intestinal epithelial proliferation and adapt to the constantly changing
lumen environment. Evolutionarily conserved innate immune pathways act in epithelial tissues to
directly respond to microbe associated molecular patterns (MAMPs) and dictate the action of
downstream immune effectors. Innate immune pathways are essential for animals to tolerate
commensal microbes while limiting the persistence and damage caused by pathogenic microbes. In
addition to immune functions, innate immune pathways play important roles in intestinal homeostasis
and disease[2,10]. For instance, Toll-like receptor (TLR) signaling in mice is required for the
differentiation of mucus-secreting goblet cells in the intestine[11] and in humans, microbial dysbiosis
and hyper activation of immune pathways correlate with the onset of intestinal diseases such as
inflammatory bowel disease (IBD) and colorectal cancer [12-16]. Therefore, intestinal immune
signaling must be appropriately balanced to limit intestinal disease while allowing for proper
intestinal development.

The intestine contains multiple specialized cell types with distinct functions. For instance,
multipotent intestinal stem cells (ISCs) divide and differentiate to generate all absorptive and
secretory lineages in the intestine[17-19]. ISCs are essential for epithelial maintenance. Upon ageing
or damage, mature cells are shed from the epithelium and must be replaced by the proliferative
actions of ISCs. ISCs integrate cues from the surrounding epithelium and lumen to adapt their
division programs to effectively maintain an epithelial barrier. Given the important role microbes and
immunity plays in directing intestinal growth, ISCs may directly integrate microbial cues to dictate
their actions. However, it is not yet understood how microbes specifically alter the function and
physiology of ISCs. In addition, we still do not know if innate immune pathways function within ISCs

to regulate intestinal growth in the context of homeostasis or disease.



To answer these questions, | used Drosophila melanogaster as a model organism. Drosophila
is a popular system to study microbial and immune control of intestinal homeostasis and disease
given its cultivable microbiome and the evolutionary conservation of immune, stress and growth
pathways. In addition, the abundance of genetic tools in Drosophila allows us to investigate the
function of immune pathways in targeted cell types of the intestine, including ISCs. Using this model,
| identified a commensal species of bacteria that alters ISC cell adhesion, promotes the division and
expansion of ISCs, and exacerbates tumorigenesis. In addition, | discovered that innate pathways act
in ISCs to regulate cell survival, proliferation, differentiation, and facilitate tumorigenesis and repair.
Together, my work identifies microbes and innate immune pathways as critical regulators of ISC

function with important implications for intestinal health.

1.2 The Drosophila intestine
1.2.1 Intestinal anatomy

The vinegar fly, Drosophila melanogaster, has become a pivotal model to understand
intestinal physiology and function. The adult Drosophila intestine, although much simpler than
vertebrate intestines, contains intestinal regions with physiologically similar functions[20,21]. It is
divided into three main regions: the foregut, midgut, and hindgut. The foregut stores and regulates
the passage of food into the midgut. The midgut shares similar functions to the human small intestine
and is further subdivided into five regions differing in morphology and function. The anterior R1 and
R2 regions express enzymes to metabolize proteins and lipids[20]. The R3 or copper cell region
contains specialized cells that maintain an acidified stomach-like region to aid in food breakdown
and control bacterial abundance[22,23]. The posterior midgut R4 and R5 regions are highly
proliferative and where most studies focus to understand stem cell biology[20,23-25]. The hindgut
is similar to the human large intestine and regulates the passage of waste out of the intestinal tract.

Unlike human or mouse intestines, the fly gut is a pseudostratified epithelium that lacks folds,
villi, or crypts. However, the fly intestine is composed of equivalent cell types to vertebrates[19] (Fig.
1.1). Like vertebrates, fly intestines contain absorptive enterocytes and secretory enteroendocrine
cells that are maintained by multipotent intestinal stem cells (ISCs)[26-28] (Fig. 1.1A). Enterocytes
make up the majority of the intestinal landscape and absorb nutrients from the intestinal lumen,

while enteroendocrine cells produce and secrete peptide hormones. A chitinous membrane, the



peritrophic matrix, limits direct contact with bacteria in the lumen and functions similarly to
vertebrate mucus[29] (Fig. 1.1). Drosophila ISCs reside basally in close proximity to the supporting
visceral muscle layer, an important source of signals that regulate ISC division[30,31]. Similarly,
mouse ISCs reside basally in crypts as two populations, +4 slowly cycling, damage resistant ISCs and
actively cycling crypt base columnar cells specified by the expression of the Wnt target gene
Lgr5[32,33] (Fig. 1.1). The majority of ISC divisions in Drosophila occur asymmetrically to produce a
post-mitotic enteroblast and an ISC[34-37]. The enteroblast then undergoes a maturation process
and fully integrates into the epithelium as a mature enterocyte. Collectively, Drosophila ISCs and
enteroblasts are known as progenitors. Although the Drosophila intestine contains major cell
lineages, such as progenitors that give rise to secretory and absorptive lineages, they lack specific
vertebrate cell types such as Paneth cells, goblet cells, tuft cells, and M cells (Fig. 1.1B). In addition,
Drosophila lacks structures like Peyer’s patches for the recruitment and organization of immune cells,
although innate immune cells associate with the intestine and influence ISC function[38,39].

A Drosophila Figure 1.1 Comparison of fly and mouse
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1.2.2 Intestinal growth in Drosophila

Key regulators of intestinal homeostasis are evolutionarily conserved between flies and
vertebrates[21]. For example, vertebrate and fly ISCs reside basally in a niche that uses related
growth factors to direct stem cell division and differentiation[17,40,41]. Integrins are particularly
important niche regulators of ISC division. Integrins anchor fly ISCs to the basal extracellular matrix,
orienting the mitotic spindle at an angle to the basement membrane, and ensuring polarized
distribution of cell fate determinants[36,42]. In asymmetric divisions, the apical daughter exits the
niche and terminally differentiates as a mature epithelial cell, whereas the basal daughter remains
within the niche and retains ‘stemness’[26-28,43]. Depletion of integrins from the fly midgut
diminishes asymmetric division frequency, promoting symmetric expansion of stem cell lineages and
epithelial dysplasia[36,44,45]. Notably, relationships between integrins and ISC growth are
evolutionarily conserved, as integrin loss also causes hyperplasia in the mouse intestine[46].

In addition to niche factors like integrins, growth pathways regulate intestinal division and
differentiation in flies and vertebrates. Intestinal homeostasis is governed by evolutionarily
conserved pathways, such as wingless (Wg), bone morphogenic protein (BMP), and Notch signaling
pathways. Wg, orthologous to the proto-oncogene Wnt in vertebrates, is produced by the visceral
muscle and promotes ISC maintenance and division[47-49] (Fig. 1.2). In humans, Wnt mutations are
commonly associated with colorectal cancer, and in Drosophila, hyperactivation of the Wg pathway
results in intestinal hyperplasia and tumorigenesis[50-53]. BMP signaling also plays an important role
in stem cell maintenance and division[54,55]. BMP ligands are produced and secreted by
enterocytes, trachea, and visceral muscle, which become basally sequestered by the extracellular
matrix[55-57]. BMP activity promotes regional specification of the intestine and limits ISC renewal
[57-59](Fig. 1.2). In humans, mutations in BMP pathway genes are associated with juvenile polyposis
syndrome and an increased risk for colorectal cancer{60]. Similarly, in Drosophila, loss of BMP results
in intestinal hyperplasia and tumorigenesis[61].

In flies, most asymmetric divisions generate a post-mitotic enteroblast that differentiates as
a large, absorptive enterocyte in response to Notch pathway signals[27,62-66]. The Delta ligand on
Drosophila ISCs interacts with the Notch receptor on neighboring enteroblasts to activate Notch
and promote enterocyte differentiation[27,64] (Fig. 1.2). Previously, it was thought that enteroblasts

could develop into either an enterocyte or enteroendocrine cell depending on Notch activity



levels[26,27,67]. However, it was more recently discovered that enteroblasts are committed to
become enterocytes, while enteroendocrine cells arise from a separate secretory-committed
progenitor cell[63-65]. Loss of Notch from stem cell/ enteroblast progenitor pairs leads to rapid
growth of epithelial tumors characterized by hyperplastic stem cells, absence of enterocytes, and
accumulation of secretory enteroendocrine cells[68]. Disruptions to Notch cause similar dysplastic
phenotypes in fish and mice[69,70], and spontaneous accumulation of mutations at the Notch locus
is linked to age-dependent development of intestinal tumors in adult Drosophila[71].

Upon injury, Drosophila ISCs increase their rate of division to replace damaged cells and
maintain barrier integrity. Stress and growth pathways such as the Jun N-terminal kinase (JNK),
Hippo, Janus kinase/signal transducer and activator of transcription (JAK-STAT), and epidermal
growth factor (EGF) signaling pathways are key to mediate crosstalk between damaged epithelial
cells and ISC divisions[1]. Epithelial damage and stress induce JNK activity and inhibit Hippo, which
results in the production of unpaired (Upd) cytokines and EGF ligands[5,72-75] (Fig. 1.2). Upd
cytokines released from damaged enterocytes activate JAK-STAT signaling in ISCs in a paracrine
manner to promote cell division[76]. Similarly, EGF ligands secreted by damaged enterocytes and
visceral muscle bind to the EGF receptor (EGFR) on progenitors (Fig. 1.2) which initiates both Ras-

ERK and PI3K-Akt signaling to promote cell proliferation and facilitate repair[23,30,31,75,771].
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Figure 1.2 Growth of the Drosophila intestine during homeostasis and repair. Under homeostasis

BMP ligands produced by enterocytes and the visceral muscle inhibit ISC renewal and promote
differentiation. Wg is produced by muscle to activate WNT and promote ISC renewal. Delta on ISCs
activates Notch on enteroblasts (EB) to promote enterocyte differentiation. During repair, damage
activates JNK and inhibits Hippo, resulting in the production of EGF ligands and Upd cytokines. This

results in EGF and JAK-STAT activation in ISCs, stimulating ISCs divisions to facilitate repair.



1.3 Microbes and Immunity in the Drosophila intestine
1.3.1 The Drosophila microbiome

Drosophila has become a useful model to understand host-microbe interactions[3]. The
microbiome of Drosophila is dominated by bacteria from the phyla Firmicutes and
Proteobacteria[78-80]. Although wild and lab raised strains have slight differences in microbial
composition, the main bacterial commensals commonly associated with the fly are of the species
Acetobacter and Lactobacillus, which are easily cultivated in the lab[79,81,82]. While the Drosophila
microbiome does not fully represent the complex bacterial communities of the mammalian intestine,
the simplicity allows researchers to tease apart taxon specific effects on gut physiology. Drosophila
embryos can be surface sterilized on a large scale to generate cohorts of axenic flies that lack a
microbiome throughout development and adult life[81]. Similarly, a simple antibiotic cocktail can be
added to fly food to generate germ-free adult flies. Gnotobiotic flies, those with a defined
microbiome, are easily generated by feeding bacterial species back to the axenic or germ-free
flies[81]. These manipulations in Drosophila are readily accessible and have been paramount in

understanding how host-microbe interactions shape gut physiology.

1.3.2 The Immune Deficiency pathway

Like vertebrates, fly cells are equipped with pattern recognition receptors that respond to
bacterial MAMPs and activate downstream immune pathways. One such pathway in Drosophila is
the immune deficiency (IMD) pathway. IMD is required in the fly intestine to mount an effective
antimicrobial response against pathogenic bacteria and to coordinate host responses to commensal
microbes[6,83,84]. In addition to IMD, Toll signaling is an important innate immune pathway in
Drosophila, however activation of Toll does not appear to occur in the intestine due to the acidic pH
and enzymes present[5,85]. Similar to vertebrate TLR and nucleotide binding oligomerization domain
(NOD) pathways, IMD directly detects bacterial patterns to initiate downstream signaling. Drosophila
express two IMD pathway receptors. Membrane-associated peptidoglycan recognition protein—-LC
(PGRP-LC) recognizes y-D-glutamyl-meso-diaminopimelic acid (DAP) type peptidoglycan, and
cytosolic PGRP-LE recognizes monomeric DAP-type peptidoglycan[86] (Fig. 1.3). Upon
peptidoglycan (PGN) recognition, PGRP-LC and PGRP-LE activate a signaling cascade similar to

vertebrate tumor necrosis factor o (TNFa) receptor signaling[86]. Receptor activation promotes



recruitment of a signaling complex composed of Imd, the adapter protein Fas-associated with death
domain (Fadd) which results in cleavage of Imd by the caspase Dredd and subsequent Tak1
activation[86] (Fig. 1.3). Tak1 activates the Drosophila IKK complex, Kenny and Ird5 (orthologs of
vertebrate  NEMO/IKKy and IKKB, respectively). Active IKK phosphorylates the NF-xB like
transcription factor Relish (vertebrate p100/p105 ortholog), which allows for its cleavage by the
caspase Dredd and nuclear translocation of the N-terminal Rel homology domain[86] (Fig. 1.3). Once
in the nucleus, Rel activates transcription of antimicrobial peptides (AMPs), such as the attacins and
diptericins, and negative regulators of the IMD pathway, such as pirk and PGRP-LB[86] (Fig. 1.3).
Tak1 also induces JNK activation, AP-1 transcription factor nuclear localization, and transcription of
genes involved in stress response and cytoskeletal rearrangement[87] (Fig. 1.3). All cell types within
the intestinal epithelium encode IMD pathway components, and enterocytes, enteroblasts and
enteroendocrine cells upregulate expression of AMPs in response to infectious microbes[25].
Although Relish is one of the most highly expressed transcription factors in ISCs, they do not appear
to express AMPs in response to infection[25,88]. This suggests that IMD may have non-bactericidal

roles in cells such as ISCs in response to pathogenic microbes, or in homeostasis.
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IMD components are regionally expressed in the intestine. PGRP-LC is enriched in the post-
mitotic foregut and hindgut, while PGRP-LE is enriched throughout the midgut[89,90]. Downstream
Relish targets are also regionally expressed in the intestine. AMPs are mainly expressed in the
anterior midgut, while negative regulators such as Pirk and PGRP amidases that breakdown lumenal
peptidoglycan to limit IMD activation are enriched in the middle and posterior midgut[20]. This
spatial regionalization of IMD components suggests that antimicrobial immune responses
predominate in the anterior midgut, while tolerance mechanisms are favored in the middle and
posterior midgut. In agreement with this, activation of IMD differs in response to pathogenic and
commensal bacteria. Infection with pathogenic microbes elevates expression of AMPs in a PGRP-
LC-dependent manner in the anterior midgut, while PGRP-LE is required for AMP expression in the
copper cell region and posterior midgut[90]. Commensal bacteria, however, do not evoke a strong
AMP response and instead induce expression of negative regulators of the IMD pathway, such as
Pirk and PGRP-LB, in a PGRP-LE-dependent manner[90]. The distinctive transcriptional outputs of
the IMD pathway in response to pathogens and commensals are partly regulated by factors such as
the transcriptional repressor Caudal, which is enriched in the posterior midgut and selectively
represses Relish-dependent AMP expression in response to commensal microbes[91]. Together, this
suggests that IMD is regulated on multiple levels in the intestine to allow for appropriate responses

to pathogens while tolerating the microbiome.

1.3.3 Bacterial modulation of intestinal physiology

Drosophila has become an important model to understand the effects of bacteria on
intestinal health and disease. Given the ease of manipulation, researchers have uncovered
sophisticated dynamics of bacterial association and effects on the animal as a whole as well as direct
effects on the intestine. For instance, the microbiome of Drosophila modulates host feeding
behaviour, reproduction, metabolism, immunity, and intestinal homeostasis[3,85]. In addition to IMD
pathway activation, one of the initial responses to bacteria in the intestine is the production of
reactive oxygen species (ROS)[92-96] (Fig. 1.4). Both commensals and pathogens activate ROS
production through either the NADPH oxidase (Nox) or dual oxidase (Duox). For instance,
commensal Lactobacillus plantarum activates Nox in the intestine to produce ROS[93,94,96] while

the commensal Lactobacillus brevis and the pathogen Erwinia caratovora caratovora 15 (Ecc15)



activate Duox to produce ROS[95]. Since ROS production damages the intestine and results in
increased ISC division to repair the damage, ROS is proposed to be a mechanism for bacteria to
modify intestinal growth[97-99] (Fig. 1.4).

Comparison of flies with and without a microbiome have revealed the importance of bacteria
on intestinal physiology. Flies raised in the absence of a microbiome have decreased ISC divisions
and are characterized by reduced expression of JAK/STAT, JNK, EGF and Notch pathway
components[5,6] (Fig. 1.4). Interestingly, over 50% of genes induced by the microbiome are
dependent on the NF-kB family transcription factor Relish, indicating that the IMD pathway is the
main modulator of intestinal physiology in response to the microbiome[6]. Pathogens stimulate
similar growth pathways but to a heightened extent due to the increased nature of damage
associated with infectious microbes[5].

In addition to proliferative effects, the microbiome and pathogens alter intestinal
differentiation. Flies without a microbiome have decreased numbers of enteroblasts and increased
levels of enteroendocrine cells, indicating that the microbiome supports the differentiation of
enterocytes in the intestine[6,100] (Fig. 1.4). Conversely, infection with the pathogen Ecc15 increases
the numbers of enteroendocrine cells in the intestine[100]. Here, commensal microbes activate
IMD/Relish to promote enterocyte differentiation whereas upon infection with a pathogen, overt
JAK-STAT activation overrides the actions of IMD to instead promote enteroendocrine
production[100]. These observations suggest different bacteria impact intestinal differentiation
dependent on the level of immune activation and the concurrent levels of stress signaling.

Although the microbiome as a whole has growth promoting effects on the intestine,
individual bacterial species can fail to stimulate or actively inhibit intestinal growth. For instance,
monoassociation with the common commensal L. plantarum damages the intestine without
compensatory ISC divisions, leading to premature host death[101]. Similarly, infection with the
pathogen Vibrio cholerae causes extensive damage to the intestinal epithelium, inhibits ISC divisions
and results in fly lethality[102,103]. Interestingly, ISC divisions and survival are enhanced upon
depletion of the microbiome or mutation of the V. cholerae Type six secretion system (T6SS), a
molecular syringe that transfers toxic effectors into prokaryotic or eukaryotic cells[102,103]. This
suggests that V. cholerae interacts with the microbiome using its T6SS to inhibit ISC divisions and

disrupt epithelial repair mechanisms. Together, microbes have a profound impact on intestinal
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physiology although we are still lacking a characterization of how microbes specifically alter cell-type

specific processes, especially those in ISCs.

Figure 1.4 Microbes alter intestinal
proliferation and differentiation. In
response to commensal bacteria,
the intestinal epithelium produces
ROS and activates JAK-STAT and
EGF to promote ISC divisions.
~ Commensal bacteria also activate
JAKSSTAT - Notch to promote enterocyte
differentiation.

1.4 Drosophila genetic tools to study ISC biology

A major advantage to using Drosophila is the extensive genetic toolkit. There are libraries of
transgenic and mutant fly lines readily available to researchers around the world[104]. These include
genome-wide CRISPR induced mutants, RNAI libraries, tissue- and cell type-specific drivers, and
various tools such as fluorescent reporter lines. One of the most popular tools is the temporal and
regional gene expression (TARGET) system that allows researchers to manipulate any gene in any
cell for a specific amount of time[105]. The TARGET system uses cell type specific promoters to drive
the expression of GAL4 adopted from yeast, which can then bind to upstream activating sequences
(UAS) and activate the expression of transgenes of interest (Fig. 1.5A). Also built into this system is
the ubiquitous expression of the temperature sensitive GAL80 variant, which inhibits GAL4 at lower
temperatures and allows the researcher to turn transgene expression on or off at any time (Fig. 1.5A).
This system and other genetic tools have allowed Drosophila researchers to determine gene function
within specific cell types making important discoveries that have later been found to be true in
vertebrates. Importantly, the TARGET system has been used extensively in the intestine and multiple
cell type specific TARGET drivers have been developed to modulate gene function exclusively in

intestinal ISCs, progenitor cells (enteroblasts and ISCs), enteroendocrine cells, or enterocytes.
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Therefore, Drosophila presents an important platform to resolve cell-type specific novel discoveries
of gut biology.

In addition to cell-type specific drivers, many tools exist to study ISC function. One such tool
is mosaic analysis with a repressible cell marker (MARCM) which generates homozygous mutant
clones surrounded by wild-type tissue[106,107]. For instance, heterozygous flies are generated that
contain an FRT recombination site upstream of a mutation or transgene of interest on one
chromosome and an FRT site upstream of the GAL8O inhibitor on the other chromosome (Fig. 1.4B).
In heterozygosity, GAL80 represses the induction of GAL4 driven transgenes that encode fluorescent
reporters, resulting in unmarked tissue. Heat shock activates FLP recombinase and induces mitotic
recombination at the FRT sites in progenitors to segregate GAL80 away from the
mutation/transgene (Fig. 1.5B). Mitotic recombination results in homozygous daughter cells that are
either unlabelled wild-type or labelled mutant/transgenic (Fig. 1.5B). Different versions of MARCM
label wild-type/heterozygous tissue and have unlabelled mutant tissue. Resulting clones can be
tracked for lineage analysis, cell competition, morphogen diffusion range and to study gene function.

Versions of MARCM also allow for twinspot analysis, where heterozygous precursor cells
distribute two separate fluorescent reporters into homozygous daughter cells[35,108] (Fig. 1.5C).
The resulting clones can then be assessed to determine whether the mitotic event that initiated the
clone was asymmetric or symmetric. Here, asymmetric divisions would generate a mature post-
mitotic epithelial cell plus a mitotic ISC. Therefore, asymmetric clones would contain a multicellular
cluster of one color next to a single cell of the other color (Fig. 1.5C). Conversely, symmetric divisions
would generate either two post-mitotic daughter cells or two ISCs. This generates either two single
cell clones of different colors or two multicellular clones of different colors next to each other (Fig.
1.5C). Researchers can then assess the frequency of asymmetric and symmetric outcomes to
determine how ISC division is altered in response to environmental perturbations. Together, these

tools allow us to investigate stem cell dynamics and the role of ISC intrinsic immune pathways.
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the TARGET system. The escargot promoter induces expression of GAL4 in intestinal progenitor
cells. GAL4 binds to UAS and activates the expression of downstream transgenes such as GFP. A
temperature sensitive version of the GAL4 inhibitor GAL80 (GAL80®) is expressed ubiquitously and
is active at lower temperatures. Raising flies at temperatures below 29°C permits GAL80® activity
and inhibits cell-type specific expression of transgenes. Raising flies at 29°C inactivates GAL80*,
allowing GAL4 dependent induction of transgenes and progenitor specific expression of GFP and
any additional transgenes. (B) MARCM clones start with a heterozygous progenitor cell. One

chromosome contains an FRT recombination site upstream of a mutation or transgene while the
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other chromosome contains an FRT site and the GAL8O0 inhibitor. On a separate chromosome GAL4
is expressed ubiquitously to drive expression of GFP. In heterozygosity GAL80 prevents GFP
expression. Upon heat shock, FLP recombinase induces mitotic recombination at the FRT sites. This
results in homozygous daughter cells, a mutant/transgenic GFP labelled daughter cell and a wild-
type unlabelled daughter cell. (C) Twinspot MARCM starts with a heterozygous progenitor that has
two separate fluorescent tags on separate chromosomes. Each chromosome also contains a
repressor for the fluorescent tag located on the opposite chromosome. In heterozygosity, the
repressors result in unlabelled cells. Upon heat shock and FLP dependent recombination at FRT sites,
the repressors are segregated away from their target allowing each daughter cell to express a
separate fluorescent tag. The resulting clones can be assessed to determine if the original mitotic

event was asymmetric or symmetric.

1.5 Immune regulation of ISC function
1.5.1 Immune regulation of homeostatic intestinal proliferation

Intestinal growth and differentiation are controlled by evolutionarily conserved pathways and
are influenced by the microbiome. This suggests that immune pathways are a critical factor in
intestinal homeostasis. In Drosophila, the microbiome induces basal levels of JAK-STAT and EGF
cytokines to promote homeostatic growth[5,6]. Cytokine production is Relish-independent,
suggesting that growth factors induced by the microbiome do not require NF-kB activity. In support
of this hypothesis, relish mutant intestines have increased levels of proliferation compared with WT
flies, but this difference is not seen in flies without a microbiome[6]. However, this does not
completely rule out IMD in transducing microbial pro-growth signals as a known activator of growth,
JNK, is also downstream of IMD. In addition, the complex regulatory nature of IMD may impact
growth phenotypes. For instance, deletion of IMD-negative regulators such as Pirk and PGRP
amidases results in hyperactive IMD, which increases JAK-STAT activity to promote intestinal
proliferation[109] (Fig. 1.6A). Interestingly, components that limit IMD activation, such as PGRP
amidases and Caudal, are highly enriched in the posterior midgut, a region characterized by EGF,
JAK-STAT, Wnt activity, and elevated ISC proliferation[20,25]. Therefore, IMD may be specifically
downregulated in the posterior midgut to dampen proliferative signals. Along these lines,

overexpression of PGRP-LC in enterocytes induces Relish-dependent proliferation in the posterior
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midgut[110] (Fig. 1.6A). Together, this suggests that IMD activation in the intestinal epithelium may
promote proliferation in a Relish-dependent manner alongside IMD-independent JNK activation,
although normally, negative regulators act to limit IMD-dependent proliferation.

The microbiome of zebrafish promotes intestinal proliferation in a MyD88-dependent
manner, the adapter required for TLR signaling, indicating that microbial sensing through TLRs
induces ISC division[7]. In mice however, different TLRs have distinct impacts on proliferation. For
instance, TLR2-/- intestines have decreased proliferation while TLR1-/- mutants have increased
proliferation[111,112]. In addition, epithelial TLR4 inhibits or promotes proliferation in different
settings. For example, lipopolysaccharide (LPS) inhibits B-catenin signaling and subsequent
proliferation in a TLR4-dependent manner in the mouse small intestine[113]. In contrast, TLR4
overexpression in the intestinal epithelium of mice increases B-catenin nuclear accumulation,
increases the number of Lgr5+ stem cells, and promotes proliferation[114]. These discrepancies may
be due to differences in the microbiome between laboratories, or due to the subcellular location of
TLR4 signals. For example, LPS injected into mice access the basal side of the epithelium, whereas
in homeostasis, lumenal LPS would have limited access to the basolateral side of the epithelium.
Therefore, TLR4 may play an important role in modifying proliferation upon barrier disruption, but a
role for TLR4 in homeostatic proliferation is unclear.

Similar to TLR4, TNFa can either promote or inhibit intestinal proliferation dependent on the
level of TNFa. in the intestine. Mouse colon cells exposed to low dose TNFa had increased levels of
proliferation, whereas high doses of TNFa decreased proliferation[115]. This indicates that
physiological levels of TNFa promotes proliferation while pathological levels of TNFa inhibits
proliferation. The discrepancies between low and high doses of TNFa on proliferation are likely due
to the differential activation of the two TNFa receptors, since TNFR1 agonist antibody inhibited
proliferation while TNFR2 blocking antibody prevented the proliferation induced by low dose
TNFa[115]. Together, evidence from flies, fish and mice suggest that immune signals in the intestinal
epithelium dictate the division of ISCs, however it is still unclear which cell types immune pathway

activity is required to impact ISC function.
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Figure 1.6 Microbes and the IMD pathway alter intestinal proliferation and differentiation. (A)
The microbiome promotes ISC divisions. PGRP-LC activation promotes ISC divisions in a Relish
dependent manner. IMD negative regulators dampen IMD activity to reduce ISC divisions. (B) The

microbiome and Relish promote Notch activity and production of enteroblasts.

1.5.2 Immune regulation of intestinal differentiation

Germ-free mice and fish have decreased numbers of secretory goblet and enteroendocrine
cells relative to conventionally reared counterparts[116-118]. Conversely, germ-free Drosophila have
increased numbers of secretory enteroendocrine cells and decreased numbers of enterocyte
precursors[6]. These discrepancies are likely attributed to differences in Notch signaling in the
intestines of flies compared with vertebrates. For instance, while in Drosophila, Delta on ISCs
interacts with the Notch receptor on post-mitotic enteroblasts[27,64], in mice, the Notch receptor
resides on mitotic ISCs and progenitors in the transit amplifying zone where it promotes absorptive
lineage specification[119-121]. Despite these differences, microbes alter Notch to influence lineage
specification in the intestines of flies and vertebrates. In Drosophila, the microbiome promotes Notch
activity to induce enterocyte differentiation, and relish mutants have decreased expression of Notch
targets in response to the microbiome[6] (Fig. 1.6B). This indicates that the microbiome promotes
Notch signaling downstream of Relish.

Immune pathways in vertebrates also influence Notch activity to modify intestinal
differentiation. The zebrafish microbiome promotes differentiation of secretory cells in a MyD88-
dependent manner[118]. Likewise in mice, LPS stimulation of colonoids increases goblet cell number,
suggesting that TLR4 activation inhibits Notch to induce differentiation of secretory cells[122].
Conversely, epithelium-specific TLR4 deletion in the small intestine decreases Notch activity,

resulting in increased expression of secretory cell determinants and decreased expression of
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absorptive cell determinants[11]. This suggests that TLR4 can activate or inhibit Notch signaling
depending on the context. Nucleotide oligomerization domain (NOD) signaling also impacts
intestinal differentiation. Specifically, NOD1 and NOD2 agonists in combination promote goblet cell
differentiation[123]. Together, immune pathways such as IMD, TLR and NOD are important

regulators of intestinal differentiation.

1.5.3 Immune regulation of intestinal repair

Intestinal injury can cause epithelial cell death, and efficient tissue repair requires
coordinated regulation of stress and growth pathways. Microbes modulate repair responses in
Drosophila and vertebrates; however, immune pathways can either promote or inhibit epithelial
repair depending on the pathway and the context of the damage. Therefore, a balance of microbial
response, inflammation, and proliferation are key to repair intestinal injury.

In Drosophila, the role of IMD in epithelial repair is unclear. Infection with the oral pathogen
Ecc15 activates the IMD pathway and causes enterocyte delamination in an IMD and Relish-
dependent manner[110] (Fig. 1.7). However, Relish is not required for proliferative repair even
though it is required for enterocyte Upd2 production[83,110] (Fig. 1.7). Instead, JNK activity is
required for ISC division in response to Ecc15 through the induction of EGF and Upd ligands[5,110]
(Fig. 1.7). IMD has also been shown to modulate repair in response to other pathogens. For example,
V. cholerae damage the fly intestine and inhibit intestinal proliferation in an IMD-dependent manner,
resulting in defective repair and early death[102,103,124] (Fig. 1.7). In contrast, Staphylococcus
aureus, a pathogen that does not induce IMD, is more lethal in imd and relish mutants, suggesting
a protective role for basal levels of IMD activity[125] (Fig. 1.7). Similarly, Trypanosoma infection
induces ISC divisions in an IMD and Relish-dependent manner to repair the intestine and survive
infection[126] (Fig. 1.7). Together, these observations suggest that IMD has a protective or
deleterious effect on repair mechanisms dependent on the pathogen present; however, it is unclear
whether these differences reflect regional effects, cell type-specific requirements, levels of IMD
activity, or differences between feeding procedures and microbiomes between laboratories. In
addition, we still do not know whether IMD plays a role in injury or repair in response to nonmicrobial

damaging agents.
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Figure 1.7 IMD influences repair upon pathogenic infection. Upon infection with Ecc15 (yellow)
JNK, IMD and Rel cooperate to promote enterocyte shedding, induce Upd and EGF secretion and
activate ISC divisions to repair the damage. Infection with V. cholerae (blue) activates IMD and Rel
to inhibit proliferation and repair. Infection with S. aureus or Trypanosoma (pink) requires IMD to

survive infection and for proliferative repair.

In mice, dextran sodium sulfate (DSS) is commonly used to study colitis-like injury and repair.
Germ-free mice are more susceptible to DSS injury than conventionally reared counterparts, due to
reduced mucus thickness, decreased proliferation, and unresolved inflammation, suggesting that
microbes protect the epithelium upon damage[127,128]. Along these lines, mice mutant for MyD88,
TLR1, TLR2, TLR4, TLR5, TLR?, NOD1, or NOD2 are more susceptible to DSS-induced
colitis[112,129-136]. TLRs limit initial injury by improving barrier integrity. For example,
administration of TLR2 agonists preserves tight junctions and blocks apoptosis in response to
DSS[131] and TLR5-/- intestines have increased intestinal permeability and develop spontaneous
colitis[137]. However, inhibition of TLR4 signaling decreases intestinal injury during DSS
challenge[138]. Interestingly, epithelium-specific expression of a constitutively active form of IKK
induces proliferation and inflammatory cytokine/chemokine production but does not induce damage
unless exposed to the TLR4 agonist LPS[139]. In this case, LPS induces TNFa, which causes extensive
crypt apoptosis and injury. This suggests that TLRs such as TLR2 and TLR5 enhance the epithelial
barrier to limit TLR4 activation and reduce colitis-induced injury.

After DSS exposure, TLR mutants display decreased proliferation and increased apoptosis,
suggesting that TLR signaling promotes repair after injury. For instance, TLR4 is required for the

production of cytokines and growth factors that activate EGF and JAK-STAT to promote proliferation
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and repair in response to DSS[129,140]. Together, TLR signaling modulates initial injury caused by
DSS and promotes epithelial repair after DSS exposure. Similarly, NOD1 and NOD2 mutants are
more susceptible to DSS-induced colitis, but this is generally attributed to changes in the
microbiome and hyperactivation of TLR signaling in intestinal immune cells[135,136,141,142].

TNF signaling plays an important role in IBD[143]. Patients with IBD have elevated TNFa
levels in serum and TNFa monoclonal inhibitory antibodies are used as a treatment for IBD[144-
147]. Similarly, mouse models of colitis have increased levels of TNFa in the intestine and mice with
chronic overproduction of TNFa spontaneously develop Crohn’s like inflammation[148,149]. Along
these lines, TNFa-/- mice are less susceptible to chronic DSS colitis but are more susceptible to acute
DSS colitis[150,151]. This indicates that TNFa has a beneficial effect during acute colitis but a
detrimental effect with chronic colitis. The various downstream effectors of TNFa likely give rise to
these discrepancies under different inflammatory contexts. For example, TNFa disrupts tight
junctions in mice, induces cell shedding and apoptosis from the epithelium, and increases intestinal
permeability, a process known to fuel inflammation and exacerbate IBD[152]. On the other hand,
TNFa induces the expression of ErbB4, a receptor part of the ErbB family of receptor tyrosine
kinases, of which EGFR is also a part of[153]. ErbB4 expression and signaling activates downstream
Akt and ERK, reduces epithelial apoptosis, and facilitates wound healing[153,154]. Therefore, TNFa
has beneficial and deleterious effects on the intestine during damage which merits further
investigation on a cell-type specific level. Together, immune pathways modulate initial injury and
subsequent repair of the intestine although it is still unclear whether immune pathways act

specifically within ISCs to alter repair dynamics.

1.5.4 Immune regulation of intestinal tumorigenesis

The microbiome has an inhibitory or stimulatory effect on tumor growth depending on the
context. For example, germ-free mice have increased tumor growth in response to AOM/DSS, a
model for inflammatory colitis-associated cancer, due to insufficient repair and unresolved
inflammation[155]. Conversely, germ-free Apc™"/+ mice have decreased tumor growth, a model
dependent on overactive Wnt signaling instead of overt inflammation[8]. Similarly, microbes in

Drosophila promote growth of BMP-deficient and Notch-deficient tumors[61,156]. These
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observations suggest the microbiome protects against inflammation-mediated tumorigenesis, while
promoting non-inflammatory tumor growth.

In Drosophila, immune activity positively correlates with tumor growth. For example,
pathogenic microbes, such as Pseudomonas entomophila, promote growth of Ras mutant, or Notch-
deficient tumors[156]. Increased tumor growth is generally attributed to activation of stress-induced
JNK, not IMD. Since JNK is downstream of IMD, it is possible that pathogenic microbes activate
JNK, at least partially, via IMD to promote tumorigenesis, although this has yet to be directly tested
and JNK is activated in response to multiple upstream signaling events. Therefore, microbes may
activate JNK in both IMD-dependent and IMD-independent ways to promote tumor growth (Fig.
1.8). IMD may also have cell-specific effects on tumor growth. For instance, IMD promotes
enterocyte delamination, a process which stimulates tumor growth[76,110]. Since microbes promote
tumorigenesis, and over 50% of the intestinal transcriptional response to the microbiome is mediated
by Relish, it is possible that Relish may mediate microbial effects on tumorigenesis (Fig. 1.8) [6].
However, the role of Relish in tumorigenesis is unknown. In addition, whether immune pathways act

in progenitors to modify tumor growth has yet to be explored.

Figure 1.8 Microbes promote tumorigenesis
via immune activation. The microbiome
promotes growth of intestinal tumors
potentially  through Relish.  Pathogenic
microbes promote tumorigenesis through the

activation of JNK, via potential IMD

dependent or independent mechanisms.

The microbiome of mice protects against colitis-associated tumorigenesis but promotes
noninflammatory tumor growth[8,155]. Along these lines, MyD88-/- mouse intestines have reduced
tumor growth in Apc™"/+ mice, but increased tumor growth in the inflammatory AOM/DSS
model[157,158]. Similarly, TLR2-/-, NOD1-/-, and NOD2-/- mice have increased tumor growth in the
AOMY/DSS model characterized by increased JAK-STAT activation, increased B-catenin, increased

proliferation, and decreased apoptosis[136,159,160]. Increased tumor growth in TLR2 and NOD
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mutant intestines is generally attributed to lack of repair upon exposure to DSS, exacerbating
inflammation, and leading to increased tumorigenesis. Although TLR2 and NODs protect against
inflammatory tumorigenesis, TLR4 activity exacerbates tumorigenesis. In contrast to TLR2 and NOD
mutants, TLR4-/- mice have decreased tumor growth in response to AOM/DSS due to decreased
expression of EGF factors[161]. In agreement with this, expression of a constitutively active form of
TLR4 in the intestinal epithelium of mice increases tumor incidence via EGFR activation[162].
Together, these results suggest that attenuation of TLR4 activity and the activation of TLR2 and NOD
pathways act to prevent inflammatory tumorigenesis.

Under non-inflammatory settings, TLR activation promotes tumorigenesis. For instance,
Apc™/+ MyD88-/- intestines have decreased EGF and JAK-STAT activity and smaller, fewer
tumors[157]. Interestingly, in the absence of carcinogens or oncogenic mutations, overexpression of
TLR4 in the intestinal epithelium of mice results in spontaneous tumor formation[114].
Mechanistically, intestinal TLR4 overexpression activates f-catenin in a cell-autonomous fashion,
independent of Wnt, resulting in increased Lgr5+ stem cell numbers, elevated proliferation, and
tumorigenesis[114].

Aberrant TNFa signaling promotes intestinal tumorigenesis. Patients with colorectal
adenomas have increased levels of TNFa and TNFa positively correlates with the severity of
colorectal cancer[163-165]. Similarly in mice, AOM/DSS treatment results in increased TNFa
production and mice mutant for the TNFR1 receptor have decreased inflammation and tumor
growth[166]. Mechanistically, TNFa inhibition reduces intestinal damage, immune cell infiltration, -
catenin nuclear localization and EGF ligand expression, important mediators of tumor growth[166].
In addition to these in vivo observations, TNFa induces the malignant transformation of ISCs in vitro
through the activation of NF-kB and Wnt/B-catenin pathways[167]. These observations suggest that
immune pathways modulate intestinal tumorigenesis dependent on the inflammatory context of the

intestine.

1.5.5 Immune pathways directly modulate progenitor function
It is unclear whether immune pathways affect progenitors or crypt dynamics directly or
indirectly. Many phenotypes can be explained by an indirect non-autonomous effect. For instance,

TLR4 promotes epithelial secretion of growth factors, such as EGF ligands, that act in a paracrine
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manner on crypts to activate proliferation[140]. However, TLRs, NODs, and components of the IMD
pathway are enriched in crypts and ISCs, indicating potential roles for direct modification of
progenitor and crypt dynamics[25,88,161,168-170].

In Drosophila, several lines of evidence hint at potential cell-autonomous roles for IMD in
regulating progenitor division and differentiation. However, significant discrepancies arise between
different labs. In one set of experiments, knockdown of relish specifically in progenitors increased
stem cell divisions (Fig. 1.9A) [124]. Conversely, in a separate investigation, knockdown of relish in
progenitors decreased proliferation, while overexpression of Relish in progenitors increased
proliferation (Fig. 1.9A) [126]. The discrepancy between these experiments may be due to
differences in microbiomes or feeding methods across laboratories. Recent work has also established
a pivotal role for Relish in dictating progenitor differentiation. Specifically, knockdown of relish in
progenitor cells increased the proportion of enteroendocrine cells in the intestine[100]. This suggests
that Relish acts within progenitors to promote enterocyte differentiation (Fig. 1.9A). Together, these
observations indicate that IMD and the downstream transcription factor Relish act in progenitors to
modulate homeostatic proliferation and differentiation. As a caveat to the above-mentioned studies,
the esg® TARGET promoter system used allows transgene expression in both stem cells and post-
mitotic enteroblasts. Therefore, additional experiments are required to distinguish between IMD
activity in stem cells and in enteroblasts.

In the mouse large intestine, crypt-specific core microbiota limit proliferation in a TLR4-
dependent manner, suggesting that microbes activate TLR signaling in crypts to inhibit division[122].
Along these lines, TLR4 is expressed by Lgr5+ stem cells in the mouse intestine, and in mouse
organoids, LPS-mediated activation of TLR4 induces apoptosis and inhibits stem cell
proliferation[171]. In an elegant study by Neal et al., the authors generated mice where TLR4 is
deleted specifically within Lgr5+ stem cells using a tamoxifen-inducible Cre/Lox system[171]. While
this technique initially deletes TLR4 specifically in Lgr5+ ISCs, resulting progeny inherit this mutation.
They induced TLR4 deletion and performed in vivo experiments at a time where TLR4 mutation was
contained to crypts. This approach generated a mosaic pattern within intestines where some crypts
lost TLR4, while others retained TLR4, allowing direct comparisons in the same individual. Similar to
results with organoids, injection of LPS into these mice induced apoptosis and inhibited proliferation

in crypts that retained TLR4[171]. However, crypts deficient for TLR4 did not respond to LPS:
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Apoptosis and proliferation were unchanged compared with saline-injected animals. Therefore, LPS
activates TLR4 in crypts to inhibit proliferation, and promote apoptosis (Fig. 1.9B). However, since
this genetic approach ultimately generates mutant ISCs and progeny, additional experimentation is
required to determine whether these effects are due to cell-autonomous effects of TLR4 directly in
ISCs.

There is little evidence to suggest TNFa signaling acts directly on ISCs to modulate their
function. However, exposure of isolated Lgr5+ stem cells to TNFa induces NF-kB, Wnt/B-catenin,
and PI3K/Akt signaling, known modifiers of cell death, proliferation and differentiation in the
intestine[167]. This suggests that TNFa may act directly on Lgr5+ ISCs to modify division programs.

However, effects of TNF pathway activation specifically in ISCs in vivo have yet to be characterized.

A Drosophila B Mouse

/ , \ \ adlV 4 Lgr5+ ISC

L

Enterocyte
Differentiation

Figure 1.9 Immune pathways act directly in progenitors to alter their function. (A) Relish acts in
progenitors to either promote or inhibit ISC division in different contexts. Progenitor specific Relish
promotes enterocyte differentiation. (B) In mouse Lgr5+ stem cells, TLR4 inhibits cell survival and

division while NOD2 promotes survival and division.

Recently, an important role for NOD2 in ISCs has been discovered. NOD2 is highly expressed
in Lgr5+ stem cells, and organoids grown in the presence of the NOD2 agonist MDP have increased
viability[170]. In mice, NOD2 agonists protect crypts against oxidative stress and NOD2-/- crypts
have increased apoptosis and decreased proliferation (Fig. 1.8B), suggesting that NOD2 has a
protective effect on stem cells[170]. Subsequent work showed that, upon irradiation, NOD2
expression increases in stem cells and protects from irradiation-induced apoptosis[172]. Together
with the TLR4 data, this suggests that NOD2 and TLR4 have opposing roles in stem cell survival and

proliferation (Fig. 1.9B). This implies that stem cells must balance NOD2 and TLR4 activation for
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appropriate responses to stimuli and that perhaps NOD2 promotes stem cell maintenance in

response to commensals, while TLR4 promotes stem cell death in response to invasive microbes.

1.6 Objective

Microbes and immune pathways modulate the function of ISCs. However, we know little
about the direct effects individual bacterial species have on ISCs. In addition, it is unclear whether
immune pathways act specifically within ISCs to direct their function. Within the scope of my thesis,
| aimed to answer these questions. Specifically, | asked how individual commensal species alter ISC
proliferation under homeostasis and during tumorigenesis (Fig. 1.10). | also determined the role of
the IMD pathway in progenitors and ISCs in the context of proliferation, differentiation,
tumorigenesis and repair (Fig. 1.10). Given the fundamental role ISCs play in intestinal maintenance
and the impact of microbes and immunity on intestinal health, it is imperative we understand the

complex interplay between ISCs, microbes and immunity.

N W ==
’ ” Figure 1.10 Thesis objectives. How
— ‘ ' \ ‘ do individual commensal bacteria

i . . o
— Jﬁ modify ISC physiology and function?
Does the IMD pathway act

specifically within progenitors and

ISCs to alter intestinal proliferation,

differentiation, tumorigenesis and

repair?
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Chapter 2

Materials and Methods

This chapter contains content from the following sources:

o

Ferguson, M., Petkau, K., Shin, M., Galenza, A., Fast, D., & Foley, E. (2021). Differential
effects of commensal bacteria on progenitor cell adhesion, division symmetry and
tumorigenesis in the Drosophila intestine. Development. 148(5): 1-14

Petkau, K., Ferguson, M., Guntermann, S., & Foley, E. (2017). Constitutive Immune Activity
Promotes Tumorigenesis in Drosophila Intestinal Progenitor Cells. Cell Reports 20: 1784-
1793.

Shin, M., Ferguson, M., Willms, R. J., Jones, L. O., Petkau, K., & Foley, E. (2022). Immune

regulation of intestinal stem cell function in Drosophila. Stem Cell Reports. 17(4):741-755.
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2.1 Drosophila husbandry
2.1.1 Drosophila stocks and handling

Drosophila stocks and crosses were setup and maintained at 18-25°C on standard corn meal
food (Nutri-Fly Bloomington formulation; Genesse Scientific) with a 12:12 light:dark cycle. All
experimental flies were virgin female flies except when noted. Upon eclosion, flies were kept at 18°C
then shifted to the appropriate temperature once 25-30 flies per vial was obtained. Fly lines used in
this study are noted in Table 2.1. Twin-spot clones were induced by a 37°C heatshock for 1 hour
immediately after transferring flies to fresh food after the overnight monoassociation protocol. Flies
were then shifted back to 29°C for 8 days before dissecting and counting clones from 30 intestines
per treatment. Standard MARCM clones were generated by raising flies at 18°C for 5-6 days,
heatshock at 37°C for 2 hours and raised for an additional 8-10 days at 25°C. Mitotic clones using
the esgF/O system were induced by raising flies at 18°C for 3 days, shifted to 29°C for 16hr then
raised at 25°C for an additional 9 days. The imd and UAS-ImdCA lines had been backcrossed into
the Foley lab wild-type w'""® background. Foley lab w8 stock was used as controls in chapter 3 and
chapter 4 figures 4.1-4.5. VDRC w''"® stock was used as controls in chapter 4 figures 4.7-4.11 and

chapter 5.

Table 2.1 Fly lines used in this study

Fly line Genotype Origin ID Number
esg® w;esg-GAL4,tubGAL80*,UAS-GFP Bruce Edgar
Notch RNAI UAS-NRNA VDRC 100002
Myo 1A% w; Myo1A-GAL4,;tubGAL80%,UAS- Bruce Edgar
GFP
Imd mutant imd Bruno Lemaitre
Foley w stock w18 Foley stock
ImdCA UAS-ImdCA Foley stock
esg® UAS-CFP,Su(H)- | w;esg-GAL4,UAS-CFP, Su(H)- Lucy O’Brien
GFP GFP;tubGal80t
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miRNA;tubGAL4

Twinspot MARCM hsFLP;FRT40A,UAS-CD2-RFP,UAS- | Lucy O'Brien
GFP-miRNA
Twinspot MARCM FRT40A,UAS-CD8-GFP,UAS-CD2- Lucy O’Brien

cg® cgGAL4,GAL80* Bloomington 7011,7018
Dredd mutant dredd Bruno Lemaitre
MARCM hsFLP,UAS-GFP;neoFRT40A Lucy O’Brien
MARCM tubGAL80,neoFRT40A;tubGAL4 Foley stock
ISCt w;esg-GAL4,UAS- Bruce Edgar
2xEYFP;Su(H)GBE-GALS8O,tub-
GAL80*
FADD RNAI UAS-FADDRNA VDRC 7926
VDRC w w8 VDRC 60000
esg™° esg-GAL4,tubGAL80ts, UAS- Bruce Edgar
GFP;UAS-flp,Act>CD2>GAL4
Su(H)® w;Su(H)GBE-GAL4,UAS-GFP;ubi- Bruce Edgar
GAL80*
PGRP-LE RNAi UAS-PGRP-LERNAI VDRC 108199
PGRP-LC RNAI UAS-PGRP-LCRNAI VDRC 101636
Relish RNAI UAS-relfNA VDRC 49413
Kenny RNAI UAS-keyRNA VDRC 7723
RelVP16 UAS-relVP16 Bloomington 36547
RasN17 UAS-RasN17 Bloomington 4845
RasV12 UAS-RasV12 Bloomington 4847

2.1.2 Germ-free and gnotobiotic rearing

Germ-free and mono-associated flies were generated as previously described [101]. To
generate germ-free flies, freshly eclosed flies were fed autoclaved food with antibiotics (Ampicillin
(100pg/mL), Neomycin (100ug/mL), Vancomycin (50pug/mL) and Metronidazole (100ug/mL)) for 5

days at 25°C. Conventionally reared controls were fed autoclaved food without antibiotics for 5 days
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at 25°C. To generate mono-associated animals, flies were made germ-free as above then were fed
TmL ODe00=50 of L. brevis or L. plantarum resuspended in sterile 5% sucrose/PBS on a cotton plug
overnight at 25°C. During this overnight feeding, CR and GF controls were fed sterile 5%
sucrose/PBS without bacteria. The following morning, CR and mono-associated conditions were
transferred to fresh autoclaved food at 29°C for the remainder of the experiment, while GF flies were
maintained on autoclaved food with antibiotics. Sterility and mono-association were confirmed in
each experimental vial by plating fly homogenate or fly food on MRS. Vials found to be contaminated

were discarded from the experiment.

2.1.3 Lifespan analysis

For the data in chapter 3 (Fig. 3.3E) virgin female flies were mono-associated with L. brevis
or raised with a conventional microbiome as described. After mono-association, flies were
distributed to sterile vials with autoclaved food at a density of 10 flies/vial and shifted to 29°C for
the remainder of the experiment. Dead flies were counted every 1-3 days and vials were transferred
3 times per week to fresh autoclaved food.

For the data in chapter 4, esg® and esg®/ImdCA flies were raised at 29°C for two days then
fed V. cholerae on a cotton plug for the remainder of the experiment (Fig. 4.2D). Fly deaths were
counted every 2-12 hours. For esg® and esg®/ImdCA longevity flies were shifted to 29°C and dead
flies were counted every 1-3 days and vials were flipped 3 times per week to normal food (Fig. 4.4C).

For the data in chapter 5, 30 virgin females per vial for each genotype (esg®/+ and
esg®/relf™4) were raised at 29°C and dead flies were counted every 1-3 days and vials were flipped
3 times per week to fresh standard food (Fig. 5.2E). For DSS survival experiments ISCt/+ and
ISC=/relfNAi flies were placed on fresh 10% DSS daily for the course of the survival experiment and

deaths were counted daily (Fig. 5.2F).

2.2 Microbial analysis
2.2.1 Bacterial strains and growth conditions

L. brevistf (DDBJ/EMBL/GeneBank accession LPXV00000000) and L. plantarum<”
(DDBJ/EMBL/GenBank chromosome 1 CP013749 and plasmids 1-3 CP013750, CP013751, and

CP013752) were both isolated from our Drosophila lab stocks and have been previously described
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[173]. Both bacteria were streaked out on MRS (deMan, Rogosa, and Sharpe) plates (BD; 288210)
and aerobically grown at 29°C. Single colonies were picked for growth in MRS broth (Sigma; 69966)
at 29°C (L. brevis for 2 days and L. plantarum for 1 day). To generate dead L. brevis, liquid culture
was spun down, washed twice with sterile water then resuspended in sterile water before heating to
95°C for 30min. After heating, the killed bacteria were spun again and resuspended to 10mg/mL in
sterile 5% yeast, 5% sucrose in PBS.

To extract the cell wall, L. brevis was heat killed as above, let cool on ice, then run through a
French Press at 20,000 psi three times to lyse the bacterial cells. After lysis, any remaining whole
cells were collected and discarded by two successive spins at 2000g. To collect the cell wall, the
supernatant was spun at 10,000g for 30 minutes, washed twice with 1M NaCl and twice with sterile
water before resuspending in sterile 5% yeast, 5% sucrose in PBS. Germ-free flies were fed a
10mg/mL cell wall solution on filter paper disks on top of sterile food alongside 10mg/mL dead L.
brevis and sterile 5% yeast, 5% sucrose PBS without any L. brevis extracts. Dead bacteria and cell
wall were continuously fed to flies during the experiment, with fresh extracts provided every second
day. Sterility of dead Lb and cell wall was confirmed by plating 100ulL of extract on MRS.

V. cholerae C6706 strain [174] was grown in Lysogeny broth (LB) (1% tryptone, 0.5% yeast
extract, 0.5% NaCl) at 37°C with shaking in the presence of 100ug/mL streptomycin. Erwinia
caratovora caratovora 15[175] was grown in LB (Difco Luria Broth Base, Miller, 241420 supplemented

with 4.75g NaCl per 500mL broth) at 29°C with shaking for 20-24 hours.

2.2.2 Quantification of Bacterial CFUs

Five flies were randomly selected from a single vial of flies for each biological replicate and
surface sterilized by washing in 10% bleach and 70% ethanol. Flies were then homogenized in MRS,
serially diluted and 10uL of each dilution was plated on MRS. Colonies were counted from 10uL

streaks that had 10-200 colonies and the colony forming units (CFU) per fly calculated.

2.2.3 Oral infection and DSS treatment
For V. cholerae infection, freshly eclosed flies were raised at 18°C for 5 days then switched
to 29°C for two days. 24hr prior to infection 100uL of V. cholerae C6706 glycerol stock was spread

on LB agar plates and grown at 29°C. Flies were starved 2hr before infection. Bacterial lawn was
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scraped off the plate, mixed with LB broth and diluted to an optical density 600 of 0.125. Flies were
fed 3mL of bacterial suspension on a cotton plug throughout the infection.

DSS was prepared by dissolving DSS (Sigma 42867) in a PBS 5% sucrose solution, filter
sterilized and kept in the freezer for up to two weeks. A 3% DSS solution was used for Figures 5.1-
5.4, 5.6-5.8 and 5.5A and a 5% DSS solution was used for Figure 5.5B-D and 5.9 for a more robust
proliferative response. Ecc15 was prepped by streaking then incubating LB plates at 29°C overnight,
then inoculating LB broth with single colonies and grown with shaking at 29°C for ~20-24hr. The
liquid culture was spun down at 1250g for 10min and the bacterial pellet was resuspended in residual
LB and diluted 1:1 in PBS 5% sucrose. DSS or Ecc15 vials were prepped by covering normal fly food
with circular filter paper (Whatman, Grade 3, 23mm, 1003-323) and adding 150uL of the DSS, Ecc15
or unchallenged (PBS 5% sucrose) solution. Flies were flipped daily onto fresh DSS, Ecc15 or control

solution for 48hr for all experiments except for DSS survival which was over the course of 10 days.

2.3 Imaging
2.3.1 Immunofluorescence

Intestines were dissected in PBS, fixed in 8% formaldehyde for 20 minutes, washed in PBS
0.2% Triton-X (PBST) then blocked in PBST with 3% BSA for 1hr at room temperature. Primary
antibodies were incubated in PBST with BSA overnight at 4°C. The following day guts were washed
in PBST then secondary antibody incubations were done in conjunction with DNA stain for 1 hour at
room temperature in PBST with BSA, washed with PBST then again with PBS. Antibodies and DNA

stains used are noted in Table 2.2.

Table 2.2. List of Antibodies and dyes used in this study

Antibody/Dye Dilution Company Cat Number
Mouse anti-prospero 1/100 DSHB MR1A
Mouse anti-armadillo 1/100 DSHB N2 7A1
Mouse anti-mys 1/100 DSHB CF.6G11
Rabbit anti-GFP 1/1000 Thermo Fisher G10362
Mouse anti-GFP 1/2000 Invitrogen PA1-9533

30



Rabbit anti-PH3 1/1000 Millipore 06-570
Mouse anti-Delta 1/100 DSHB C594.9B
Rabbit anti-pERK 1/1000 Millipore 05-797R
Goat anti-chicken 488 1/1000 Invitrogen A11039
Goat anti-mouse 568 1/1000 Invitrogen A11004
Goat anti-rabbit 568 1/1000 Invitrogen A11011
Goat anti-mouse 647 1/1000 Invitrogen A21235
Goat anti-rabbit 647 1/1000 Invitrogen A21244
Hoescht DNA stain 1/1000 Molecular Probes H-3569
DRAQS DNA stain 1/500 Invitrogen 65-0880-96

To prepare the intestinal sections, the posterior midgut was extracted, flash frozen on dry
ice in frozen section compound (VWR 95057-838), sectioned to 10um and slides were stained using
the same parameters as whole guts. To determine the apical and basal mys intensity, | drew a line of
10 pixel width from the basal side to the apical (lumen side) side across GFP+ progenitor cells. |
defined apical and basal progenitor cell borders as 50% of the maximum GFP intensity, as this GFP
intensity coincides with the basal mys intensity peak. | determined the intensity of GFP and mys
across the progenitors using the function plot profiles, copied these values into Excel and
determined the apical and basal mys intensities.

Apoptotic cells were detected in dissected guts using the TMR red In Situ Cell Death
Detection Kit (Roche; 12156792910) following standard kit staining protocol. Briefly, guts were
washed in PBS following secondary antibody then stained with 100uL of TUNEL solution for 1hr at
37°C then washed twice with PBS. GFP primary antibody was used for the TUNEL experiment and
cryosectioning experiments to retain GFP signal from the esg promoter.

Intestines were mounted on slides using Fluoromount (Sigma; F4680). For every experiment,
images were obtained of the posterior midgut region (R4/5) of the intestine with a spinning disk
confocal microscope (Quorum WaveFX). PH3+ cells were counted through the entire midgut. All

image stacking, intensity and area calculations were done using Fiji software [176].
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2.3.2 Transmission Electron Microscopy

Intestines were dissected from virgin female flies that had been at 29°C for 8 days following
germ-free and bacterial association protocols. Posterior midguts were excised and fixed with 3%
paraformaldehyde with 3% glutaraldehyde. Fixation, contrasting, sectioning, and visualization were
performed at the Faculty of Medicine and Dentistry Imaging Core at the University of Alberta.
Midgut sections were visualized with Hitachi H-7650 transmission electron microscope at 60Kv in

high contrast mode.

2.4 Expression profile preparation
2.4.1 Intestinal progenitor cell isolation and RNA sequencing

Progenitor cell isolation by fluorescence activated cell sorting (FACS) was adapted from
previously described protocols [177]. In brief, three biological replicates consisting of 100 fly midguts
per replicate were dissected into DEPC PBS and placed on ice. Guts were dissociated with Tmg/ml
of elastase at 27°C with gentle shaking and periodic pipetting for 1 hour. Progenitors were sorted
based on GFP fluorescence and size with the BD FACSAria lll sorter. All small GFP positive cells were
collected into DEPC PBS. Cells were pelleted at 1200g for 5 minutes and then resuspended in 500yl
of Trizol. Samples were stored at -80°C until all samples were collected. RNA was isolated via a
standard Trizol chloroform extraction and the RNA was sent on dry ice to the Lunenfeld-Tanenbaum
Research Institute (Toronto, Canada) for library construction and sequencing. The sample quality was
evaluated using Agilent Bioanalyzer 2100. TaKaRa SMART-Seq v4 Ultra Low Input RNA Kit for
Sequencing was used to prepare full length cDNA. The quality and quantity of the purified cDNA
was measure with Bioanalyzer and Qubit 2.0. Libraries were sequenced on the lllumina HiSeq3000

platform.

2.4.2 Single-cell sequencing sample prep

Preparation of single-cell intestinal suspension was made following previous methods
[88,178]. For the IndD30A experiments flies were raised at 18°C for 5 days then shifted to 29°C for
an additional 10 days prior to dissection. For the DSS experiments flies were raised for 10 days at
29°C then treated with 3% DSS or unchallenged solution for 48hrs. Batches of five Drosophila

midguts were dissected at once then transferred to 1% BSA in DEPC treated PBS. Once 30 midguts
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were obtained for each condition they were transferred to a 1.5mL tube with 200uL of DEPC/PBS
with Tmg/mL Elastase (Sigma, E0258) and chopped into pieces with small dissecting scissors. After
mechanical disruption, tubes were incubated at 27°C for 40min with gentle pipetting every 10min.
22uL of 10%BSA in DEPC/PBS solution was added to stop the enzymatic digestion then cells were
pelleted by spinning at 300g for 15min at 4°C. Cell pellet was resuspended in 200uL of 0.04% BSA
in DEPC/PBS then filtered through a 70uM filter. Live cells were enriched using OptiPrep Density
Gradient Medium (Sigma, D1556). Filtered cells were mixed with 444ulL of 40% iodixanol (2:1
OptiPrep:0.04% BSA DEPC/PBS) then transferred to a 15mL tube. Another 5.36mL of 40% iodixanol
was added and mixed. A 3mL layer of 22% iodixanol was added on top then an additional 0.5mL
layer of 0.04% BAS in PBS/DEPC was added. Tubes were spun at 800g for 20min at 20°C then the
top interface containing live cells (~500uL) was collected. Live cells were diluted with 1mL of 0.04%
BSA in DEPC/PBS. Remaining iodixanol was removed by pelleting cells at 300g for 10min at 4°C and
removing supernatant. Cell pellet was resuspended in remaining 0.04% BSA DEPC/PBS solution
(~40uL) and cell counts and viability was determined using a hemocytometer. Libraries were
generated using 10X Genomics Single-cell Transcriptome Library kit and sent to Novogene for

sequencing.

2.4.3 Microarray

Microarray studies were performed with the GeneChip Drosophila Genome 2.0 Array
(Affymetrix) in triplicate on virgin flies that were raised on regular or antibiotic food for 10-11 days
at 18°C. Flies were then shifted to 29°C for another 2 days, after which guts were dissected for RNA
extraction (5 females and 5 males per sample). 100 ng purified RNA was used to make labeled cRNA
using the GeneChip 30 IVT Plus Reagent Kit (Affymetrix). Preliminary analysis was done with the
Transciptome Analysis Console (TAC) software (Affymetrix). We analyzed gene expression data using

FlyMINE [179] and Panther [180].

2.4.4 Bacterial 16S sequencing
For 16S deep-sequencing, we raised freshly eclosed virgin females flies on antibiotic medium
for 5 days at 18°C and then switched to sterile antibiotic-free food for 1 day. We fed flies a

homogenate prepared from w8 flies for 16 hr. Afterward, we raised flies on sterile food at 18°C for
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7 days, and 29°C for another 7 days, and dissected 10 guts per sample. We extracted microbial DNA
with the UltraClean Microbial DNA Isolation Kit (Mol Bio Laboratories) and amplified 16S DNA with
Platinum PFX Taq (Invitrogen) and the 16S primers (Forward AGAGTTTGATCCTGGCTCAG, Reverse
GGCTACCTTGTTACGACTT) followed by purification with the QlAquick PCR Purification Kit
(QIAGEN). We measured concentration on the Qubit 2.0 (Invitrogen) and used 1 ng for library
preparation. Libraries were prepared using the Nextera XT DNA Library Preparation Kit (Illumina).
We purified libraries with Ampure Beads (QIAGEN). Pooled libraries were loaded on the MiSeq
(illumina) using the MiSeq Reagent Kit v3 (600-cycle). 16S sequences were assembled using

DNASTAR Navigator and annotated with the Greengenes database.

2.4.5 Quantitative PCR

RNA was isolated from 10 flies using Trizol Invitrogen) according to manufacturers
recommendations. RNA was treated with DNase | (Invitrogen) and Superscript Il (Invitrogen) was
used to generate cDNA using 5ug of RNA and random primers (Invitrogen). Transcript amplification
was performed in an Eppendorf realplex 2 PCR machine using PerfeCTa SYBR Green FastMix
(Quanta Biosciences). Primers for att: Forward AGTCACAACTGGCGGAAC, Reverse
TGTTGAATAAATTGGCATGG. Primers for dpt: Forward ACCGCAGTACCCACTCAATC, Reverse
ACTTTCCAGCTCGGTTCTGA. Primers used for actin (control): Forward
TGCCTCATCGCCGACATAA, Reverse CACGTCACCAGGGCGTAAT.

2.5 Bioinformatics
2.5.1 Bulk RNA Sequencing data processing and analysis

FASTQC was used to evaluate the quality of raw paired-end sequencing reads
(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc, version 0.11.3). Adaptors and reads of less
than 36 base pairs in length were trimmed from the raw reads using Trimmomatic (version 0.36)
[181]. Reads were aligned to the Drosophila transcriptome- bdgpb
(https://ccb.jhu.edu/software/hisat2/index.shtml) with HISAT2 (version 2.1.0) [182]. The resulting

BAM files were converted to SAM flies using Samtools (version 1.8) [183]. The converted files were
counted using Rsubread (version 1.24.2) [184] and loaded into EdgeR (version 3.16.5) [185]. In

EdgeR, genes with counts less than 1 count per million were filtered and libraries were normalized
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for size. Normalized libraries were used to call genes that were differentially expressed among
treatments. Genes with P-value < 0.01 and FDR < 5% were defined as differentially expressed genes.

Principle component analysis was performed on normalized libraries using Factoextra
(version 1.0.5). Gene Ontology enRlchment analysis and visualLizAtion tool (GORILLA) was used to
examine Gene Ontology (GO) term enrichment[186]. Specifically, differentially expressed genes
(defined above) were compared in a two-list unraked comparison to all genes output from edgeR as

a background set. Redundant GO terms were removed.

2.5.2 Single-cell Sequencing data processing

Raw sequencing data from Novogene was aligned to the Drosophila reference transcriptome
(FlyBase, r6.30) using Cell Ranger v3.0, with the EYFP sequence appended for the DSS experiment,
to generate feature-barcode matrices. The resulting matrices were analyzed using Seurat (v3.2.3 for
ImdD30A experiment and v4.1.0 for DSS experiment)[187,188] in R. For IndD30A experiment, cells
with <500 or >2500 features were removed. For DSS experiment, cells with <200 or >3500 features
and cells with >20% mitochondrial reads were removed to reduce number of low quality cells or
doublets. Expression values were normalized and data clustering was performed at a resolution of
0.5 and 15 PCA for the IndD30A experiment and 0.4 with 30 PCA for the DSS experiment. Clusters
were identified using established markers and previous Drosophila intestine single-cell analysis

(www.flyrnai.org/scRNA)[88,178]. GO term analysis was performed using Gorilla using unranked two

list.

For Pseudotime analysis we used Monocle3 (version 0.2.0) [189]. Specifically, we converted
the existing Seurat data from each genotype separately into a Monocle cell data set of midgut
epithelial cells and performed trajectory analysis. We manually assigned the root node of the
trajectory to the node at the tip of the Progenitor cluster for each genotype. We then subset the
trajectory branch that explains pseudotime within the Progenitor population to perform all
subsequent gene level analysis. Here, we manually assessed expression of genes along pseudotime
with known functions in ISC identity, division, and differentiation including genes that were

differentially expressed based off our Seurat analysis.
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2.6 Data visualization and Statistical analysis

Figures were constructed using R (version 3.3.1) via R studio (version 1.1.442) with
easyggplot2 (version 1.0.0.9000), with the exception of GO term figures and lineplots where ggplot2
(version 3.0.0) was used. Longevity graphs were made in Prism software along with the stats for
figures 3.3E, 4.2D, and 4.4C. Longevities in 5.2E-F were made in R. All other statistical analysis was

performed in R. Figures were assembled in Adobe lllustrator.

2.7 Data availability

Gene expression data for RNA sequencing of FACS isolated progenitors from germ-free, L.
brevis and L. plantarum associated esg® and esg’/N™4 flies has been deposited to the NCBI GEO
database accession GSE138555. Microarray data from esg® and esg®/ImdCA flies have been
submitted to the NCBI GEO database (GEO: GSE89445). Single cell sequencing expression data of
esg®/+ and esg®/ImdD30A intestines is deposited at GEO: SuperSeries GSE141897 (GSE171001
and GSE141896). Single cell sequencing expression data from DSS and unchallenged ISC*/+ and
ISC®/relfNAi intestines is deposited on NCBI under the accession number PRINA873108.
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Chapter 3

Commensal bacteria modify intestinal stem cell adhesion, division

symmetry and tumorigenesis

Data in this chapter have been published in:
o Ferguson, M., Petkau, K., Shin, M., Galenza, A., Fast, D., & Foley, E. (2021). Differential
effects of commensal bacteria on progenitor cell adhesion, division symmetry and

tumorigenesis in the Drosophila intestine. Development. 148(5): 1-14
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3.1 Summary

Microbial factors influence the homeostatic and oncogenic growth of the intestine. For
instance, germ-free flies, fish and mice have reduced intestinal proliferation, and bacterial dysbiosis
correlates with colorectal cancer progression in humans[5-9,13,16]. However, little is known about
how individual bacterial species impact intestinal tumorigenesis and the direct effects of bacteria on
stem cell division programs.

To determine how commensal bacteria modify tumorigenesis | monitored tumor growth in
the Drosophila intestine in the presence of single commensal species. | identified Lactobacillus brevis
as a potent driver of tumor growth while Lactobacillus plantarum had low levels of tumor severity.
Mechanistically, L. brevis disrupted the expression and subcellular localization of integrins in
intestinal progenitor cells. Since integrins are important regulators of stem cell maintenance and
division symmetry | asked whether L. brevis altered stem cell numbers and the occurrence of
symmetric divisions in the intestine. Drosophila associated with L. brevis contained elevated stem
cell numbers and higher proportion of symmetric divisions, increasing the replicative capacity of the
intestine. Collectively, these data highlight the impact of individual bacterial species on the division

and maintenance of the intestinal progenitor compartment.

3.2 Results
3.2.1 L. brevis promotes tumor growth in the Drosophila intestine.

To study bacterial effects on intestinal tumors, | used the escargot-GAL4, GAL80®, UAS-GFP
(esg®) transgenic fly line to express an inducible Notch RNAi construct (UAS-NfN4) in ISCs and
enteroblasts (collectively referred to as progenitor cells). With this esg® line, the progenitor specific
promoter esg drives expression of GAL4, which allows the expression of transgenes downstream of
UAS sequences. In addition, the temperature sensitive GAL8O inhibits the activity of GAL4 at low
temperatures, but upon raising flies at 29°C, GAL80 becomes inactive and allows the GAL4
dependent activation of transgene expression. Intestines of control esg®/+ females contained evenly
distributed GFP-positive progenitors and prospero-positive enteroendocrine cells in a simple
epithelium dominated by large, polyploid enterocytes (Fig. 3.1A, 3.2B). Similar to previous
reports[68], | found that depletion of Notch (esg®/Nf"*) caused the formation of multilayered midgut

tumors populated by excess progenitor and enteroendocrine cells (Fig. 3.1B, 3.2C). As
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enteroendocrine and progenitor rich (level IV) tumors were evident in female intestines, but largely

absent from males (Fig. 3.1C), | performed all subsequent experiments on adult female posterior

midguts.
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Figure 3.1 Multilayered Notch-
deficient tumors form in the
female Drosophila intestine.
(A) Cross section of esg®/+
posterior midgut and (B) cross
section of esg®/NfN4 showing
multilayered tumors composed
of enteroendocrine cells
labelled by Prospero (red) and
progenitors  (green). DNA
labelled with Hoechst (blue).
Scale bars: 20X = 50um 60X =
15um. (C) Incidence of tumors in
male and virgin female
esg®/NFfNA intestines 5, 10 and
20 days after Notch knockdown
in intestinal progenitors based
off the grading system in Figure
1.2G.

In contrast to intestines with a conventional microbiome, Notch-deficient tumors rarely appeared

in age-matched, germ-free (GF) flies, indicating microbial requirements for tumor growth (Fig. 3.2C-

D), although the possibility that tumors eventually form in GF flies with age cannot be excluded. To

identify bacterial species that promote tumors, | examined posterior midguts of adult esg®*/NfA flies

that | associated exclusively with common species of Lactobacillus commensals, a dominant genus
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within the fly microbiome[79,82]. To focus on adult tumors, | raised esg®/NfNA' larvae with a
conventional microbiome under conditions that permit wild-type Notch activity. Upon eclosion, | fed
adults an antibiotic cocktail that depleted the bacterial microbiome below detectable levels, and re-
associated flies with either Lactobacillus brevis (Lb), or Lactobacillus plantarum (Lp) (Fig. 3.2A) and
shifted flies to 29°C to inhibit Notch. These two strains of bacteria were isolated from wild-type flies
in the Foley lab and have been previously described[173]. | compared each mono-association to
conventionally reared (CR) esg/NfN4' flies that contained a poly-microbial native gut microbiota.
Mono-association of esg'/N™4' flies with Lp resulted in few visible tumors (Fig. 3.2E). In contrast,
mono-association with Lb caused multiple, large tumors throughout the posterior midgut (Fig. 3.2F),
indicating that Lb is sufficient for tumor development.

| then quantified impacts of bacterial association on midgut tumors. First, | developed a four-
point system to classify intestines, ranging from no visible defects (level I) to intestines with
progenitor and enteroendocrine-rich tumors (level IV, Fig. 3.2G). In a blinded assay, | categorized
85% of CR esg®/NfNAintestines as level IV, whereas only 20% of GF intestines belonged to the same
category (Fig. 3.2H), confirming bacterial effects on gut tumors. Consistent with my initial
observations, GF and Lp-associated intestines had similarly mild levels of tumor incidence (Fig. 3.2H).
In contrast, all intestines associated with Lb had level IV tumors within five days of Notch inactivation.
To measure total tumor size per midgut, | quantified the posterior midgut area occupied by
progenitor and enteroendocrine cells in the respective groups. Association with Lb significantly
enhanced accumulation of progenitors and enteroendocrine cells in esg®/NfN4 intestines compared
to CR, GF or Lp mono-associated flies, supporting a role for Lb in promoting tumors (Fig. 3.2I). To
determine if the larger tumor areas in Lb-associated flies are a result of increased tumor initiation,
or accelerated tumor growth | quantified the number of tumors in each intestine. Similar to my
assessment of tumor size, association with Lb had a significant impact on tumor numbers, resulting
in approximately three times as many tumors per gut as CR counterparts (Fig. 3.2J). Collectively, my
data indicate that association with the common commensal L. brevis increases the frequency of

midgut tumor initiation, whereas L. plantarum does not.

40



1shr

Dissect

CR

o 2,
e 5 days 25°C Sucrose/PBS 5 days 29°C Guts
L3 Sterile Food - - Sterile Food CR
TN )
- ~ IS o
L brevis  —~ [NNSISTISIEGOANIN .-
L plantarum - SEETGSEN Lo
Hoechst GFP Pros Merge
B ’ :.' ) ¢ e 3 .
N
. ‘: & .2
¢ . ®100-
g £ 75
— b
o
C : oF = 50
S Pt & B £
< s T Ry F 25
5% 4t o
8 ! PR oy -C. }.. o
i iaty ! . CR GF tp Lb
e _ n=20 N=20 n=20 nR=R0
D ' I b
el z
z I, 204 a
w<f .‘ 5 }
(O] %} B
3 % g 15
o a
% 10 -
— — —_— 2
" 0 &=
= [
g G
351 ¢
'&n : Lp Ly
3 J £
@
F E 15 a.b
z | G
| g 10 b
35 3 t
% E 5
| em
GF Iip b

Figure 3.2. L. brevis promotes tumor growth in the Drosophila intestine. (A) Scheme for
generating GF and gnotobiotic flies alongside CR controls. ABX = food with antibiotic cocktail (B)
Images of wild-type CR esg®/+ intestines (C-F) Images of esg®/NfN4 posterior midguts 5 days after
Notch knockdown and microbial manipulation. Hoechst marks DNA (blue), GFP marks esg+
progenitor cells (green) and Pros marks enteroendocrine cells (red). Level Il tumours (open
arrowheads) and level IV tumours (closed arrowheads). Scale bars = 50um. (G) Tumor incidence
grading system. | — healthy intestine, Il — intestinal dysplasia without tumorigenesis, lll — tumors

populated by progenitors, IV — tumors populated by progenitors and enteroendocrine cells. (H)
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Tumor incidence in CR, GF, Lp and Lb mono-associated intestines after 5 days of Notch depletion.
Different letters denote significant difference of level IV tumor incidence of p<0.01 with Chi-squared
test (I) Tumor burden in CR, GF, Lp and Lb mono-associated intestines after 5 days of Notch
depletion. Burden is calculated as the percent area of the intestine that is GFP+ and Pros+. (J)
Number of tumors per frame of the posterior midgut after 5 days of microbial manipulation and
Notch depletion. Different letters in I-J denote significant difference of p<0.05 with ANOVA

followed by multiple pairwise Tukey tests.

To determine which factors from Lb promote tumors, | measured tumors in flies that |
continuously fed heat-killed Lb or cell wall derived from Lb for five days. GF esg®/Nf" flies fed heat-
killed Lb mixed with sterile food had similar tumor levels (Fig. 3.3A), and similar progenitor and
enteroendocrine cell expansions as Lb mono-associated flies raised on sterile food (Fig. 3.3B),
indicating that structural components of Lb are sufficient to promote tumors. To determine if Lb cell
wall mediated these effects, | measured tumors in GF flies fed sterile Lb extracts in PBS/sucrose on
filter paper. While esg®/NfNA" GF flies fed sterile PBS/sucrose alone had low levels of intestinal
tumors, flies fed Lb cell wall extract had significantly increased tumor levels (Fig. 3.3C), and
accumulated progenitor and enteroendocrine cells to similar levels as GF counterparts fed dead Lb
(Fig. 3.3D). Finally, | noticed that esg®/Nf"4' flies mono-associated with Lb died significantly faster
than CR counterparts, while Lb did not shorten the lifespan of esg®/+ controls (Fig. 3.3E), arguing
that cell wall components from L. brevis promote initiation of Notch-deficient tumors, resulting in

premature host death.
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Figure 3.3. L. brevis cell wall is sufficient to promote tumor growth. Tumor incidence (A) and
burden (B) of esg®/NfN4 flies colonized with live Lb or GF esg®®/NfNA fed heat killed Lb mixed into
sterile food. Same letters denote no significant difference between level IV tumor incidence at p =
0.05 with Chi squared test (A) or tumor burden using pairwise Wilcoxon test (B). Tumor incidence
(C) and burden (D) of GF esg®/Nf™ flies fed heat killed Lb or cell wall extract in PBS/sucrose on
filter paper. Different letters denote significant difference of p < 0.05 with Chi squared test (C) or
pairwise Wilcoxon test (D). (E) Fly lifespan of CR (yellow) and Lb colonized (teal) esg®/+ and
esg®/NFfNAi flies was monitored after switching to the permissive temperature of 29°C. Statistical

analysis performed in Prism software using Log-rank Mantel-Cox test.

3.2.2 Notch inactivation modifies expression of growth, differentiation, and immunity regulators
in progenitors

To determine how Lb affects Notch-deficient progenitors, | used RNA-sequencing to identify the
transcriptional profiles of FACS-purified, GFP-positive progenitors from Lb-associated esg®/+ and

esg®/NFfNAl intestines (Fig. 3.4A). As controls, | sequenced transcriptomes of esg®/+ and esg®/NfNA
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progenitors from GF flies, or flies that | mono-associated with Lp. Principal Component Analysis
(PCA) revealed that Notch-deficient progenitors segregate from wild-type progenitors along PC1,
regardless of bacterial association (Fig. 3.4B). Differential gene expression analysis showed that the
majority of gene expression profiles altered by Notch-depletion were shared between GF, Lb-
associated and Lp-associated intestines (Fig. 3.4C), indicating the existence of a microbe-
independent core response to Notch reduction in progenitors. GO term analysis of the core Notch-
deficient response revealed significant upregulation of biological processes involved in cell division
(Fig. 3.4D), and diminished expression of Notch-responsive Enhancer of split (E(spl)) complex genes
required for enteroblast differentiation (Fig. 3.4E). In addition to effects on growth and
differentiation, | observed unexpected downregulation of immune pathway regulators in progenitors
that lacked Notch (Fig. 3.4D-E). Decreased expression of immune regulators is not secondary to
tumor development, as | saw similar changes in intestines of GF, and Lp-associated flies. In each
case, Notch inactivation diminished expression of essential components of the IMD pathway such as
imd, and rel, as well as prominent IMD response genes such as pirk, and multiple PGRP family
members (Fig. 3.4E). These data suggest a genetic link between Notch signaling and immune
responses in the progenitor compartment and match previous reports that mutation or activation of

the IMD pathway alters expression of Notch pathway genes in the fly intestine[6].
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Figure 3.4. Notch inactivation decreases expression of immunity regulators in intestinal

progenitors. (A) Workflow for the RNA-Seq of intestinal progenitors upon Notch knockdown and

Lb colonization. (B) PCA plot from RNA-Seq project. Circles represent esg®/+ and triangles represent

esg®/NfN4 replicates. Different colors represent GF (orange), Lb (teal) or Lp (purple). (C) Genes

altered by Notch knockdown (p<0.01, FDR <5%) in each microbial context showing the core

response to knockdown of Notch. (D) Biological process GO terms enriched in the core Notch

response. Enrichment score shown as bars and p values shown as dots. (E) Log2 fold change of

Notch response genes involved in cell cycle/differentiation and immunity. Values in bold are

significantly altered genes with a p<0.01 and FDR 5%. All genes above the double line are part of
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the core Notch response whereas genes below (AttB to PGRP-LB) are immune genes not included
in the core response. Each column is a direct comparison of esg®/Nf"4'to esg®/+ under GF, Lb or Lp

conditions.

3.2.3 Notch-deficiency promotes intestinal association with L. brevis.

As tumor growth frequently involves shifts in microbiota composition, | determined effects of
Notch inactivation on host association with Lb and Lp. First, | measured the intestinal bacterial load
of esg®/+ and esg®®/NfV" flies that | mono-associated with the respective strains for five days. In these
experiments, | quantified bacterial load in the same cohort of flies that | used to measure tumors in
Figure 3.2, allowing me to determine if host-microbe associations correlate with midgut tumors. For
Lb and Lp, | observed significantly increased bacterial loads in Notch-deficient intestines compared
to wild-type controls (Figure 3.5A), suggesting effects of host genotype on bacterial association.
Importantly, there were no differences between Lp or Lb loads in Notch-deficient guts. Thus, the
identity of associated bacteria, not the abundance, determines tumors in the host.

As bacterial association is higher in Notch-deficient intestines than wildtype intestines (Fig. 3.5A),
and Notch knockdown diminishes expression of IMD pathway components, | asked if IMD affects
host association with Lb. Consistent with a role for IMD in the control of intestinal Lb, | found that
imd mutants had significantly higher Lb loads than wild-type controls ten days after mono-association
with Lb (Fig. 3.5B). Conversely, constitutive activation of IMD in enterocytes (Myo1A®/ImdCA)
reduced Lb load to approximately 4% of that found in imd mutants (Fig. 3.5B). These data support
a role for IMD in regulation of intestinal Lb. However, it is important to note that the increased
bacterial abundance in imd mutants is considerably less pronounced than that observed upon Notch
knockdown (compare Fig. 3.5A and 3.5B). Thus, | believe that additional, IMD-independent
mechanisms control bacterial numbers in esg®/Nf"4 intestines that require identification.

Finally, | measured the effects of Notch inactivation on host association with Lactobacillus
commensals. Here, | completed a longitudinal measurement of bacterial load in intestines of esg®/+
and esg®/Nf4iflies that | mono-associated with Lp or Lb. In general, my data match earlier reports
that total numbers of intestinal bacteria increase in flies with age[190,191]. In wild-type esg®/+
intestines, the rates of increase in host-association with Lp and Lb are nearly indistinguishable, with

Lb associating to lower levels at all times tested (Fig. 3.5C). Initially, Lb also associated with
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esg®/NfNA intestines to lower levels than Lp. However, | noted substantial effects of Notch
inactivation on subsequent progressions in host-microbe association. In this case, association with
Lp increased at a considerably slower rate than association with Lb (Fig. 3.5D). Exponential
regression analysis revealed that host-associated Lb loads double at similar rates in intestines of
esg®/+ (0.87d) and esg®/NfN (0.78d) flies. In contrast, host-associated-Lp loads double at a
considerably slower rate in Notch-deficient intestines (2.54d, Fig. 3.5D), than wild-type intestines
(0.97d, Fig. 3.5C), suggesting that Notch knockdown hinders host association with Lp, but has

minimal effects on association with Lb.
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Figure 3.5 Notch-deficiency promotes intestinal association with L. brevis. (A) Colony forming
units (CFU) of Lb (green) and Lp (purple) per fly intestine in mono-associated esg®/+ and esg®/NNA
5 days after transgene expression and bacterial colonization. (B) CFU of Lb per fly intestine 10 days
after transgene expression/bacterial colonization in Lb mono-associated wild-type (w''’8), imd-/-, and
Myo 1A%;ImdCA. For (A) and (B), different letters denote significance at p<0.05 with multiple pairwise
Wilcoxon tests. (C) CFU of Lb (green) and Lp (purple) over time in esg®/+ intestines. (D) CFU of Lb
(green) and Lp (purple) over time in esg/N*¥4 intestines. For (C) and (D), x axis is days post
transgene expression/bacterial colonization and line represents exponential trendline with shaded

region being a 95% confidence interval. T4 = doubling time. LOD = Limit of detection.

3.2.4 L. brevis decreases expression of integrins in progenitor cells.

As Lb grows effectively in Notch-deficient intestines, where it promotes tumors, | hypothesized
that Lb will have distinct division-enhancing effects on progenitor cells. To test this hypothesis, |
looked for progenitor cell transcriptional events that were specific to association with Lb. PCA
identified a transcriptional response that is unique to Lb in wild-type and Notch-deficient progenitors
(Fig. 3.4B, Fig. 3.6A-B). For example, Lb changed the expression of 1208 genes in esgt/NfNA
progenitors compared to GF while Lp only changed 98 genes (Fig. 3.6B). Regardless of host
genotype, association with Lb specifically increased expression of genes required for cell division,
such as DNA replication, and mitotic spindle organization (Fig. 3.6C), as well as prominent cell cycle
and growth regulators (Fig. 3.7A), consistent with growth-promoting effects of gut-associated
bacteria in Drosophila[5,6]. In addition to effects on cell cycle and growth pathways, | noticed a
particularly striking inhibitory effect of Lb on expression of genes involved in cell-cell adhesion, cell-
matrix adhesion and cell polarity (Fig. 3.6C), especially genes that encode integrin complex proteins
(Fig. 3.6D). For example, association with Lb led to diminished expression of the alpha and beta-
integrins scab and myospheroid (mys), the talin ortholog, rhea, and the integrin extracellular matrix
ligand, LanA (Fig. 3.7A). The effects of Lb on expression of genes associated with stem cell adhesion
were independent of host genotype, as | observed the same phenotypes in progenitors of Lb-

associated esg®/+ and esg/Nf4 flies (Fig. 3.7A).
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Figure 3.6 Specific effect of L. brevis on the expression of growth and cell adhesion regulators

(A-B) Number of significant genes (p<0.01, FDR<5%) differentially expressed in progenitors upon

Lb or Lp mono-association in comparison with GF. (A) Comparisons from esgts/+. (B) Comparisons

from esg . (C) Biological process GO terms enriched in progenitors from esg®/+ colonized

with Lb compared to GF. Enrichment score shown as bars and p values shown as dots. (D) Cellular

component GO terms enriched in progenitors from esg!s/+ colonized with Lb compared to GF.

Enrichment score shown as bars and p values shown as dots.

Given the positive effects of Lb on expression of ISC division regulators in esg®/+ and esg®/NfNAi
progenitors, | asked if Lb activates ISC division of wild-type progenitors. To answer this question, |
mono-associated GF wild-type (esg®/+) flies with Lb and quantified phospho-histone 3-positive
(PH3+) mitotic cells in adult midguts. Similar to effects on tumors, Lb stimulated division of wild-type
progenitors to significantly higher levels than CR, GF, or Lp-mono-associated flies (Fig. 3.7B). Thus,
my data indicate that association with Lb diminishes expression of genes required for progenitor
adhesion to the extracellular matrix, and induces expression of genes required for epithelial growth,

promoting ISC division in wild-type and Notch-deficient progenitors.
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Figure 3.7 L. brevis decreases expression of integrins in progenitor cells and promote ISC
divisions. (A) Log2 fold change of genes involved in cell adhesion/polarity, Growth and Cell cycle
affected by Lb in comparison to either GF or Lp colonization in esg®/+ and esg®/Nf progenitors.
Bolded values are those with a p value <0.05 and FDR<5%. (B) Number of PH3+ cells per esg®/+
midgut in gnotobiotic flies 8 days after colonization. Different letters denote significant difference

of p<0.01 by multiple pairwise Wilcoxon tests.

3.2.5 L. brevis colonization disrupts integrin localization independent of division.

| was particularly intrigued by effects of Lb on expression of integrins that anchor progenitors
within the niche. Therefore, | asked what effects Lb has on progenitor cell adhesion and morphology.
In a preliminary experiment, | used transmission electron microscopy to visualize posterior midguts
of CR, and Lb-associated wild-type flies. CR intestines contained basal progenitors in close
association with the extracellular matrix (Fig. 3.8A-B). Mono-association with Lb appeared to disrupt
intestinal organization, generating round progenitors that shifted apically relative to the extracellular
matrix, and lacked discernible contact with larger enterocytes or extracellular matrix (Fig. 3.8C-D).
These morphological changes appear specific to progenitors, as no defects were apparent in the
shape, or relative position, of surrounding enterocytes.

The apparent shift in progenitor localization in Lb-associated intestines prompted me to ask
if Lb modifies integrin distribution. To answer this question, | determined the subcellular localization
of the B-integrin, myospheroid (mys), in sagittal sections of GF intestines, or intestines that |
associated with Lb. In GF esg®/+ flies, | detected basolateral enrichment of mys in GFP-positive
progenitors (Fig. 3.9A). Similar to my electron microscopy results, | found that Lb colonization caused
progenitors to round up and adopt a more apical position within the epithelium (Fig. 3.9B).
Furthermore, association with Lb had visible impacts on mys localization, characterized by
discontinuous basolateral distribution, and atypical apical enrichment of mys (Fig. 3.9B, arrowheads).
To directly measure effects of Lb on subcellular distribution of integrins, | developed an
immunofluorescence-based assay that allowed me to quantify apical:basolateral ratios of mys in
progenitors (Fig. 3.9D-E). With this assay, | detected basal enrichment of mys in GF progenitors (Fig.
3.9F). Association with Lb shifted the distribution of mys, resulting in significant increases in apical

mys (Fig. 3.9F). To determine if Lb-dependent effects on integrin subcellular distribution are
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downstream consequences of ISC division, | blocked division in progenitors of Lb-associated flies by
expressing the cell cycle inhibitor dacapo (esg®/dap) (Fig. 3.9G). Notably, when | examined division-

impaired midguts, | found that Lb continued to cause increases in apical mys (Fig. 3.9C, 3.9F),

indicating that Lb alters apicobasal integrin distribution independent of ISC divisions.

Figure 3.8 L. brevis disrupts progenitor morphology (A-D) TEM images of posterior midgut cross
sections from esg®/+ CR (A-B) and Lb mono-associated (C-D) intestines. VM = visceral muscle, ECM
= Extracellular matrix, EC = Enterocyte, * = progenitors. Dashed boxes in (A) and (C) showed

zoomed areas of (B) and (D) respectively.
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Figure 3.9. L. brevis colonization disrupts integrin localization independent of division. (A-C)
Immunofluorescence images of posterior midgut sagittal sections from GF (A) and Lb (B) mono-
associated esg'/+ and Lb mono-associated esg®/dap (C) flies after 8 days of transgene expression
and bacterial colonization. Hoescht marks DNA (blue), esg marks progenitors (green) and mys marks
integrins (red). Top of image is the apical/luminal side, bottom of image is the basal side of the
epithelium. Red arrowheads = apical integrin mis-localization. Scale bars = 10um (D) Example image
of intestinal cross section where intensities of mys (red) and GFP (progenitors) were measured along
the yellow line from basal to apical edges of progenitors. (E) Plot showing the normalized intensities
of GFP (solid line) and mys (dashed line) across the yellow line in (A). The basal and apical edges of
progenitors were defined as 50% of the maximum esg GFP intensity and mys intensity was
determined at each of these edges. (F) Quantification of apical/basal progenitor cell mys intensity
ratio from images captured from conditions in E-G. (G) Number of PH3+ cells per midgut of GF and
Lb mono-associated esg®/+ and Lb mono-associated esg®/dap intestines after 8 days of transgene
expression/bacterial colonization. For F and G, different letters denote significant difference of

p<0.01 with ANOVA followed by multiple pairwise Tukey tests.

3.2.6 L. brevis alters progenitor cell identity and promotes symmetric expansion of stem cell
lineages.

Loss of intestinal integrins results in aberrant stem cell divisions with substantial effects on
organization of the progenitor compartment[36]. Therefore, | asked what effects Lb has on midgut
progenitor cells. | first stained intestines of GF flies, or flies that | mono-associated with Lb for the
ISC marker Delta (Fig. 3.10A-B). Compared to GF intestines, Lb association significantly increased
the proportion of Delta+ cells within the esg+ progenitor pool (Fig. 3.10C). In support of an effect
of Lb on ISCs | also noted that association with Lb increased expression of genes involved in stem
cell identity, maintenance and differentiation, such as Dl and Enhancer of split (E(Spl)) complex genes
(Fig. 3.10D). To better understand effects of Lb on the progenitor compartment, | quantified marker
expression in midguts of esg®,UAS-CFP,Su(H)-GFP flies that | raised under conventional conditions,
germ-free conditions, or mono-associated with Lb (Fig. 3.10E-G). In this line, stem cells that express

the progenitor cell marker esg are visible as CFP single-positive cells. In contrast, progenitors that
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express the enteroblast marker Su(H), are visible as CFP/GFP double-positive cells. | found that CR
flies had approximately equal numbers of Su(H)-positive and Su(H)-negative progenitors, suggesting
a 1:1 distribution of stem cells and enteroblasts in midguts of conventional flies (Fig. 3.10H). Removal
of the microbiome increased the proportion of Su(H)+ cells, whereas mono-association with Lb had
the opposite effect (Fig. 3.10H). Specifically, | measured a significant decrease in the proportion of
Su(H)+ cells within the esg+ population of Lb-associated flies (Fig. 3.10H). Combined with
quantification of DI+ stem cells (Fig. 3.10A-C), my data indicate that compared to CR or GF flies, Lb

increases the proportion of stem cells relative to enteroblasts within the progenitor compartment.
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Figure 3.10 L. brevis promotes intestinal stem cell expansion (A-B) Posterior midgut of esg®/+ GF
and Lb mono-associated flies where Delta puncta (red) labels presumptive stem cells. Hoescht labels
DNA (blue) and esg labels progenitors (green). Scale bars = 15um (C) Percentage of DI+ cells within

the esg+ progenitor population in GF and Lb esg®/+. Different letters denote significance of p<0.01
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by ANOVA followed by Tukey test. (D) Genes differentially expressed in esg/+ and esg'/NfNA
progenitor cells upon Lb colonization (E-G) Posterior midgut of CR, GF or Lb mono-associated
esg®,UAS-CFP,Su(H)-GFP flies where DRAQS5 labels DNA (blue), esg labels all progenitors (green)
and Su(H) labels presumptive enteroblasts (red). Scale bars = 25um. (H) Proportion of Su(H)+ cells
within the esg+ progenitor population from CR, GF and Lb mono-associated esg®,UAS-CFP,Su(H)-
GFP intestines. Different letters denote significance at p<0.01 by ANOVA followed by multiple

pairwise Tukey tests.

| did not see elevated levels of cell death (Fig. 3.11A), or increased expression of apoptosis
regulators (Fig. 3.11B) within progenitor cells of Lb mono-associated flies compared to CR or GF
controls. Thus, | do not believe that Lb affects cell-type composition within the progenitor
compartment by preferentially promoting enteroblast death[192], however | cannot rule out the
possibility that Lb affects relative enteroblast numbers by increasing the rate of terminal
differentiation. As an alternative, | tested the hypothesis that Lb increases stem cell proportions by
promoting symmetric stem cell divisions. For this assay, | used twin-spot MARCM to visualize and
quantify symmetric and asymmetric divisions in intestines of CR, GF, and Lb mono-associated flies.
In this fly line, a stem cell division differentially labels daughter cells with heritable GFP and RFP
markers[35,108]. In an asymmetric division, the marked enteroblast differentiates into a single
marked enterocyte, while the stem cell undergoes rounds of division and differentiation that
generate a multi-lineage clone of cells that bear the opposing marker (Figure 3.11C). In contrast,
symmetric divisions generate sister cells of the same identity; ultimately producing neighboring
clones of approximately equal size (Fig. 3.11D). To measure the effects of Lb on division symmetry,
| induced recombination immediately after mono-association. | then allowed marked clones to
develop for 8 days prior to visualization. | rarely spotted symmetric divisions that generated two
enteroblasts. Instead, most symmetric clones contained large and small nuclei, regardless of the
associated microbes, confirming that symmetric ISC divisions generated predominantly multi-lineage
clones in each case (Fig. 3.11C). Consistent with earlier reports[35,193,194], approximately 23% of
all clones were products of symmetric divisions in CR flies (Fig. 3.11E). Removal of the microbiome
decreased the percentage of clones with symmetric signatures (Fig. 3.11E), indicating that gut

bacteria promote symmetric stem cell divisions in conventional flies. Importantly, mono-association
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with Lb significantly increased the frequency of multi-lineage symmetric clones compared to either

GF or CR flies (Fig. 3.11E). Thus, my data indicate that association with Lb promotes symmetric stem

cell divisions within the adult midgut.
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Figure 3.11. L. brevis promotes symmetric stem cell divisions. (A) Total number of TUNEL positive

progenitor cells in the posterior midgut of CR, GF and Lb mono-associated esg®/+ flies. (B)

Apoptotic gene expression from FACS isolated intestinal progenitor cells in response to Lb

colonization. Bolded values are significant at p<0.05, FDR <5%. (C-D) Representative images of

asymmetric (C) and symmetric (D) clones from twin-spot (hsFLP,FRT40A,UAS-CD2-RFP,UAS-GFP-

miRNA/FRT40A,UAS-CD8-GFP,UAS-CD2-miRNA;tubGAL4/+) flies 8 days after clone induction.

Hoescht labels DNA (blue) and dotted outlines show nuclei contained within twin-spot clones (red

and green). Scale bars = 25um (E) Percentage of twin-spot clones with symmetric signatures in the
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midguts of CR, GF, or Lb mono-associated flies 8 days after bacterial manipulation and clone
induction. Individual dots represent the proportion of clones with symmetric signatures in a single
intestine. 30 midguts for each condition were analyzed and produced 463 (CR), 322 (GF) and 263
(Lb) total clones. Different letters denote significance at p<0.01 by ANOVA followed by pairwise

Tukey tests.

3.2.7 The IMD pathway is required for L. brevis mediated intestinal proliferation

Since cell wall extract from Lb promotes the growth of intestinal tumors | hypothesized that
immune pathways that respond to bacterial cell wall components are involved in Lb mediated
intestinal growth. Therefore, | asked whether Lb acts through the IMD pathway to promote intestinal
proliferation. Of the genes differentially expressed by Lb in progenitors | noted that IMD response
genes were some of the most highly upregulated. For instance, the peptidoglycan scavengers PGRP-
SC1a and PGRP-SC1b were the sixth and seventh most highly upregulated genes in wild-type
progenitors, and the first and third most highly upregulated genes in Notch-deficient progenitors
upon Lb association (Fig. 3.12A). This indicates that Lb induces a robust IMD response in intestinal
progenitors. To determine whether the IMD pathway is required for Lb-induced proliferation |
monitored the number of PH3+ cells in the midguts of wild-type w'""® and imd-/- flies that were
either raised GF or in the presence of Lb. Similar to the results with esg®/+ and esg®/Nf™ flies, Lb
increased proliferation in wild-type w'"® flies compared to GF controls (Fig. 3.12B). However, this
did not occur in imd mutants. Instead, Lb failed to induce proliferation in imd-/- and had similar levels
of PH3+ cells as GF flies (Fig. 3.12B). Together, this suggests that the IMD pathway is required for
L. brevis induced ISC divisions and highlights the importance of immune signaling in transducing

bacterial signals to direct the function of ISCs.
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3.3 Conclusions

Microbial dysbiosis supports the development of inflammatory diseases and the hyperplastic
expansion of cells that bear oncogenic lesions. To understand how gut bacteria cause progenitor
dysplasia, | measured tumor growth and stem cell dynamics in adult Drosophila intestines mono-
associated with common Lactobacillus commensals. | identified L. brevis as a potent stimulator of
intestinal tumor growth. Interestingly, L. plantarum did not promote tumorigenesis even though it
grew to similar levels in the intestine as L. brevis, suggesting that the strain of L. plantarum used fails
to stimulate or actively inhibits ISC divisions. Comparison of bacterial levels in wild-type and tumor-
prone intestines revealed that disruptions to Notch signaling promotes the accumulation of L. brevis,
which fuels continued expansion of Notch-deficient progenitors. This suggests that Notch-deficient
progenitors establish a feed forward loop with L. brevis, each enhancing the growth of the other
(Fig. 3.13).

In an attempt to understand how L. brevis alters progenitor cell dynamics to promote
intestinal growth, | characterized transcriptional responses to L. brevis in wild-type and tumor-prone

progenitors. | observed significant effects on the expression and subcellular localization of integrins,
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crucial regulators of stem cell niche interactions. Importantly, integrin depletion is associated with
increased levels of symmetric divisions in the intestine, a mechanism for adaptive growth in the face
of extrinsic challenges[35,36]. In line with the effect of integrins on division symmetry, | found that L.
brevis enhances symmetric stem cell divisions, leading to increased numbers of stem cells (Fig. 3.13).

Interestingly, cell wall extracts from L. brevis are sufficient to promote tumorigenesis,
suggesting a role for bacterial recognition pathways in intestinal growth. Consistent with this
hypothesis, L. brevis failed to induce proliferation in intestines mutant for imd. Based on these
observations, | speculate that L. brevis damages the intestine and activates epithelial IMD, resulting
in subsequent reparative responses that promote ISC division (Fig. 3.13). In parallel with or
downstream of epithelial stress, L. brevis decreases integrin expression in ISCs, which promotes the
symmetric expansion of stem cells and increases the regenerative capacity of the intestine as a
mechanism for adaptive growth (Fig. 3.13). Upon Notch knockdown, immunity is suppressed leading
to L. brevis overgrowth and exacerbation of tumorigenesis (Fig. 3.13). Due to the evolutionary
conservation of intestinal homeostatic regulators, Drosophila will be a fruitful model to uncover

additional mechanisms of how gut-resident bacteria influence intestinal progenitor function.
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Figure 3.13. Model of L. brevis induced proliferation, symmetric stem cell expansion and
tumorigenesis. L. brevis disrupts the expression and localization of integrins and induces ISC

divisions in an IMD-dependent manner, resulting in symmetric ISC expansion. Upon Notch
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knockdown in progenitors, tumors form, and the intestine becomes immune suppressed. This leads
to L. brevis overgrowth and the further promotion of tumorigenesis establishing a feed forward loop

between tumor growth and bacterial growth.
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Chapter 4

The IMD pathway acts in progenitors to promote intestinal proliferation,

differentiation and tumorigenesis

Data in this chapter have been published in:

o

Petkau, K., Ferguson, M., Guntermann, S., & Foley, E. (2017). Constitutive Immune Activity
Promotes Tumorigenesis in Drosophila Intestinal Progenitor Cells. Cell Reports 20: 1784-
1793.

Shin, M., Ferguson, M., Willms, R. J., Jones, L. O., Petkau, K., & Foley, E. (2022). Immune

regulation of intestinal stem cell function in Drosophila. Stem Cell Reports. 17(4):741-755.
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4.1 Summary

Intestinal innate immune pathways control microbial populations in the lumen and defend
the host against bacterial insults. However, excessive immune activation contributes to intestinal
disease. For instance, chronic inflammation in the intestine contributes to the development of
colorectal cancer[195]. Recent studies in mice showed that innate immune pathways act in the
intestinal epithelium to modify homeostatic and tumorigenic proliferation of intestinal stem
cells[113,114,157,158]. However, it is still unknown if immune pathways function within intestinal
stem cells to influence growth. Given the important role ISCs play in intestinal maintenance,
homeostasis and tumorigenesis, it is imperative we understand whether immune pathways act
directly within intestinal progenitors to modulate their function.

Here, we examined the influence of the IMD pathway in intestinal progenitors of the
Drosophila intestine. Hyperactivation of IMD in progenitors perturbed the expression of Notch
pathway genes, induced enteroendocrine cell specification and promoted intestinal hyperplasia. In
addition, chronic IMD activation exacerbated the growth of Notch-deficient tumors, even in the
absence of a microbiome, indicating that excessive immune activity in progenitors is sufficient for
tumorigenesis. To determine the role of basal IMD activity in progenitors we inhibited IMD and found
decreased proliferation and altered expression of critical regulators of ISC division. Blockage of IMD
in progenitors also altered expression trajectories of cell maturation genes and perturbed the ability
of the intestine to form functional enteroendocrine cells. These data demonstrate the importance of

balanced immune signals within progenitors in the context of homeostasis and tumorigenesis.

4.2 Results
4.2.1 IMD pathway components are enriched in intestinal progenitors

IMD is the main antibacterial immune pathway in the Drosophila intestine although the
effects of IMD are primarily studied within the context of mature epithelial cells such as
enterocytes[5,6,110]. However, multiple studies suggest that IMD pathway components are also
expressed in progenitor cells[25,88]. To directly compare expression levels of IMD pathway
components between different intestinal cell types we performed a single-cell RNA sequencing
project of wild-type 10 day old midguts (Fig. 4.1A). We detected all major intestinal cell types based

on the expression of known marker genes[25,88]. For example, progenitors had enriched expression
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of the marker gene escargot (esg), regionally defined enterocytes were identified by the expression
of various proteases, and enteroendocrine cells highly expressed peptide hormones (Fig. 4.1B). In
addition to the enrichment in growth and differentiation factors (Fig. 4.1C), progenitors were also
characterized by enrichment in immune factors. Specifically, progenitors expressed high levels of
IMD pathway genes such as the peptidoglycan receptor pgrp-Ic, the NF-«xB family transcription factor
relish, and the IMD pathway target gene pirk (Fig. 4.1D). For instance, upwards of 66% of progenitors
expressed the NF-kB family transcription factor relish, whereas only 23% of non-progenitors

expressed relish (Fig. 4.1E). Since progenitors have enriched expression of immune genes these data

raise the possibility that the IMD pathway plays a fundamental role in progenitor function.
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Figure 4.1 IMD pathway components are enriched in intestinal progenitors. (A) UMAP plot of
single cell transcriptomic data from wild-type esg®/+ intestines. (B) Dotplot of marker genes for each
cell cluster from the data in A. Size of the dot represents the proportion of cells within that cluster
that express the gene. Colors represent whether that gene is expressed higher (red) or lower (blue)
than the average intestinal expression. (C) UMAP showing expression of progenitor marker genes.
(D) UMAP showing expression of IMD pathway genes. Red circles highlight progenitor cells. (E)
Proportion of progenitors and non-progenitors that express IMD pathway genes. These experiments

and analyses were performed by Minjeong Shin.

4.2.2 Constitutive IMD activation induces downstream antimicrobial response

To investigate the impact of IMD activation in progenitors we generated a transgenic fly line
that allows for cell-type restricted hyperactivation of IMD. We designed a truncated form of the Imd
protein, IndCA, that uses a start codon at residue 78. This generates an Imd protein that lacks the
inhibitory N-terminal amino acids but still contains sequences to interact with FADD. To validate this
line, we expressed it in the main humoral immune site of the fly, the fat body (cgGAL4 ;
GAL805/UASIimdCA (cg® > CA)). With this cg® line, transgenes are expressed under the control of a
fat body specific driver in a temperature sensitive manner. Here, expression of IndCA in the fat body
by raising flies at 29°C induced expression of the AMPs dpt and att in the absence of an infection
(Fig. 4.2A). Importantly, ImdCA activated AMP expression through the classical IMD pathway, since
mutation of dredd, the caspase required for downstream Relish activation, blocked ImdCA
dependent AMP production (Fig. 3.2A).

Next, we asked if IMD activation could be detected in intestinal progenitor cells. We
expressed ImdCA exclusively in intestinal progenitor cells (esg®>CA) and found that intestinal AMP
(dpt and att) expression increased (Fig. 4.2B). These data suggest that ImdCA is sufficient to activate
the IMD pathway in intestinal progenitors. Since AMPs are increased with ImdCA expression we
asked whether the microbiome composition was affected. To directly compare the two genotypes
we generated germ-free esg® and esg®>CA flies and exposed them to a homogenate containing
the microbiome of a wild-type fly. We allowed this microbial consortium to associate with the flies
over the course of 7 days then shifted flies to 29°C for another 7 days to activate IMD in progenitors

(Fig. 4.2C). Intestines dissected from the respective cohorts were processed for 16S deep-
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sequencing to identify microbial populations. Although AMP production was increased, there was
no effect of IMD activation on microbiome composition (Fig. 3.2C). In each case, intestines were
dominated by Lactobacilli and Acetobacter operational taxonomic units (OTUs). Although IMD
activation had little effect on microbiome, activation of IMD in progenitors prolonged the lifespan
of flies challenged with lethal doses of the oral pathogen Vibrio cholerae (Fig. 4.2D). These data
demonstrate that acute IMD activation in progenitors aids the intestine in preventing pathogenic

insults but has little impact on the native bacterial composition.
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Figure 4.2. Constitutive IMD activation induces downstream antimicrobial response. (A)
Expression of the antimicrobial peptides diptericin (dpt) and attacin (att) after constitutive activation
of IMD in the Drosophila fat body (cg®*>CA) with or without co-expression of dredd (dredd;cg®>CA).
(B) Expression of dpt and att in wild-type (esg®) intestines or those with active IMD in progenitors
(esg®>CA). For A and B significance was found using Students t tests. (C) 16S deep sequencing of
the microbiome from esg® and esg®>CA fly intestines. (D) Survival of esg® and esg®>CA flies infected

orally with the pathogen Vibrio cholerae. These experiments were performed by Kristina Petkau.
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4.2.3 Progenitor-specific IMD activation alters expression of growth and differentiation genes.

To characterize the effects of progenitor-specific IMD activation on intestinal physiology we
performed a microarray analysis and compared transcriptomic profiles of wild-type esg® and immune
active esg®>CA intestines, where IMD was activated for 2 days. In addition, we included intestines
from conventionally reared and germ-free animals to compare the effect of IMD activation and the
presence of a microbiome. The microbiome downregulated approximately twice as many genes as
were upregulated in wild-type esg® flies, however in esg*>CA flies, the microbiome upregulated
more genes than were downregulated (Fig. 4.3A). In addition, a smaller proportion of genes were
commonly regulated by the presence of the microbiome in both esg® and esg®>CA (Fig. 4.3A).
Similarly, IMD activation upregulated many more genes in CR flies than in GF flies however showed
similar numbers of genes downregulated in both microbial contexts (Fig. 4.3B). These data suggest
that the impacts of the microbiome are altered by the activation of IMD in progenitors and, vice
versa, IMD controls different sets of genes dependent on the presence of a microbiome. However,
similar biological processes were affected by both the microbiome and IMD activation. For instance,
the microbiome and IMD activation altered genes involved in immune response, metabolism,
transport and stress response (Fig. 4.3C-D). In addition to these shared effects, IMD activation
altered expression of genes involved in stem cell identity and development in CR flies (Fig. 4.3D).
This suggests that microbes and the IMD pathway are important regulators of intestinal progenitor
cell function.

In addition to these broad effects we noted impacts of progenitor-specific IMD activation on
the expression of genes involved in evolutionarily conserved growth, stress and differentiation
pathways. These include insulin, Ras, JAK/STAT, Wnt, JNK and Notch signaling pathways, essential
regulators of ISC function (Fig. 4.3E). These data match previous reports where the microbiome and
Relish alter the expression of growth and stress pathway genes in the intestine[6]. Together this
suggests that IMD activation in intestinal progenitors has a profound effect on intestinal physiology

including the proliferation and differentiation of ISCs.
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Figure 4.3. Progenitor-specific IMD activation alters expression of intestinal growth and differentiation
genes. (A) Number of genes differentially expressed in response to the microbiome in esg® and esg>CA
flies. (B) Number of genes differentially expressed in response to progenitor specific IMD activation in
conventionally reared (CR) and germ free (GF) flies. (C) Biological processes significantly regulated by the
microbiome. (D) Biological processes significantly regulated by progenitor-specific IMD activation. (E)
Specific genes significantly altered in esg®>CA flies compared to esg® after 2 days of IMD activation. These

analyses were performed by Kristina Petkau.

4.2.4 Activation of IMD in progenitors causes intestinal hyperplasia

Given the effect of progenitor-specific IMD activation on growth and stress pathways in the
intestine we determined how IMD activation alters intestinal morphology and proliferation. To
address this question, we analyzed the posterior midguts of esg® and esg®*>CA flies as they aged.
After 2 days of IMD activation in progenitors, esg®®>CA intestines are indistinguishable from wild-
type intestines (Fig. 4.4A). In both cases, Armadillo (B-catenin ortholog) was localized to cell borders
with a regular arrangement around large enterocytes that were interspersed with small prospero-
positive enteroendocrine cells (Fig. 4.4A). Both genotypes contained regularly spaced nuclei and
evenly distributed progenitor cells.

By 26 days, wild-type intestines show hallmarks of age-dependent dysplasia, including
disrupted intestinal cell borders, crowded and uneven spacing of nuclei and irregular clusters of
progenitors (Fig. 4.4A). Midgut architecture was further disrupted at this timepoint with progenitor-
specific IMD activation. With active IMD there is a near breakdown of epithelial cell borders and
organization, densely crowded nuclei and increased numbers of GFP+ progenitors (Fig. 4.4A). Given
the increased level of hyperplasia in esg®>CA flies we asked whether intestinal proliferation is altered
under this scenario. To measure intestinal proliferation, we counted the number of phospho-histone
3 positive (PH3+) cells per midgut of esg® and esg®>CA flies after 14 and 24 days of IMD activation.
Progenitor-specific IMD activation increased the number of mitotic cells compared to wild-type at
both timepoints (Fig. 4.4B). Together these data indicate that chronic activation of IMD in
progenitors is sufficient to promote hyperplastic growth of the intestine. Importantly the hyperplastic
phenotype noted in esg>CA flies is not due to accelerated ageing of the fly since the lifespan is

indistinguishable between esg® and esg*>CA (Fig. 4.4C).
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Figure 4.4 Activation of IMD in progenitors causes intestinal hyperplasia. (A) Images of esg® and
esg®>CA posterior midguts after 2 or 24 days of IMD activation. Armadillo (Arm) labels cell borders
(red), prospero (pros) labels enteroendocrine cells (red), Hoescht labels DNA (blue) and GFP labels
esg+ progenitors (green). Scale bars 25um. (B) Number of PH3+ mitotic cells per midgut of esg®
and esg®>CA after 14 or 24 days of IMD activation. Significance found using Students t test. (C)
Lifespan of esg® and esg®>CA flies. Significance determined using Wilcoxen test. These experiments

were performed by Kristina Petkau.

4.2.5 IMD activation in progenitors promotes enteroendocrine differentiation

Our microarray results indicate IMD activation in progenitors alters the expression of multiple
Notch pathway genes. These observations reflect similar results where IMD pathway mutants have
altered Notch activity in the intestine[6]. Since Notch plays an important role in the enterocyte
specification of the intestine we determined whether IMD acts in progenitors to control intestinal

differentiation. To test whether IMD activation alters differentiation we used MARCM clones. This

70



technique labels the progeny from individual stem cell divisions to assess subsequent differentiation
events. As expected, clones from wild-type flies contained a mixture of small cells, likely progenitors
and enteroendocrine cells, as well as large polyploid enterocytes (Fig. 4.5A). In contrast, large
polyploid cells were largely absent from ImdCA clones (Fig. 4.5A-B). Instead, ImdCA clones were
dominated by small cell aggregates, indicative of dysfunctional enterocyte development.

To determine if progenitor-specific IMD activation alters enteroendocrine differentiation we
measured the percentage of enteroendocrine cells after 24 days of ImdCA expression (Fig. 4.5C). In
agreement with the effect on intestinal hyperplasia, IMD activation increased the number of nuclei
per area of the intestine compared to aged matched wild-type flies (Fig. 4.5D). We also found a
significantly greater proportion of nuclei positive for the enteroendocrine cell marker prospero in
esg®>CA intestines compared to esg®(Fig. 4.5E). These data show that persistent activation of IMD
in progenitors alters the developmental trajectory of progenitor cells and promotes the

differentiation of excess enteroendocrine cells.
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Figure 4.5 IMD activation in progenitors promotes enteroendocrine differentiation. (A) Images
of wild-type clones and those with active IMD. Arm/pros labels cell borders and enteroendocrine
cells (red), Hoescht labels DNA (blue) and GFP marks the clone (green). Scale bars 15um. (B)
Proportion of large cells within wild-type or imdCA clones. (C) Images of esg® and esg®>CA posterior
midguts after 20 days of IMD activation. Scale bars 25um. (D) Number of nuclei per field in esg® and
esg®>CA posterior midguts. (E) Percent of nuclei that are prospero positive in esg® and esg®>CA
posterior midguts. Significance of B, D and E found using Students t test. These experiments were

performed by Kristina Petkau.

4.2.6 Progenitor-specific IMD activation promotes Notch-deficient tumorigenesis

Bacterial insults in flies and mice increase the growth of intestinal tumors. For instance,
challenge with pathogenic microbes increases the growth of Notch-deficient tumors in the
Drosophila intestine[76,156]. Given the impact of INdCA on Notch pathway targets | determined
whether immune activation in progenitors alters tumorigenesis. To answer this question, | knocked
down Notch in intestinal progenitors (esg/Nf™4) and determined the effect of the microbiome and
IMD activation on tumor incidence. As expected, after 8 days of Notch depletion from progenitors,
tumors formed that were populated by GFP+ progenitors and pros+ enteroendocrine cells (Fig.
4.6A). Removal of the microbiome reduced tumor severity and decreased the incidence of tumors
in esg/NfNAT intestines (Fig. 4.6B). These data suggest that immune pathways that respond to
microbes promote the expansion of Notch-deficient tumors.

To directly test whether progenitor-specific IMD activation influences tumorigenesis |
expressed ImdCA in progenitors alongside Notch depletion (esg*>NRV4;CA) and assessed tumor
growth. Compared to NfNA" alone, co-expression of ImdCA and NfNA' in progenitors exacerbated
tumorigenesis. IMD activation resulted in large disorganized patches of progenitors and
enteroendocrine cells (Fig. 4.6C), whereas with Notch depletion alone, tumors are smaller with more
distinct boundaries. To determine whether IMD activation is sufficient for tumorigenesis | examined
intestines from germ-free esg®>NFfNAi:CA flies. Similar to the conventionally reared, IMD activation
caused germ-free intestines to produce large disorganized tumors populated by progenitors and
enteroendocrine cells (Fig. 4.6D). To quantify the effects of IMD activation and the microbiome on

Notch-deficient tumorigenesis | determined intestinal tumor incidence. | devised a grading system
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to classify intestines with no visible tumors as grade 1, intestines with only progenitor populated
tumors as grade 2, and those with progenitor and enteroendocrine cell tumors as grade 3. With this
classification system | found that approximately 60% of conventionally reared esg*>NfN4 intestines
contained grade 3 tumors while removal of the microbiome decreased incidence of grade 3 tumors
to 10% (Fig. 4.6E). Co-expression of ImdCA increased tumor incidence, where now over 75% of
intestines contained grade 3 tumors independent of whether the flies were made germ-free (Fig.
4.6E). These data indicate that activation of IMD in progenitors is sufficient to promote

tumorigenesis, even in the absence of a microbiome.
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Figure 4.6 Progenitor-specific IMD activation promotes Notch-deficient tumorigenesis. (A-B)
Images of esg®>NFf\4 intestines after 8 days of Notch knockdown in CR (A) or GF (B) flies. Asterisks
highlight a grade 3 tumor containing prospero-positive enteroendocrine cells and GFP-positive
progenitors. Arrowhead points to a level 2 tumor only populated by progenitors. (C-D) Images of
esg®>NFfNACA intestines after 8 days of Notch knockdown and IMD activation in CR (C) or GF (D)
flies. Scale bars for A-D 50um for 20X images and 15um for 60X images. (E) Tumor incidence in
esg®>NFfNA and esgt>NFNA;CA intestines from CR and GF flies. Grade 1 = no visible tumors, grade
2= tumors populated by progenitors grade 3 = tumors populated by progenitors and

enteroendocrine cells. Significance found using chi squared test. *** = p < 0.001.

4.2.7 IMD acts in stem cells to promote intestinal proliferation

Activation of IMD in progenitors results in intestinal hyperplasia and exacerbation of
tumorigenesis. However, as this is a constitutive activation of the pathway, homeostatic roles for IMD
activity in progenitors are difficult to elucidate. Therefore, we used a transgenic fly line to inactivate
the IMD pathway. Activation of the Imd protein requires proteolytic cleavage and removal of the N-
terminal 30 amino acids by the caspase Dredd[196]. Mutation at residue 30 from an aspartic acid to
an alanine results in a non-cleavable form of Imd (ImdD30A), acts as a dominant negative and
prevents downstream signal transduction[196]. To determine the role of the IMD pathway in
progenitors we expressed ImdD30A in progenitors using the esg® driver and assessed proliferation
and progenitor dynamics in the posterior midgut. Young wild-type intestines (esg®/+) have very few
PH3+ cells, and as flies age proliferation increases (Fig. 4.7A). Expression of IndD30A in progenitors
(esg®/D30A) for 5 days showed no difference in the amount of mitoses compared to age matched
controls, however, proliferation did not increase as a result of age (Fig. 4.7A). Here, IMD inactivation
resulted in significantly fewer mitotic events compared to aged wild-type flies. Similarly, knockdown
of either IMD receptor, the cell surface PGRP-LC or intracellular PGRP-LE PGN sensor, resulted in
fewer mitotic cells in aged flies (Fig. 4.7B-C).

To determine whether IMD in progenitors impacts growth via Relish dependent signaling |
knocked down the IKKy ortholog kenny or the NF-kB family transcription factor relish in progenitors.
Wild-type young intestines contain a regular lattice of evenly spaced nuclei, progenitors and

enteroendocrine cells (Fig. 4.7D). As wild-type intestines age, epithelial organization becomes
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disrupted, with crowded nuclei and clustered progenitor cells (Fig. 4.7E). With relish knockdown,
aged intestines resemble healthy young guts with organized epithelial landscape (compare Fig. 4.7D
and E). In addition to the effects on overall intestinal organization, relish or kenny depletion in
progenitors decreased the number of mitotic cells throughout the intestine compared to aged wild-
type controls (Fig. 4.7F-G). In addition, inactivation of Relish impaired the generation of mitotic
clones in the posterior midgut, confirming that genetic inhibition of Relish dependent IMD signaling
blocks intestinal proliferation (Fig. 4.7H). Together, these data suggest that basal IMD pathway
activity is required in progenitors for age-dependent increases in intestinal proliferation and
hyperplasia.

In addition to the number of mitotic cells, the number of progenitor cells and ISCs increases
over time in wild-type flies, but this does not occur upon progenitor-specific IMD inactivation (Fig.
4.71-J). Instead there are fewer esg+ progenitor cells and Delta+ ISCs upon 30 days of IMD
inactivation compared to wild-type controls (Fig. 4.71-J). Similarly, knockdown of relish decreased
the proportion of progenitors in the posterior midgut of aged flies (Fig. 4.7K). Knockdown of the
adapter protein Fadd, required for signaling downstream of Imd activation, also reduced the number
of DI+ ISCs in old flies, confirming the proliferative role of IMD in progenitors (Fig. 4.7L). To identify
which progenitor cell type IMD acts in to promote proliferation we blocked IMD activity in either
ISCs or enteroblasts. Similar to progenitor wide blockage, expression of ImdD30A in ISCs
(ISCt/D30A) reduced the number of mitoses in aged flies (Fig. 4.7M). However, inhibition of IMD
solely in enteroblasts (Su(H)*/D30A) had no effect on proliferation (Fig. 4.7N). These data indicate

that the IMD pathway acts cell autonomously in ISCs to control intestinal proliferation upon ageing.
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Figure 4.7 IMD acts in stem cells to promote intestinal proliferation. (A-C) Number of PH3+

mitotic cells per midgut after blocking IMD (esg®/D30A) (A) or knocking down the IMD receptors
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(esg®™/PGRP-LCRNA (B), esg'/PGRP-LERM (C)). (D-E) Images of wild-type esg®/+ intestines and those
with Relish knocked down in progenitors (esg®/rel®™4) after 10 (D) or 30 (E) days of Relish depletion.
DNA stained by Hoescht (cyan), esg+ progenitors (yellow) and Arm/pros (magenta). Scale bars
25um. (F-G) PH3+ cells per midgut after progenitor specific Relish (F) or Kenny (G) knockdown. (H)
Number of wildtype and Relish deficient clones per midgut 9 days after clone induction. (l) Percent
of nuclei that are esg positive progenitors upon ageing and IMD inactivation. (J) Percent of esg+
progenitors that are Delta (DI) positive stem cells upon age and IMD inactivation. (K) Progenitors
per nuclei upon progenitor specific Relish knockdown. (L) Stem cells per progenitors upon
progenitor specific FADD knockdown. (M) Number of PH3+ cells per midgut upon ISC-specific IMD
inactivation. (N) Number of PH3+ cells upon enteroblast specific IMD inactivation. Panels A-C, H-J
and L-N were performed by Minjeong Shin. For A, F, | and J significance found using ANOVA
followed by multiple pairwise Tukey tests. For B, C, G, H, K-N significance found using Students t

test. Different letters denote significant difference of p < 0.05.

4.2.8 Progenitor-specific IMD inactivation impacts intestinal expression profiles

The intestine is composed of multiple specialized cell types that originate from multipotent
ISCs. Although our data implicate IMD acts in progenitors to control proliferation we do not yet
know the consequences for blocking IMD in progenitors for the remainder of the intestine. To
determine the impacts of progenitor-specific IMD inhibition on individual cell lineages we performed
a single-cell RNA sequencing analysis of 10 day old esg®/+ and esg®/D30A midguts (Fig. 4.8A). After
exclusion of dead cells and doublets, 3,675 cells from esg®/+ and 3,654 cells from esg®/D30A were
integrated into one dataset using Seurat for direct comparison (Fig. 4.8B). Using unbiased clustering
of cells that share transcriptional profiles we identified all previously described intestinal cell types,
including progenitors, enteroendocrine cells, enterocytes, copper cells, and cardia[25,88]. Overall,
progenitor-specific IMD inhibition had mild effects on intestinal composition. For example, there are
fewer EC-like cells and more cardia in esg®/D30A intestines compared to esg®/+ (Fig. 4.8C). In
addition to these general effects on epithelial composition, blockage of IMD in progenitors altered
the expression of critical intestinal regulators in mature cell types. IMD inhibition in progenitors

altered expression of genes involved in metabolism, translation, transport, stress response, and RNA
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processing in enterocytes whereas genes involved in wounding response, precursor metabolites,
and protein ubiquitination were perturbed in enteroendocrine cells (Fig. 4.8D).

To determine direct effects of IMD inactivation on progenitor cells we compared expression
profiles of progenitors from esg®/+ and esg®/D30A. IMD inhibition results in increased expression
of genes involved in autophagy, Hippo signaling, growth, polarity, and cell cycle with decreased
expression of genes involved in proteolysis, metabolism and translation (Fig. 4.8D). Of note, IMD
inhibition altered expression of genes with critical functions in stem cell identity, division and
differentiation. For instance, IMD inhibition in progenitors increased the expression of the Notch
pathway target gene E(spl)m3-HLH, decreased expression of the Notch signaling modifier Npc2f,
decreased expression of the septate junction component Snakeskin (Ssk) and increased expression
of the a integrin scab (scb), two cell adhesion genes with important roles in stem cell maintenance
and division (Fig. 4.8E)[36,44,197]. Consistent with data shown in figure 4.7, these results indicate

inhibition of IMD in progenitors significantly alters progenitor cell homeostasis.
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Figure 4.8 Progenitor-specific IMD inactivation impacts intestinal expression profiles. (A)
Schematic of the experimental setup to perform single cell RNA sequencing of esg®/+ and
esg®/D30A intestines. (B) UMAP plot showing cell clusters from integrated transcriptomic datasets
from esg®/+ and esg®/D30A. Pro = progenitors, EC = enterocytes, EE = enteroendocrine cells, CC
= copper cells. (C) UMAP from B split by genotype. (D) Biological Processes significantly altered in
specific cell clusters upon IMD inactivation in progenitors. Size of the dot indicates p value whereas
dot color indicates up or down regulation. (E) Violin plots of specific genes differentially expressed
in progenitors upon IMD inhibition. These experiments and analyses were performed by Minjeong

Shin.

4.2.9 Progenitor-specific IMD alters intestinal developmental trajectories

Given the effect of IMD inhibition on the expression of genes required for progenitor-niche
interactions and progenitor differentiation | analyzed the impact this has on developmental
trajectories of progenitors. To answer this question, | generated unbiased pseudotime
developmental trajectories in esg®/+ and esg®/D30A intestines using Monocle3. The resulting
trajectories successfully re-created known developmental transitions from progenitors to mature
progeny in both genotypes (Fig. 4.9A and D). To specifically examine effects of IMD on progenitor
development | subset the progenitor populations for each genotype and analyzed the expression of
critical developmental regulators across pseudotime (Fig. 4.9B and E). This analysis revealed
expression patterns characteristic of developmental transitions for both genotypes. For example, in
each case the expression of the stem cell marker DI was enriched at early stages in pseudotime (Fig.
4.9C and F, Fig. 4.10A). However, IMD inhibition perturbed the expression patterns of differentiation
markers. Compared to wild-type, IMD inactivation resulted in premature or prolonged expression of
the Notch targets E(spl)m3-HLH and E(spl)malpha-BFM, the EGF regulator sprouty (sty), the
enterocyte fate regulator klumpfuss (klu) (Fig. 4.9G-N). In addition, inhibition of IMD in progenitors
altered the pseudotime expression profiles of numerous markers of enterocyte maturation (Fig.
4.10B-D). These data indicate that inhibition of IMD in progenitor cells perturbs enterocyte
differentiation.

Given the effects of IMD inhibition on enterocyte maturation genes | asked whether

enteroblast numbers are affected upon ImdD30A expression. To test if IMD inhibition alters the
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transition of ISCs to enteroblasts | monitored the expression of fluorescent markers in esg®,UAS-
CFP,Su(H)-GFP flies, with or without IndD30A expression. Here, ISCs are visible as CFP-positive cells
whereas enteroblasts are CFP and GFP double positive cells (Fig. 4.9P). Consistent with the effects
of IMD inhibition on the expression of Notch pathway genes, esg®/D30A intestines contained
increased levels of enteroblasts within the progenitor compartment (Fig. 4.90). In conjunction with
the loss of ISCs upon IMD inhibition (Fig. 4.7J), these data argue that IMD acts in progenitors to

promote ISC identity and limit enteroblast differentiation.
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Figure 4.9 Progenitor-specific IMD alters intestinal developmental trajectories. (A-N) Single-cell
datasets from Seurat for each individual genotype were analyzed in Monocle3 for pseudotime. For
A (esg®/+)and D (esg®/D30A) mint green circles denote root node and the beginning of the intestinal
trajectories. Dark purple marks the beginning of pseudotime whereas orange marks cells later in
pseudotime. Black lines show trajectories. Prog = progenitors, EC = enterocytes, EE =
enteroendocrine cells. (B and E) Pseudotime within progenitor subsets of A and D, respectively. (C
and F) Expression pattern of the ISC marker Delta (DI) in esg®/+ progenitors (C) and in esg®/D30A
progenitors (F). Grey dots are those with no detectable expression. (G-N) Expression of Notch target
genes E(spl)/m3-HLH, E(spl)malpha-BFM, the EGF inhibitor sprouty (sty), and the EC fate regulator
klumpfuss (klu) over pseudotime within progenitor subsets of the indicated genotypes. (O) Percent
of esg+ progenitors that are positive for the enteroblast marker Su(H) in esg®, UAS-CFP, Su(H)-GFP/+
(n=18) and esg®, UAS-CFP, Su(H)-GFP/D30A (n=22) posterior midguts 14 days after transgene
expression. Significance found using Students t test. (P) Representative images of intestines used to
gather data in (O). Progenitors labelled by esg in yellow and enteroblasts labelled by Su(H) in

magenta. Scale bars 25um.
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Figure 4.10 Progenitor-specific IMD inhibition alters gene expression across pseudotime. (A-D)
Expression of genes involved in stem cell identity and enterocyte maturation across pseudotime

trajectories in progenitor subsets from Figure 2.9 B and E.

4.2.10 Progenitor-specific IMD perturbs the generation of enteroendocrine cells

IMD inhibition in progenitors decreases ISC mitoses, alters ISC and enteroblast numbers, and
disrupts developmental trajectories of enterocytes suggesting that IMD in progenitors modulates
the development of mature epithelial cells. To further elucidate the role of progenitor-specific IMD
on epithelial differentiation we examined the transcriptional profiles of enteroendocrine cells from
esg®/+ and esg®/D30A intestines. Fly enteroendocrine cells have been previously described at a
single cell resolution allowing for a detailed comparison between genotypes[88,198]. For instance,
enteroendocrine cells can be divided into subsets based on expression of distinct peptide hormones
that remain stable during homeostasis or after recovery from infection[199]. To determine if IMD in
progenitors impacts enteroendocrine composition we performed unsupervised clustering of
enteroendocrine cells from our single-cell sequencing analysis. Five separate enteroendocrine
clusters were resolved in both genotypes, each with a signature peptide hormone expression pattern
(Fig. 4.11A-B). In two instances, hormone expression profiles were conserved between genotypes.
For example, similar to earlier enteroendocrine characterization[199], subset zero from esg®/+ and
subset two from esg®/D30A expressed Tk and Dh31 (Fig. 4.11C-D). Likewise, subset three from
esg®/+ and subset one from esg®/D30A had enriched expression of NPF and partial expression of
Gpb5 and CCAP (Fig. 4.11C-D). In contrast, we did not detect a counterpart for subset zero from
esg®/D30A in esg'®/+ controls and observed minimal conservation of expression profiles from esg®/+
subset one, two and four in esg®/D30A (Fig. 4.11C-D). These expression profiles suggest functional

differences in enteroendocrine cells between genotypes.
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4.11 Progenitor-specific IMD perturbs the generation of enteroendocrine cells. (A-B) t-
distributed stochastic neighbor embedding (tSNE) plot of enteroendocrine cell subsets in esg®/+
and esg®/D30A intestines. (C-D) Heatmap showing relative expression of peptide hormones in each
enteroendocrine subset. Same colored column bars indicate conservation of peptide hormones
across esg®/+ and esg®/D30A clusters. (E) Quantification of the percentage of enteroendocrine cells
that express the indicated number of different peptide hormones in each genotype. (F)
Quantification of the percentage of enteroendocrine cells that express the indicate peptide hormone
in each genotype. (G) Quantification of the log2 fold change (log2FC) of peptide hormones in whole
intestines comparing the esg®/D30A to esg®/+. Sequences obtained by bulk-seq of intestinal tissues.
Asterisks indicate significantly altered genes p < 0.05 upon IMD inactivation. (H) Images of esg®/+
and esg®/D30A after 10 days of IMD inactivation. Prospero labels enteroendocrine cells (red), GFP
labels progenitors (green) and Hoescht labels DNA (blue). Scale bars 25um. (I) Percentage of nuclei
that are positive for the enteroendocrine marker prospero after 10 days of progenitor-specific IMD
inactivation. Esg®/+ (n=20) and esg®/D30A (n=21) significance found using Students t test. Panels

A-G were done by Minjeong Shin.

We then classified enteroendocrine cells based on the number of hormone peptides they
express and observed further differences between esg/+ and esg®/D30A intestines. Upon IMD
inhibition, fewer enteroendocrine cells expressed zero or one peptide, and a greater proportion
expressed two or more peptides than wild-type controls (Fig. 4.11E). In addition, for thirteen out of
the fourteen peptides examined, a greater proportion of the enteroendocrine cells from esg®/D30A
expressed the respective peptide than esg®/+ (Fig. 4.11F). Together this indicates that inhibition of
IMD in progenitors generates enteroendocrine cells with enhanced peptide expression. To directly
test the effects of IMD inhibition on peptide expression levels throughout the intestine we performed
bulk RNA-seq on whole dissected intestines from esg®/+ and esg®/D30A. With the exception of ITP
and Gbp5, blocking IMD increased the expression of the remaining twelve peptides throughout the
intestine confirming a role of progenitor-specific IMD in the expression of peptide hormones (Fig.
4.11Q). Finally, | quantified the number of enteroendocrine cells in the posterior midguts of esg®/+
and esg®/D30A by staining for the enteroendocrine cell marker prospero (Fig. 4.11H). Inhibition of

IMD decreased the proportion of enteroendocrine cells by approximately 20% compared to controls
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(Fig. 4.111). Together, our results show that inhibition of IMD in progenitors disrupts peptide
hormone patterns in mature enteroendocrine cells, decreases the amount of total enteroendocrine
cells and increases the expression of most peptides, suggesting progenitor-specific IMD is required

for the proper development of enteroendocrine cell lineages.

4.3 Conclusions

Intestinal immune activity regulates the actions of intestinal progenitor cells. For instance,
TLR activity in the intestinal epithelium of mice promotes progenitor proliferation and differentiation
and in humans, chronic immune activation is associated with the development of colorectal
cancer[2,195]. However, it is unclear whether immune pathways act directly within progenitors to
alter intestinal homeostasis and disease. | used Drosophila to determine the role of the IMD pathway
in progenitors in the context of homeostasis, ageing and tumorigenesis. | found that IMD pathway
components are enriched in intestinal progenitor cells and upon chronic activation of the IMD
pathway in progenitors, intestines become hyperproliferative and dysplastic. In addition, IMD
activation results in the perturbation of Notch pathway genes resulting in increased levels of
enteroendocrine cell differentiation. Together this suggests that IMD activation in progenitors
promotes their division and secretory lineage specification.

Given the role of progenitor-specific IMD on proliferation and Notch pathway genes | asked
whether IMD activation impacts the growth of Notch-deficient tumors in the intestine. As the
microbiome promotes tumorigenesis, | hypothesized that immune activation induces tumor growth.
Indeed, IMD activation caused extensive tumorigenesis in Notch-deficient intestines, even in the
absence of a microbiome. These data indicate that hyperactivation of the IMD pathway specifically
in progenitors is sufficient to promote tumor growth.

To determine whether basal levels of IMD activity in progenitors governs intestinal
homeostasis we blocked IMD activity in progenitors and monitored progenitor identity, proliferation,
and differentiation. Inhibition of IMD resulted in fewer stem cells, progenitors and mitoses in aged
flies, indicative of a central role for immune signaling in the regulation of progenitor cell function. In
addition to growth defects, IMD inhibition in progenitors resulted in perturbed expression patterns
of genes involved in differentiation and maturation of mature epithelial cell types. In agreement with

this, IMD inhibition lead to increased levels of enteroblasts at the expense of enteroendocrine cell
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numbers. Together this suggests that basal levels of IMD are required to promote intestinal
proliferation upon age and for the proper differentiation and maturation of enteroendocrine lineages
(Fig. 2.12). However, if immune pathways become hyperactive, this can lead to intestinal hyperplasia
and exacerbation of tumorigenesis (Fig. 2.12). Therefore, a regulated balance of immune activity is
required in progenitor cells to allow for homeostatic differentiation and proliferation while limiting

hyperplastic and tumorigenic disease.

Figure 4.12 IMD in progenitors promotes enteroendocrine differentiation, ISC division,
hyperplasia and tumorigenesis. Basal levels of IMD are required in intestinal progenitors for the
proper differentiation and maturation of enteroendocrine (EE) cells. Basal IMD in ISCs promotes age-
dependent increases in intestinal proliferation. Upon hyperactivation of IMD (IMDCA) in progenitors,
intestines become hyperplastic with increased levels of enteroendocrine cells and progenitors. In the

context of Notch-deficient intestines, IMD activation exacerbates tumor growth.
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Chapter 5

The NF-B transcription factor Relish acts in stem cells to regulate

intestinal repair

Data in this chapter have yet to be published but is deposited online in preprint form:
o Ferguson, M., Shin, M., & Foley, E. (2022). Relish/NF-kB acts in intestinal stem cells to
promote epithelial repair in Drosophila. Biorxiv

doi: https://doi.org/10.1101/2022.09.29.510182.
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5.1 Summary

Intestinal stem cells (ISCs) divide and differentiate in response to intestinal damage to replace
dying cells and maintain an effective epithelial barrier[1]. Immune pathways modify how the
epithelium responds to extrinsic stress and immune perturbation alters the effectiveness of epithelial
repair. For example, mice mutant for TLRs have defective intestinal repair and are more susceptible
to colitis like disease[2,112,129,130]. Despite the importance of immune activity in intestinal repair,
we know little about ISC-intrinsic requirements for immune signals to protect the epithelium against
acute insults. As ISCs are critical for epithelial maintenance it is important we understand the extent
to which immune signals act within ISCs to directly impact their function.

To determine the role of immune signals in ISCs during intestinal repair | analyzed the
intestinal response to the damaging agent dextran sodium sulfate (DSS) upon ISC-specific
perturbation of the NF-«B family transcription factor Relish. DSS is commonly used in mice to model
colitis and in flies, DSS damages the intestine and elicits a proliferative response from ISCs to repair
the injury[55,73,200-203]. | discovered that damage response pathways activate NF-xB in ISCs,
leading to Ras-dependent promotion of ISC survival and enhanced generation of enteroblasts poised
to replace dead and dying enterocytes. Targeted inactivation of NF-kB in ISCs caused death of
damaged ISCs and their progeny, resulting in a failure to produce enterocyte precursors,
compensatory ISC hyperproliferation, and enhanced lethality in response to damage. This work
expands our appreciation of how immune signals alter epithelial maintenance and highlight an

intrinsic requirement for NF-«B in ISCs where it promotes cell survival and effective repair.

5.2.1 ISC-specific NF-«B restricts proliferation upon damage

As my results from chapter 4 implicate progenitor-specific NF-kB in ISC proliferation, |
determined the consequences of compromised progenitor cell immunity for epithelial responses to
acute damage. To do this, | used the esg® driver that allows for temperature specific induction of
transgenes in progenitors alongside GFP expression. Specifically, | characterized progenitor
dynamics in esg®/relfN" and control esg®/+ flies that | fed dextran sodium sulfate (DSS), a toxic
polysaccharide that disrupts the epithelium, promoting a compensatory burst of ISC divisions.
Specifically, DSS damages the basement membrane in the fly intestine and provokes ISC divisions

through growth modulators such as Hippo, Myc and Sox21a [55,73,201-203]. Progenitor-restricted
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inactivation of rel had no visible effect on intestinal physiology in unchallenged, ten-day-old flies (Fig.
5.1A). Unchallenged flies had regularly spaced nuclei interspersed with progenitors independent of
relish knockdown. This suggests that progenitor-specific Relish has little effect on intestinal
physiology in young unchallenged flies. DSS caused damage to esg®/+ midguts (Figure 5.1B),
leading to extra divisions (Fig. 5.1E) that increased ISC and progenitor numbers throughout the
posterior midgut (Fig. 5.1C-D). | observed similar amounts of epithelial damage (Fig. 5.1B), and
expansion of ISC and progenitor populations (Fig. 5.1C-D) in DSS-treated esg®/relfNA guts. However,
| also uncovered a distinct effect of rel inactivation on damage-dependent proliferation. Specifically,
| found that depletion of rel from progenitors nearly doubled the mitotic activity of ISCs in flies
challenged with DSS compared to wild-type controls (Fig. 5.1E). Notably, progenitor-specific loss of
rel also significantly increased the frequency of ISC proliferation in flies orally challenged with the
enteric pathogen Ecc15 (Fig. 5.1F), indicating a general requirement for NF-xB to regulate ISC
proliferation after ingestion of harmful agents.

To identify the exact progenitor cell type where NF-kB acts to control damage-dependent
growth, | knocked down rel exclusively in ISCs (ISCt/relfNA) or enteroblasts (Su(H)*/relf*) and
measured DSS-mediated ISC proliferation. Like progenitor-wide knockdown, ISC-specific loss of rel
(Fig. 5.2A), or the IKKy ortholog key (Fig. 5.2B) increased mitoses in response to DSS compared to
wild-type controls, demonstrating an ISC-autonomous role for IKK/NF-kB activity in damage-
responsive proliferation. Supporting a direct role for rel in the control of ISC proliferation, | also
found that ISC-restricted expression of a constitutively active rel variant (relVP16) was sufficient to
prevent DSS-responsive proliferation (Fig. 5.2C). In contrast, rel depletion from enteroblasts failed
to increase ISC proliferation in DSS-treated flies (Fig. 5.2D), suggesting that rel acts primarily in ISCs
to regulate damage-dependent proliferation.

Since rapid, orderly epithelial repair is essential to survive acute tissue damage, | measured the
effect of ISC-specific loss of rel on survivability upon DSS exposure. Loss of rel did not affect the
short, or long-term viability of unchallenged flies (Fig. 5.2E-F). However, depletion of rel from ISCs
significantly impaired the ability of flies to survive ingestion of DSS (Fig. 5.2E), confirming an essential

role for Relish in ISC responses to damaging agents.
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Figure 5.1 Progenitor-specific NF-kB depletion increases ISC divisions in response to acute
damage. (A) Images of unchallenged esg®/+ and esg®/rel™N intestines. (B) Images of esg®/+ and
esg®/relfNA intestines challenged with DSS for 48hrs. DNA stained with Hoeschst (cyan), esg+
progenitors (yellow) and Delta+ ISCs (magenta). Scale bars = 15um. (C) Proportion of nuclei that are
esg+ progenitors upon DSS challenge and progenitor-specific rel knockdown. (D) Proportion of
nuclei that are Delta+ ISCs upon DSS challenge and progenitor-specific rel knockdown. (E) PH3+
cells per midgut upon DSS challenge and progenitor-specific rel knockdown. (F) PH3+ cells per

midgut upon challenge with the pathogen Ecc15 and progenitor-specific rel knockdown.
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Significance for C-E found by ANOVA followed by multiple pairwise Tukey tests. Significance for F

found using Students t test. Different letters denote significance of p < 0.05.
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Figure 5.2 ISC-specific NF-kB restricts proliferation upon damage. (A) PH3+ cells per midgut upon
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(E) Lifespan of wild-type esg®/+ flies and those with progenitor-specific rel knockdown (esgt/relfN4).
(F) Survival of flies upon 10% DSS challenge and ISC-specific rel knockdown. Significance for A, C-D
found using ANOVA followed by multiple pairwise Tukey tests. Significance for B found using

Student t test. Significance for E-F found using log rank test.

5.2.2 ISC-specific NF-«xB is required for enterocyte renewal upon damage

To understand how NF-«xB regulates stem cell proliferation in times of acute tissue damage, |
analyzed RNA abyndance from individual cells from midguts dissected from unchallenged, or DSS-
treated, ISCs/+ and ISC®/rel™4i flies. Specifically, flies were raised in the presence or absence of DSS
for 48 hours prior to dissection, mechanical disruption of intestinal tissue, and preparation of cell
suspension. Cells were assessed for viability, used to generate single cell libraries and sent for
sequencing. Single cell transcriptomes were filtered based on RNA counts and mitochondrial reads
to remove cell doublets and dead cells. | selected the ISC* driver line for this experiment, as it
permits inactivation of rel exclusively in ISCs, while marking ISCs with YFP. As a result, | was able to
resolve the impacts of ISC-restricted rel inactivation on all intestinal cell types, including the stem
cell. In agreement with Figures 5.1 and 5.2, transcriptional states within unchallenged ten-day-old
ISCE/+ and ISC5/rel*NA" midguts were broadly similar. In both instances, | identified approximately
equal ratios of progenitor, enteroendocrine, and enterocyte lineages, as well as specialist acid-
producing copper and large flat cells that produce IMD pathway inhibitors in the middle midgut (Fig.
5.3A-B). | also discovered a transcriptionally distinct cell population that expressed classical
progenitor markers such as esg and E(spl)m3-HLH, alongside enterocyte markers such as the trypsin
family of proteases (Fig. 5.3B, 5.4A). In each case, marker expression was at an intermediary level
between that seen in progenitors and enterocytes (Fig. 5.4B-C), suggesting that these cells represent
a transition state between undifferentiated progenitors and mature enterocytes. Therefore, | have

labeled these cells premature enterocytes (preECs).
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Figure 5.3 Single-cell RNA sequencing of intestines upon damage and ISC-specific NF-xB
depletion. (A) UMAP plots from integrated transcriptomic single cell data from ISC*/+ and
ISC=/relfNA intestines unchallenged (UC) or challenged with DSS. preEC = premature enterocytes,
EC = enterocytes (aEC anterior, mEC middle, pEC posterior), EE = enteroendocrine cells, LFC =
large flat cells, copper = copper cells. (B) Dotplot of markers genes for the clusters from the 4-way
integrated data in A. Size of the dot represents the proportion of cells within that cluster that express

the indicated gene. Dot color indicates average expression of that gene per cluster.
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Figure 5.4 Premature enterocytes are an intermediate cell state between progenitors and
enterocytes. (A) Violin plots showing expression of anterior (betaTry), middle (thetaTry) and
posterior (iotaTry) enterocyte markers across cell clusters showing enrichment of markers in preECs.
(B) Direct comparison of gene expression between preECs and progenitors or preECs and

enterocytes. All genes shown are p < 0.05. (C) Average normalized expression of selected genes
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across developmental cell states from progenitors to preECs to enterocytes. Green lines are

progenitor markers and purple lines are enterocyte markers.

In the absence of an extrinsic insult, preECs accounted for roughly 6% of all profiled cells in
ISC®/+ midguts and 12% of all profiled cells in ISCt/relfN midguts (Fig. 5.5A). Consistent with the
extensive tissue renewal required to survive epithelial damage, ingestion of DSS caused a massive
spike of preEC numbers in ISC*/+ flies. After 48h, 74% of all profiled cells in DSS-treated ISC'/+
guts expressed preEC markers, indicating accumulation of cells poised to replace dead and dying
enterocytes (Fig. 5.5A). Notably, depletion of rel in stem cells resulted in an apparent failure to
accumulate cells that expressed preEC markers. In marked contrast to midguts of ISC*/+ flies, only
6% of all profiled cells from DSS-treated ISCt/relfNA" midguts expressed preEC markers (Fig. 5.5A),
suggesting a possible failure of rel-deficient ISCs to generate preECs in response to damage.

My initial results established that DSS caused a greater proliferative response in rel-deficient ISCs
than wild-type counterparts (Fig. 5.1-5.2). However, my transcriptional data indicated an apparent
absence of preECs, prompting me to ask if the hyperproliferation observed in DSS-challenged, rel-
deficient ISCs productively contributes to epithelial renewal. To address this question, | measured
cell death and enteroblast numbers in midguts of flies that | challenged with DSS. To assess
apoptosis, | stained DSS-treated ISC®/+ and ISCt/relf" midguts with TUNEL and found that
depletion of rel from ISCs significantly increased the amounts of TUNEL+ ISCs and epithelial cells
(Fig. 5.5B), indicating that rel activity in ISCs supports intestinal epithelial cell viability.

Under normal conditions, ingestion of DSS prompts the accumulation of enteroblasts as the gut
initiates proliferative responses that replenish dying enterocytes[202]. The absence of cells that
express preEC markers upon ISC-specific rel knockdown prompted me to ask whether rel-deficient
ISCs generated enteroblasts upon damage. To quantify enteroblast numbers in response to damage
| used the esg® UAS-CFP, Su(H)-GFP/relf"A line to mark enteroblasts with CFP and GFP while
depleting rel from progenitors. | found that progenitor-specific loss of rel significantly reduced the
number of enteroblasts upon DSS exposure when compared to wild-type controls (Fig. 4.5C-D).
Taken together, my data show that NF-kB-deficient ISCs are more prone to cell death and are

impaired in their ability to generate enteroblasts and renew the intestine after exposure to DSS.
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Figure 5.5 ISC-specific NF-xB is required for enterocyte renewal upon damage. (A) Cells per
cluster as a proportion of total epithelial cells upon DSS challenge and ISC-specific rel knockdown.
Significance found using chi squared followed by pairwise proportions tests. (B) Proportion of TUNEL
positive cells within the YFP+ ISCs or YFP- non-ISC epithelial cells upon DSS challenge and ISC-
specific rel knockdown. (C) Images of SuH+ enteroblasts upon DSS challenge and progenitor-specific
rel knockdown. Scale bars = 25um. (D) Number of SuH+ enteroblasts per area of the intestine upon

DSS and progenitor-specific rel knockdown. Significance for B and D found using Students t test.

5.2.3 ISC-specific NF-xB alters Hippo and EGF/Ras pathway expression in response to damage

To resolve the mechanistic basis for NF-kB-dependent control of epithelial proliferative
responses to damage, | compared the transcriptional responses of ISCt/+ and ISCt/relfN" midguts
to DSS. First, | established cell-type specific transcriptional responses of a wild-type intestine to
damage by identifying differentially expressed genes in an integrated data set generated from
expression profiles of unchallenged and DSS-treated wild-type ISC'/+ midguts. As expected, DSS
ingestion resulted in lineage-specific impacts on expression of numerous genes involved in growth,
differentiation, and cell migration (Fig. 5.6A). In particular, progenitors responded to DSS with

decreased expression of Notch targets and increased expression of EGF, Hippo, JNK, and JAK-STAT
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regulators, central elements of the proliferative epithelial repair pathway (Fig. 3.6B)[1]. Notably, DSS

treatment also elevated expression of the Relish targets pirk and PGRP-SC2 in progenitors (Fig.

3.6B), confirming that damage activates NF-kB in progenitors.
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Figure 5.6 Wild-type intestines activate growth and stress response throughout the epithelium
upon damage. (A) Biological process GO terms significantly altered in cell clusters from wild-type
(ISC*/+) intestines in response to DSS challenge. Size of the dot represents the enrichment score for
that GO term and the color of the dot represents the p value. (B) Specific genes differentially

expressed in wild-type progenitors and YFP+ ISCs in response to DSS challenge. All genes shown

are p <0.05.
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To determine how ISC-specific loss of NF-xB affects the gut response to damage, | then
compared gene expression in DSS-treated ISCt/+ and ISC®/relfMi single-cell transcriptomes. Among
progenitors, ISC-specific loss of rel significantly affected DSS-dependent expression of genes
required for cell migration, differentiation, and stem cell proliferation (Fig. 5.7A). Conversely, loss of
rel in ISCs primarily impacted DSS-dependent expression of genes linked with metabolism in
enteroendocrine cells and enterocytes (Fig. 5.7A). This indicates that ISC-specific NF-kB knockdown
primarily alters epithelial renewal in a cell-autonomous fashion, although | did find evidence that
blocking rel in ISCs affects certain immune and growth genes in other intestinal cell types, including
the Hippo pathway in copper cells (Fig. 5.8). A more detailed comparison of wild-type and rel-
deficient progenitor transcriptomes showed that NF-xB depletion decreased expression of relish
and its target genes, confirming successful knockdown of rel (Fig. 5.7B). In addition to effects on
immune response regulators, NF-kB knockdown altered expression of multiple Hippo and EGF/Ras
regulators in progenitors, including the EGF inhibitor sprouty (sty), the signaling regulator Star (S),
and the EGF/Ras-responsive transcription factor pointed (pnt) (Fig. 5.7B), suggesting possible links

between NF-kB and EGF/Ras signaling in progenitors.
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Figure 5.7 ISC-specific NF-xB alters Hippo and EGF/Ras pathway expression in response to
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5.2.4 Ras acts downstream of NF-kB in ISCs to regulate intestinal repair

EGF/Ras controls proliferation, differentiation, and survival in progenitors[23,31,75,192].
Therefore, | asked if Ras acts downstream of NF-kB in the control of stem cell proliferation. To
determine if NF-kB impacts Ras activity | first visualized phosphorylated ERK (pERK) in DSS-treated
ISC®/+ and ISC®/relfNA" midguts as a measure of Ras activation (Fig. 5.9A,B). With DSS exposure
~40% of wild-type ISCs are pERK+, however, this decreases to ~5% upon ISC-specific rel-depletion
(Fig. 5.9D), suggesting that NF-kB is necessary for Ras activation in ISCs upon damage.

Next, | asked whether inhibition of Ras alone alters proliferation in response to DSS. Consistent
with earlier reports[31,75,204], progenitor-wide inhibition of Ras (RasN17/+;esg®/+) blocked mitosis
upon DSS exposure (Fig. 5.9E). However, inactivation of Ras in ISCs (RasN17/+;ISC*/+, Fig. 5.9C)
increased proliferation in response to DSS when compared to wild-type intestines (Fig. 5.9F), a
phenotype similar to ISC-specific rel depletion. In addition, and similar to the consequences of rel
depletion, ISC-specific inactivation of Ras increased the number of apoptotic cells in intestines of
DSS-treated flies (Fig. 5.9G), suggesting that Ras may act downstream of Relish in ISCs to control
epithelial viability and proliferation responses to DSS.

Since relish knockdown prevented Ras activation, and ISC-specific Ras inhibition phenocopies
several aspects of Relish depletion, | next asked if Ras acts downstream of NF-«B in the context of
damage. To determine the relationship between NF-kB and Ras in ISCs | knocked down rel and
activated Ras concurrently in ISCs of flies that | challenged with DSS (ISC,relfNA/+;RasV12/+). Ras
activation alone in ISCs had no effect on the number of cells undergoing apoptosis or mitosis upon
DSS exposure (Fig. 5.9H-1). Conversely, ISC-specific depletion of rel increased the numbers of
apoptotic cells and promoted proliferation in response to DSS (Fig. 5.9H-I). Interestingly, when |
activated Ras in rel-deficient ISCs the apoptotic and hyperproliferative phenotype associated with
rel knockdown was rescued, and instead, these intestines matched the levels of apoptosis and
mitoses in a wild-type fly (Fig. 5.9H-I). Together these results indicate that NF-kB acts in ISCs to
promote cell survival by activating the Ras pathway. In the absence of Relish, Ras activity is
diminished which induces apoptosis and provokes ISCs to divide excessively to compensate for the

lack of effective repair.
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Figure 5.9 Ras acts downstream of NF-«B in ISCs to regulate intestinal repair. (A-C) Images of
wild-type ISCt/+ (A), ISC-specific rel knockdown (ISC®/relf4) (B) and ISC-specific Ras inhibition
(RasN17/+;ISC/+) after DSS treatment. DNA labelled by Hoescht (cyan), YFP+ ISCs (yellow) and
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pPERK (magenta) to monitor Ras activation. Scale bars = 25um. (D) Proportion of YFP+ ISCs that are
PERK positive upon DSS challenge and ISC-specific rel knockdown. (E) PH3+ cells per midgut upon
DSS challenge and progenitor-specific Ras inhibition (RasN17/+;esg®/+). (F) PH3+ cells per midgut
upon DSS challenge and ISC-specific Ras inhibition. (G) TUNEL+ cells per nuclei in posterior midguts
upon DSS challenge and ISC-specific Ras inhibition. (H) TUNEL+ cells per nuclei in posterior midguts
upon DSS challenge and ISC-specific rel knockdown (ISC,relfN4/+) and Ras activation
(ISC®/+;RasV12/+) alone or in conjunction (ISC¥,relfN4i/+;RasV12/+). (I) PH3+ cells per midgut upon
DSS challenge and ISC-specific rel knockdown and Ras activation alone or in conjunction.
Significance found for D-G using Students t test. Significance for H-l found using ANOVA followed

by multiple pairwise Tukey tests.

5.3 Conclusions

Intestinal stem cells adapt their physiology in response to immune signals. For example,
pattern recognition receptors act within the intestinal epithelium to modify ISC survival and
proliferation in times of acute stress[170,171]. This highlights the importance of immune activity in
ISC function. However, since the intestine is a heterologous tissue comprised of multiple specialist
cell types it is important to accurately resolve the contributions of ISC-specific immune activity on
gut function. As ISCs are essential for intestinal maintenance it is important we understand the
contributions of ISC-intrinsic immune function in response to intestinal damage.

To examine links between ISC immunity and intestinal repair | depleted the IKK/NF-xB
orthologs kenny and relish and monitored repair dynamics upon exposure to DSS. Using a
combination of imaging, genetics and single-cell transcriptomics | uncovered an essential role for
Relish in ISCs in regulating ISC survival and subsequent epithelial maintenance and proliferation. |
found that ISC restricted loss of rel resulted in extensive stress dependent cell death throughout the
epithelium and impaired the generation of premature enteroblasts poised to replace damaged and
dying enterocytes. Lack of effective repair upon loss of rel results in compensatory ISC
hyperproliferation and fly lethality. Mechanistically my data implicate Ras/ERK as a key mediator of
Rel-dependent ISC viability. Loss of Ras activity phenocopies the survival and proliferative defects
seen with loss of rel in ISCs. Furthermore, activation of Ras in ISCs rescued the hyperproliferative

defect and cell lethality seen with rel depletion alone. Together, these observations suggest that
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epithelial stress activates NF-«xB in ISCs, leading to Ras/ERK activation, which promotes the viability
of ISCs and their progeny, permitting the adequate generation of premature enterocytes and
epithelial repair (Fig. 5.10). In the absence of rel, Ras/ERK activity is abolished, leading to cell death,
ineffective repair, compensatory hyperproliferation and fly lethality (Fig. 5.10). This work deepens
our understanding of how immune signals alter ISC function and highlights the importance of

regulated immune activity for effective intestinal repair.

- [
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Figure 5.10 The NF-kB transcription factor Relish acts in stem cells to regulate intestinal repair.
In wild-type ISCs, damage activates Relish which leads to Ras activation and promotes cell survival.
ISCs and their progeny receive survival signals and effectively repair the intestine. Upon Relish
depletion, Ras activity declines leading to excess apoptosis of ISCs and their progeny. Apoptotic

cells send cues to ISCs to divide leading to hyperproliferation, non-productive repair and fly lethality.
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Chapter 6

Discussion

This chapter contains content from the following sources:

o

Ferguson, M., Petkau, K., Shin, M., Galenza, A., Fast, D., & Foley, E. (2021). Differential
effects of commensal bacteria on progenitor cell adhesion, division symmetry and
tumorigenesis in the Drosophila intestine. Development. 148(5): 1-14

Shin, M., Ferguson, M., Willms, R. J., Jones, L. O., Petkau, K., & Foley, E. (2022). Immune

regulation of intestinal stem cell function in Drosophila. Stem Cell Reports. 17(4):741-755.
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6.1 Chapter 3 discussion

In chapter 3, entitled “Commensal bacteria modify intestinal stem cell adhesion, division
symmetry and tumorigenesis”, | identified commensal L. brevis as a potent stimulator of ISC divisions
and tumor growth. In addition, | discovered a feed forward loop where Notch-deficient tumor growth
enhances the growth of L. brevis in the intestine, which further fuels tumorigenesis. Mechanistically,
| found that L. brevis altered the expression and subcellular localization of integrins in progenitor
cells, leading to the symmetric expansion of ISCs and increased replicative capacity of the intestine.
Together this demonstrates that individual bacterial species of the microbiome can have profound

effects on ISC function.

6.1.1 Commensal bacteria and intestinal growth

Excess microbiota derived cues support the development of inflammatory diseases and
hyperplastic expansion of cells that bear oncogenic lesions[13]. To understand how the microbiome
causes progenitor dysplasia | measured growth in Drosophila intestines that were mono-associated
with common Lactobacillus commensals. L. brevis and L. plantarum were chosen for this work as they
have established roles in Drosophila intestinal homeostasis[93-96,101,205-207]. In general, my work
matches literature that defines context-dependent effects of Lactobacillus commensals on juvenile
growth, intestinal physiology and adult longevity. | identified L. brevis as a potent stimulator of
intestinal tumorigenesis. Interestingly, L. plantarum did not promote tumor growth even though it
grew to similar levels in the intestine. In support of this, L. plantarum had minimal effects on the
transcriptome of progenitors, while L. brevis had a profound impact on progenitor gene expression,
especially on genes involved in cell polarity and growth. This suggests that the strain of L. plantarum
used fails to stimulate or actively inhibits ISC division and suggests that different Lactobacillus
species have the potential to elicit opposing proliferative responses from ISCs.

It is not fully understood how the intestine distinguishes between different Lactobacillus
species, although structural differences and bacterial metabolites are strong candidates. Although
L. plantarum and L. brevis are both Gram-positive, they do have different cell wall compositions. For
instance, L. plantarum contains DAP-type peptidoglycan, known activator of the IMD pathway and
more commonly associated with Gram-negative bacteria, while L. brevis contains Lys-type

peptidoglycan, which activates systemic Toll signaling[3]. Therefore, differential activation of IMD
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and Toll may determine downstream ISC divisions. In support of this, L. brevis cell wall is sufficient
for tumor growth. However, Toll is inactive in the Drosophila intestine and the IMD target genes
PGRP-SC1a and PGRP-SC1b are highly expressed in progenitors in response to L. brevis. In addition,
Imd is required for L. brevis mediated proliferation. Therefore, it seems L. brevis stimulates the IMD
pathway and this activation is required for L. brevis-induced ISC divisions (Fig. 6.1). However, given
that L. brevis contains Lys-type peptidoglycan it is unclear how L. brevis activates IMD to elicit such
a response and whether IMD activation differs between L. brevis and L. plantarum.

In addition to peptidoglycan differences, L. brevis also differs from L. plantarum with its use
of an S-layer[208,209]. S-layers assemble at the outermost layer of the bacterial cell and form a two-
dimensional crystalline array of S-layer protein[210]. S-layers are found on Gram-positive, and Gram-
negative bacteria, including pathogens such as Clostridium difficile and Bacillus anthracis, and are
quite prevalent in archaea[210]. S-layers function to facilitate bacterial adherence, interact with
innate immune receptors such as TLR4, prevent complement binding, and resist bacteriophage
predation[211]. For instance, work on C. difficile demonstrated that its S-layer proteins induced
dendritic cell maturation and the production of TNFa in a TLR4 dependent manner[212]. This
suggests that S-layer proteins themselves modulate immune activity and are potential mediators of
immune activation in the intestine. However, it is unclear whether the S-layer of L. brevis is required
for immune modulation or ISC divisions in Drosophila.

Although the cell wall of L. brevis was sufficient for tumor growth it is possible that
differences in microbial metabolites modulate ISC division in L. brevis compared to L. plantarum. For
instance, L. brevis derived uracil promotes the generation of ROS through the enzyme Duox, a
process that damages the intestine and activates growth pathways to initiate repair[95,97-99].
Likewise, L. plantarum releases lactate which stimulates ROS production via the enzyme Nox, leading
to intestinal dysplasia[94,96,206]. Interestingly, while others have found growth promoting effects of
L. plantarum, myself and others in our lab found that L. plantarum does not promote homeostatic or
tumorigenic growth[101]. It is possible our strain of L. plantarum isolated from the fly intestine differs
from the strains used in other studies. Regardless, L. brevis and L. plantarum produce distinct sets of
metabolites capable of altering intestinal physiology, although it is unclear whether these differences

reflect tumorigenic capacities of each bacteria.
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Figure 6.1 L. brevis disrupts integrins and promotes ISC symmetric divisions. L. brevis activates
ISC divisions in an IMD-dependent manner. L. brevis may also disrupt integrins via IMD. L. brevis
mediated integrin disruption causes ISC symmetric divisions and expands the ISC pool. L. brevis

potentially alters ISC divisions through additional mechanisms.

6.1.2 Bacterial effects on integrins

To determine how L. brevis affects intestinal proliferation, | characterized mRNA levels in
midgut progenitors of flies inoculated with L. brevis. | observed significant effects of L. brevis on the
expression and subcellular localization of integrins, crucial regulators of stem cell niche interactions
and stem cell maintenance[36,44,45,213-217]. Typically, integrins accumulate at basolateral margins
on intestinal progenitors and anchor interphase progenitors to the extracellular matrix. In many
tissues, including the fly intestine, integrins organize the stem cell division plane by orienting the
mitotic spindle. Progenitors mainly divide at angles greater than 20° to the basement membrane,
leading to asymmetric divisions, after which basal daughter cells remain in the niche and retain
stemness, whereas apical daughters exit the niche and differentiate[27,193]. Approximately 20-40%
of divisions in the young adult intestine under homeostasis occur symmetrically, yielding clonal
lineages of stem cells or enteroblasts[35,37,193,194]. Over time, enteroblast clones differentiate into
mature enterocytes that eventually die. However, clonal stem cell lineages retain the capacity to
grow and establish regional dominance within the epithelium. In some cases, symmetric divisions
facilitate adaptive responses to environmental fluctuations allowing the intestinal environment to

tune proliferative needs to extrinsic factors. For instance, rapid changes in nutrient availability or
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ingestion of toxic doses of paraquat increase the frequency of symmetric divisions that expand the
stem cell pool, allowing for a rapid regenerative response[35,193]. Similarly, integrin depletion from
intestinal progenitors alters division angles, increases symmetric divisions and promotes expansion
of ISCs[36]. Therefore, L. brevis-mediated integrin depletion may be a mechanism of adaptive
growth in the intestine. Because my focus was on intestinal progenitors it is unclear whether L. brevis
also alters integrins in mature epithelial types. As integrin loss in enterocytes causes delamination
and subsequent stress-induced tumor growth[68], it is important to understand whether the actions
of L. brevis on integrins is specific to progenitors or if enterocytes are also affected.

How L. brevis disrupts integrins and promotes stem cell divisions requires clarification. As
stem cells derive cues from the surrounding epithelium to direct their growth, it is likely that mature
epithelial cells, such as enterocytes, sense L. brevis and transduce signals to ISCs to promote growth.
My transcriptional profiling of progenitors suggests that, in addition to changes in integrin
expression, L. brevis alters mRNA levels indicative of Hippo inhibition and JAK-STAT activation,
pathways known to mediate regenerative proliferation in response to intestinal damage or the
microbiome[5,6,73,74,76,203,218,219]. In addition, L. brevis activates the expression of IMD target
genes in progenitors and L. brevis fails to induce ISC divisions in imd mutants. This suggests that the
IMD pathway is required for L. brevis mediated growth. This raises the possibility that IMD impacts
integrins in the intestine. In support of this, exposure of insect cells to MAMPs upregulates integrins
in an IMD dependent manner in vitro[87]. Interestingly, changes in integrin expression and other
cytoskeletal genes in response to bacterial MAMPs is dependent on Takl and JNK, but not
Relish[87]. This suggests that IMD activation alters integrin expression through JNK. In addition, data
from chapter 4 shows that IMD inhibition in progenitors leads to increased integrin expression (Fig.
4.8E). This is in contrast to findings in vitro where IMD activation increased integrin expression,
however these discrepancies may be due to the differential requirements for integrins by stem cells
within a tissue versus cells in a dish. Nevertheless, our in vivo data suggest that IMD activity in
progenitors acts to inhibit integrin expression. Therefore, | speculate that L. brevis activates IMD to
inhibit integrin expression, leading to the symmetric expansion of ISCs (Fig. 6.1). In parallel with, or
downstream of IMD, L. brevis activates growth and stress pathways and promotes ISC divisions,
leading to intestinal proliferation and exacerbation of tumorigenesis (Fig. 6.1). However, a direct link

between L. brevis, IMD and integrins has yet to be established.
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6.1.3 Intestinal tumors and bacterial growth

Quantification of host-associated bacteria suggests that physiological disruptions associated
with Notch deficiency promote the accumulation of L. brevis in the intestine, which fuels continued
growth of Notch-deficient tumors. A similar feed-forward loop was recently described in a BMP-
deficient tumor model[61], suggesting a conserved relationship between tumor growth and
microbiota expansion in flies. My transcriptional data raise the possibility that inactivation of Notch
partially increases L. brevis loads by suppressing the expression of IMD pathway regulators (Fig. 6.2).
Along these lines, flies mutant for negative regulators of the IMD pathway have increased bacterial
abundance and intestinal hyperplasia[109]. However, given the massive increase in bacterial numbers
observed upon Notch knockdown compared with the more moderate increases observed associated
with imd mutants, | hypothesize that additional mechanisms underlie the increased L. brevis loads
seen upon Notch deficiency.

As Notch is required for proper intestinal differentiation, the mis-differentiated epithelium
upon Notch knockdown may be incapable of fully limiting bacterial accumulation in the intestine.
Notch inactivation changes the intestinal composition and possibly gene expression of differentiated
cells in the intestine[68]. Altered intestinal composition may introduce environmental niches that
allow for better bacterial growth, adherence or survivability. For instance, Notch controls the
differentiation of copper cells, specialized cells in the middle midgut that attenuate bacterial growth
by establishing a stomach-like region of low pH[22,220]. Thus, Notch-deficiency impairs the ability
of the intestine to eradicate bacteria in the copper cell region due to perturbed acidification, leading
to bacterial overgrowth (Fig. 6.2). In addition to the lack of copper cells, Notch inactivation increases
the number of enteroendocrine cells in the intestine, important producers of peptide hormones that
regulate feeding behaviour and fly metabolism[198,199]. Therefore, it is possible that the increased
abundance of enteroendocrine cells alters the metabolic profile of the intestine in such a way that
favours L. brevis growth (Fig. 6.2). Alternatively, increased numbers of enteroendocrine cells and the
increased energy demands of tumor growth in the intestine may trigger flies to eat more, thus
ingesting more bacteria from the food (Fig. 6.2). Together, | speculate that Notch-deficient intestines
are impaired in their ability to control bacterial abundance in the intestine due to a multifactorial

network of perturbed immunity and mis-differentiation of mature epithelial cells (Fig. 6.2).
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6.2 Chapter 4 discussion

In chapter 4 entitled “The IMD pathway acts in progenitors to promote intestinal
proliferation, differentiation and tumorigenesis” | characterized the role of the IMD pathway in
intestinal progenitor cells. | found that chronic activation of the IMD pathway in progenitors resulted
in intestinal hyperplasia and exacerbated Notch-deficient tumorigenesis. In addition, inhibition of
IMD in progenitors decreased proliferation and altered the differentiation and maturation of
epithelial cells, leading to decreased enteroendocrine cell numbers. Collectively, these data
highlight the importance of regulated immune signals in progenitors in the context of homeostasis

and tumorigenesis.

6.2.1 Progenitor-specific IMD promotes intestinal hyperplasia and tumorigenesis

Innate defenses mitigate threats from pathogenic bacteria but chronic inflammation is
associated with increased risk of intestinal diseases such as colorectal cancer[195]. To determine
effects of immune activation exclusively in intestinal progenitors | compared intestinal physiology of
wild-type Drosophila to those with a constitutively active IMD pathway in progenitor cells. Persistent
IMD activation in progenitors resulted in intestinal hyperplasia without a significant shift in
microbiome composition. This indicates that IMD activation promotes progenitor dysfunction
directly, not as a consequence of dysbiosis. In agreement with this, mature cells types in the intestine
produce antimicrobial peptides in response to infection but stem cells do not[25]. This indicates that

IMD does not have antimicrobial functions in progenitors, instead it modulates ISC divisions. Along
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these lines, IMD activation recapitulated certain transcriptional events that occur in response to
bacteria. For instance, conserved regulators of growth and differentiation such as JAK-STAT and
Notch pathways were perturbed upon IMD activation and similar effects have been noted in
response to both pathogenic and commensal microbes|5,6,83]. This indicates that microbes activate
IMD in progenitors to modify growth and differentiation.

Given the changes to Notch pathway components upon IMD activation | determined whether
IMD activation altered the growth of Notch-deficient tumors. Here, IMD activation exacerbated
tumorigenesis and even promoted tumor growth in flies without a microbiome. This suggests that
IMD activation in progenitors is sufficient for Notch-deficient tumorigenesis (Fig. 6.3). However, we
still do not know how IMD promotes hyperplasia and subsequent tumor growth. Our transcriptional
analysis suggests growth pathways such as Ras, Insulin, JNK, Wnt or JAK-STAT may be involved.
Data from chapter 5 suggests that Ras acts downstream of Relish in ISCs (Fig. 5.9) and given the
important role Ras has in tumor growth[77,156] is a likely candidate for future experimentation.
Regardless of the lack of mechanistic insight, these observations have important implications in the
context of intestinal ageing, immune activity and tumorigenesis. As flies age the microbiome
becomes dysbiotic and immune activity increases in the intestine[22,190]. In addition, spontaneous
accumulation of mutations at the Notch locus is linked to age-dependent development of intestinal
tumors[71]. Therefore, | speculate that age-dependent increases in IMD activity promote tumor

growth in wild-type flies.

6.2.2 Progenitor specific IMD and intestinal proliferation

Highly conserved growth pathways such as EGF, JAK-STAT and WNT direct the proliferation
of ISCs in vertebrates and invertebrates[18,19,21,30,66,121,221]. In contrast, the role of innate
immune pathways on progenitor function and epithelial homeostasis is unclear. In flies, IMD has
context dependent effects on proliferation. For instance, V. cholerae infection blocks ISC divisions
in an IMD-dependent manner while trypanosome infection induces IMD-dependent
proliferation[103,124,126]. In some cases, proliferative changes are partly due to microbiome
changes. For example, relish mutants have increased proliferation, but this change does not occur
in germ-free flies, which suggests mutation of relish alters the microbiome in such a way that

promotes proliferation[5]. However, Relish controls the expression of over 50% of the microbiome
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induces genes, including those involved in ISC divisions, and pro-growth roles for Relish have also
been elucidated[6]. Here, overexpression of the peptidoglycan receptor PGRP-LC in enterocytes
promotes ISC divisions in a Relish dependent manner[110]. Presently, we report a pro-growth role
for the IMD pathway in progenitors. Blockage of IMD or knockdown of downstream pathway
components, including Relish, in progenitors reduced intestinal proliferation in aged flies.
Interestingly, these effects are mediated through ISCs, not enteroblasts. This indicates that ISCs
respond to microbial stimuli and activate immune pathways to regulate ISC function cell
autonomously, however the mechanisms remain unclear (Fig. 6.3).

In addition to cell autonomous mechanisms for IMD-dependent ISC divisions, our data
propose that IMD impacts intestinal composition, which may indirectly alter ISC dynamics. For
example, IMD inhibition in progenitors decreases the number of enteroendocrine cells and increases
the abundance of enteroblasts. As enteroendocrine cells and enterocytes produce paracrine factors
that influence ISC fate[1,30,50,75,222,223], it is possible that the altered intestinal differentiation
upon IMD inactivation produces an intestinal landscape with perturbed growth and stress signaling.
Our transcriptional profiling also describes how IMD alters the maturation of enteroblasts and the
expression of peptide hormones in enteroendocrine cells. Together, IMD may not only alter cell
composition but also the functionality of mature cell types, with potential consequences for ISC
divisions.

In the context of ageing, IMD activity rises in the Drosophila intestine and correlates with ISC
dysfunction and hyperplastic phenotypes[22,190]. Since hyperplasia does not occur upon ISC
specific IMD inhibition it is likely that in wild-type flies, the hyperplastic phenotype associated with
age is due to increased immune activity in ISCs. However, it is unclear whether immune activity
changes specifically in ISCs over the flies lifetime. In addition, it is unknown how microbial signals
reach ISCs to modify their function. ISCs are basally located in the epithelium and do not make
frequent contact with the gut lumen and the abundance of bacterial pattern. However,
peptidoglycan is not confined to the lumen in flies or vertebrates. Peptidoglycan crosses the
epithelial barrier, even in an undamaged healthy intestine, and multiple mechanisms exist to prevent
peptidoglycan accumulation in the fly hemolymph[109,224-227]. Therefore, it is likely that passive
or active transport mechanisms allow the passage of bacterial patterns from the lumen to basally

located ISCs. Along these lines, several vertebrate TLRs have a specific apical-basal localization in
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different contexts. For instance, TLR4 is enriched apically in villi but basolaterally in crypts of the
human colon[228]. This indicates that mature epithelial cells detect MAMPs in the lumen while
progenitors detect basally located MAMPs that have crossed the epithelial barrier. Apical and basal
stimulation also leads to the activation of differential downstream effectors of TLR activation. For
example, apical stimulation of TLR? leads to JNK activation, whereas basolateral TLR9 stimulation
leads to NF-kB activation and IL-8 secretion[229]. Together this suggests that mechanisms to detect
and respond effectively to basally located MAMPs are evolutionarily conserved and these responses
may differ from the detection of apically located MAMPs. This may represent an adaptive measure
for intestines to respond effectively to invading pathogens while tolerating the commensal microbes
in the lumen.

The fly intestine has functionally specialized regions that regulate distinct aspects of
digestion and absorption. IMD pathway components and downstream targets of IMD activation are
also regionally defined. For instance, activation of IMD in the anterior midgut results in antimicrobial
peptide production, while activation in the posterior midgut results in the expression of genes that
dampen IMD signals[20,89-91]. Along these lines, loss of IMD inhibitors or overexpression of PGRP-
LC in enterocytes increases proliferation in the posterior midgut[109,110]. This suggests that
antibacterial defenses predominate in the anterior intestine while the posterior midgut is designed
to tolerate microbes and limit IMD dependent proliferation. We found that IMD inactivation in
progenitors reduced proliferation and hyperplasia in the posterior midgut, however it is unclear
whether IMD acts in progenitors from the anterior or middle midgut to control proliferation (Fig.
6.3). Since the posterior midgut is the most highly proliferative area of the intestine and IMD negative
regulators act there to restrict IMD dependent proliferation, it is likely that IMD acts mainly in ISCs
of the posterior midgut to promote growth, however further experimentation is required to elucidate

the functions of IMD in ISCs along the entire rostral-caudal axis.
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Figure 6.3 IMD in progenitors
promotes intestinal growth. IMD
promotes  ISC  divisions  under
homeostasis. Hyperactive IMD (thicker
arrows) causes intestinal hyperplasia and
promote tumor growth. Mechanism and
specifics of ISC immune activation are
unknown.

6.2.3 Progenitor-specific IMD and intestinal differentiation

Intestinal differentiation is governed by evolutionarily conserved pathways such as Notch,
and immune activity modulates Notch to alter intestinal differentiation[66,230]. For instance,
commensal bacteria stimulate enterocyte differentiation and relish mutants have decreased
expression of Notch genes[6]. This suggests that bacteria act through the IMD pathway to stimulate
Notch and promote enterocyte lineage development. In contrast to these epithelium wide
perturbations, we found that active IMD in progenitors promotes the expansion of enteroendocrine
lineages. Along these lines, IMD inhibition in progenitors leads to increased expression of Notch
pathway targets and increased numbers of enteroblasts. This suggests that IMD in progenitors
inhibits Notch to promote enteroendocrine differentiation. Interestingly, data from chapter 5 show
that knockdown of relish in progenitors has the opposite effect and instead decreases the number
of enteroblasts. In agreement, a recent study shows that relish knockdown in progenitors increases
enteroendocrine numbers in the intestine[100]. It is possible that the discrepancies between these
experiments is the mode of IMD inactivation and consequences on downstream signaling. For
instance, IMD inactivation would have downstream consequences on JNK and Relish dependent
signaling, while relish knockdown would not affect IMD-dependent JNK activation. Therefore, |
speculate that IMD-dependent JNK signaling inhibits Notch to promote enteroendocrine
differentiation while Relish signaling promotes Notch and enterocyte development (Fig. 6.4).

How IMD alters differentiation is unclear. Recent work has identified the Notch ligand Delta
as a target gene of Relish in intestinal progenitors[100]. This suggests that Relish induces the
expression of Delta on ISCs to activate Notch and promote enterocyte differentiation (Fig. 6.4). In

addition, Sox21a, a regulator of ISC division and differentiation, is also a target of Relish in
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progenitors[100]. Interestingly, the IMD antagonist Caudal alters differentiation through
Sox21a[231]. Similar to Sox21a overexpression, depletion of Caudal from intestinal progenitors leads
to an accumulation of premature enterocytes. Mechanistically, Caudal depletion in progenitors
activates the JAK-STAT pathway to increase Sox21a expression and promote Notch[231]. Since
Sox21a is a target gene of Relish and Caudal is a known repressor of Relish dependent signaling it
is possible that the effects of Caudal depletion are mediated through Relish. However, the links

between Caudal, Relish, Sox21a and differentiation require further clarification.

N

Figure 6.4 IMD in progenitors alters
EC intestinal differentiation. Relish in progenitors
activates Notch to promote enteroblast (EB)
and enterocyte (EC) differentiation potentially
via Sox21a or Delta. IMD inhibits Notch to
promote enteroendocrine (EE) differentiation

- - - potentially through JNK.

6.3 Chapter 5 discussion

In chapter 5 entitled “The NF-«B transcription factor Relish acts in stem cells to regulate
intestinal repair” | determined how Relish depletion in progenitors alters the intestinal response to
damage. | found that relish knockdown in progenitors or ISCs results in hyperproliferation in
response to DSS. Furthermore, relish depletion increased epithelial cell death and disrupted
enterocyte renewal, resulting in ineffective repair and host lethality. Mechanistically, Ras/ERK acts
downstream of Relish in ISCs to promote cell survival and repair. These observations underscore the

importance of immune signaling in ISCs for appropriate damage repair responses.

6.3.1 ISC-specific NF-kB promotes intestinal repair

Effective intestinal repair requires the coordinated activation of cellular growth, stress and
survival pathways[1]. Immune activity is known to impact intestinal repair effectiveness; however, it
is unclear whether immune activation is required specifically in ISCs to modulate repair. In mice,
germline encoded pattern recognition receptors, such as TLR4 and NOD?2, are enriched in ISCs and

modify survival and proliferation during periods of acute stress[170-172]. Similarly, | found that ISC-
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specific loss of Relish resulted in extensive stress-dependent ISC death that impaired damage-
responsive generation of premature enterocytes. The inability to replace dead and dying enterocytes
by Relish deficient ISCs provokes a hyperproliferative response in an attempt to facilitate repair,
however effective repair does not occur which leads to host lethality. Together this suggests that
NF-xB acts in ISCs to promote cell survival and the generation of premature enterocytes for effective
intestinal repair (Fig. 6.5). This is in contrast to the role of Relish in enterocytes where it promotes
cellular delamination in response to pathogenic microbes[110]. Along these lines, the AMP Defensin
promotes cell death of tumors that are sensitized by TNF, demonstrating that immune activation
alters survival dynamics of oncogenic lesions[232]. Similarly, in vertebrates, NF-kB can either
promote or inhibit apoptosis depending on the cellular context, however a pro-survival role is most
often attributed to NF-kB[233]. For instance, treatment of mouse fibroblasts and macrophages with
TNFa induces apoptosis of RelA-/- (p65 protein of the NF-kB heterodimer) but not wild-type cells,
indicative of a pro-survival role for NF-kB[234]. In addition to cell survival, Relish in progenitors alters
differentiation in Drosophila intestines. For instance, Relish depletion from progenitors decreases
enteroblasts and increases enteroendocrine numbers[100]. Therefore, it is possible that defective
enterocyte renewal upon ISC-specific Relish knockdown is due to a combination of cell death and
inadequate enterocyte differentiation (Fig. 6.5).

Interestingly, Relish can either promote or inhibit ISC divisions in different contexts. For
instance, as seen in chapter 4, progenitor-specific Relish knockdown inhibits ISC divisions during
homeostatic ageing while in chapter 5, ISC-specific Relish knockdown provokes ISC
hyperproliferation in response to acute stress. These opposing roles for Relish indicate that ISCs
must appropriately balance NF-kB activity to limit age-dependent proliferation while allowing for
effective repair responses to acute stress. Similar opposing phenotypes have been noted in the
literature. For instance, in one scenario progenitor-specific relish knockdown increased proliferation
in flies fed LB bacterial broth[124], while in a separate set of experiments relish depletion decreased
proliferation in flies fed a standard diet[126]. It is possible these discrepancies are due to differential
roles for Relish under homeostasis and during times of stress. For instance, feeding flies exclusively
LB broth results in fly mortality after approximately 6 days[102]. Therefore, a broth diet likely stresses
the intestine and activates the need for Relish in ISCs for effective repair, while on standard food

there is little damage and Relish instead promotes homeostatic proliferation.
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Together, NF-kB in ISCs promotes homeostatic and limits stress dependent proliferation,
however the mechanisms behind the differential downstream impacts of Relish on proliferation are
unclear. My data suggests that Relish acts through Ras/ERK to promote cell survival and limit
proliferation in response to acute damage, but it is unknown if Relish acts similarly through Ras/ERK
during homeostasis to control intestinal growth. In support of this, IMD activation in progenitors
results in perturbed expression of Ras signaling components in the absence of damaging chemicals
(Fig. 4.3E). In addition to Ras/ERK, | also identified robust alterations to the expression of Hippo
pathway components upon ISC-specific Relish knockdown in response to intestinal injury. Hippo is
known to act both in enterocytes and progenitors to regulate proliferation cell non-autonomously
and autonomously in response to damage[1,73,74,203,223,235]. Interestingly, EGF/Ras and JAK-
STAT pathways act downstream of Hippo in both enterocytes and progenitors to mediate
proliferative effects and the Hippo pathway transcription factor Yorkie is required in progenitors to
promote proliferation in response to DSS[73,203,219,223]. Given the alterations to the Hippo
pathway upon ISC-specific Relish depletion and the corresponding inhibition in Ras, it is possible
that Relish acts through Hippo to mediate downstream effects on Ras activation, cell survival and
repair, however further experimentation is required to determine the role of Hippo in Relish

mediated repair responses.

6.3.2 Crosstalk between NF-kB and Ras/ERK signaling in ISCs

To determine factors that act downstream of Relish in ISCs to impact intestinal repair |
compared expression of growth and stress regulators in progenitors upon DSS exposure and relish
knockdown. | found that Relish controlled the expression of multiple EGF/Ras regulators and that
Relish is required in ISCs for ERK phosphorylation in response to DSS. Interestingly, inactivation of
Ras specifically in ISCs caused hyperproliferation and increased apoptosis in response to DSS,
phenotypes similar to Relish depletion. Additionally, | found that genetic activation of Ras exclusively
in stem cells overrides the hyperproliferative and pro-apoptotic phenotype associated with Relish-
deficiency. In agreement with this, active Ras in human colorectal neoplasms correlates with
decreased levels of apoptosis suggesting that Ras activation has an evolutionarily conserved pro-
survival role in the intestinal epithelium[236,237]. From these results, | speculate that epithelial stress

engages NF-kB in ISCs, leading to Ras/ERK activation, which promotes stem cell viability, attenuates
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stem cell proliferation and permits generation of adequate premature enterocyte numbers to
protect the interior from excess damage (Fig. 6.5).

Currently, it is unclear how Relish activates Ras/ERK, or whether links between cell viability
and proliferation are correlative or causative. Epithelial cell death triggers stress dependent ISC
divisions to repair the damage and maintain barrier integrity[1]. Although cell death positively
correlated with increased ISC divisions upon Relish depletion, it is possible that divisions are a
consequence of additional ISC intrinsic alterations. For instance, Ras/ERK may directly suppress ISC
divisions instead of proliferation being a product of increased cell death, however further
investigation is required to determine the exact role of Ras/ERK specifically in ISCs. Interestingly, Ras
and NF-«B activity have evolutionarily conserved links. In vertebrates, NF-kB acts downstream of Ras
to protect from apoptosis and potentiate proliferation[238]. Similarly, in Drosophila, activation of Ras
in wing discs and salivary glands increases the expression of IMD target genes[239]. Conversely,
infection activates Ras in intestinal progenitors where it suppresses IMD in the intestine through
expression of the negative regulator Pirk[240]. These observations indicate that Ras activity
modulates NF-kB and can either promote or suppress NF-kB dependent on the tissue or context.
However, to date there is little evidence that Ras acts downstream of NF-kB, although EGF signaling
is activated in response to immune stimulation. For instance, TLR4 is required in the intestinal
epithelium of mice to induce EGF and promote growth in response to DSS[140]. Similarly in
Drosophila, oral infection with pathogenic microbes stimulates both IMD and EGF to promote
enterocyte shedding and ISC proliferation[110] while relish mutants have decreased expression of
EGF regulators[6]. However, it remains unclear how immune activation and NF-«xB in ISCs alters
EGF/Ras/ERK in a cell autonomous fashion specifically in ISCs.

These results also raise an interesting aspect of the role of the EGF/Ras/ERK pathway in fly
midgut progenitors. My data agree with earlier reports that progenitor-wide inhibition of Ras blocks
the proliferative burst typically seen in midguts of flies exposed to noxious agents[31,75,204].
However, | found that inhibition of Ras exclusively in ISCs significantly increases the rate of damage-
responsive proliferation. These observations raise the possibility that Ras alters proliferation via
different mechanisms in ISCs and enteroblasts. Interestingly a novel role for Ras in Drosophila
enteroblasts has been recently discovered. Here, Ras activity in enteroblasts induces enteroblast

mitosis, which generates two ISCs to facilitate repair in response to pathogenic infection[241]. This
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presents the possibility that Ras acts primarily in enteroblasts to promote proliferation whereas Ras
in ISCs enhances epithelial survival upon damage. In support of the pro-survival role for Ras in
Drosophila ISCs, inactivation of EGF signaling in progenitors induces apoptosis in ISC progeny[192].
Given the importance of Ras in intestinal health it is imperative we further characterize the cell type-
specific mechanisms behind Ras-dependent cell proliferation and cell survival. Together these
observations suggest that Relish acts through Ras in ISCs to control cell survival in the face of extrinsic

insults and are key factors in effective epithelial repair.

Damage Figure 6.5 Relish acts in ISCs to promote

intestinal repair. Damage activates Relish in

ISCs via unknown mechanisms. Relish promotes

ISC division ™, 4/ enteroblast differentiation and Ras dependent
attenuation . .

\ cell survival leading to enterocyte renewal and

EB —> EF"‘:?:;’:F\QIB the attenuation of ISC divisions. Mechanisms of

Relish-dependent Ras activation are unknown.

6.4 Concluding Remarks

Intestinal stem cells govern epithelial maintenance and integrate microbial cues to dictate
their functions. Within the scope of my thesis | found that commensal bacteria have profound and
specific differential effects on ISC function and tumorigenic capacities. In addition, | found that the
IMD pathway and downstream NF-kB family transcription factor Relish act specifically in ISCs to
promote homeostatic and tumorigenic proliferation, modulate differentiation and promote cell
survival in the face of acute stress. Together this implies that bacterial components are directly
sensed by ISCs to alter their function, and that immune activity must be appropriately balanced in
ISCs to allow for proper differentiation and repair without provoking excessive growth, hyperplasia
and tumorigenesis. Given the constant environmental fluctuations the intestinal lumen is exposed
to, | argue that immune signaling in ISCs is used as an adaptive mechanism to tune cell survival,

differentiation and proliferation to the specific needs of the epithelium.
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