How Vibrio cholerae Type VI Secretion System Blocks Intestinal Epithelial Repair
By

Xinyue Xu

A thesis submitted in partial fulfillment of the requirements for the degree of
Master of Science
In

Immunology

Department of Medical Microbiology and Immunology

University of Alberta

© Xinyue Xu, 2023



Abstract

To maintain an effective barrier, intestinal epithelial progenitor cells must divide at a
rate that matches the loss of dead and dying cells. Epithelial damage during most enteric
infection accelerates cell proliferation and tissue repair via multiple stress responses.
However, infection with the causative agent of cholera, Vibrio cholerae, blocks the
proliferation of intestinal progenitor cells in a Type VI Secretion System (T6SS)-dependent
manner and therefore arrests epithelial repair in the Drosophila infection model, which
exacerbates diarrheal disease symptoms and shortens host lifespan. It is unknown how V.
cholerae circumvents such a critical antibacterial defense. Previously, our lab found that V.
cholerae T6SS enhances transcriptional expression of multiple Bone Morphogenetic Protein
(BMP) pathway components in the fly progenitor compartment. We consider this discovery
noteworthy, as BMP members of the Transforming Growth Factor-f3 (TGF-f3) cytokine family
regulate intestinal homeostasis in flies and vertebrates. In both systems, BMPs act in a
paracrine manner to inhibit progenitor proliferation and promote intestinal epithelial cell
differentiation. At present, molecular mechanisms of how V. cholerae T6SS arrest host tissue
repair remain unclear. We consider this an important question, as failure to repair damage
in intestinal epithelium exposes the host to lumenal microbes, increasing the risk of systemic
infection and chronic inflammation.

Using Drosophila, 1 demonstrated that V. cholerae infection activates the BMP
signaling specifically in intestinal progenitors in a T6SS-dependent manner. As the T6SS
mediates interactions with gut-resident bacteria, I examined the contribution of gut
commensals to T6SS-responsive BMP activation. In germ-free flies without gut microbiome,

V. cholerae infection failed to induce BMP response in progenitors or block progenitor



growth, indicating that BMP activation requires pathogen-commensal interactions. Next, |
asked if host innate immune response is involved in regulating BMP activity during V.
cholerae infection. Loss of the immune deficiency (IMD) protein ablated progenitor-specific
BMP response. Furthermore, the enterocyte-specific Relish, an NF-kB family transcription
factor in the IMD pathway, is essential for BMP activation during V. cholerae infection. Then,
[ tested if progenitor-specific BMP activation is necessary to block epithelial repair upon
infection. Without BMP activity, V. cholerae infection could no longer limit progenitor
proliferation. Mechanisticallyy, BMP in enteroblasts of the progenitor compartment
suppresses intestinal stem cell proliferation non cell autonomously. Finally, I asked if the
impacts of V. cholerae T6SS on intestinal epithelial renewal apply to vertebrate hosts. Using
the zebrafish model, I found that V. cholerae T6SS promotes damage, blocks proliferation,
and induces TGF-B/BMP activation in the intestine, indicating an evolutionarily conserved
link between infection, BMP, and failure in tissue repair. Combined, the findings in this thesis
highlight how pathogen-commensal interactions engage host immune response and growth

regulatory pathways to disrupt intestinal epithelial repair.
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Chapter 1

Introduction



1.1 The intestinal epithelium

1.1.1 The Drosophila intestine

Gut anatomy: The gut of vinegar fly, Drosophila melanogaster, shares fundamental
similarities with the human gastrointestinal tract in both structure and function, which
makes it a useful model for studying intestinal homeostasis and disease. The fly gut
comprises three different domains, namely the foregut, midgut, and hindgut (1). The foregut
contains the crop for storing food, pharynx, and esophagus. The cardia located at the
foregut/midgut junction regulates food passage into the midgut. The midgut is the largest
part and the main site of digestion and absorption, which is divided into five regions (R1-R5)
with distinct morphology and function (2). The anterior midgut (R1 and R2) is enriched in
enzymes for the processing of lipids and proteins (2). The middle midgut (R3) contains
copper cells that secrete acid, which are functionally comparable to the vertebrate gastric
parietal cells (3). The posterior midgut (R4 and R5) is highly proliferative and functionally
analogous to the mammalian small intestine. Similar to the human large intestine, the
hindgut regulates absorption of water and ions and controls the passage of gut content out
of the body (4).

Intestinal epithelial cell composition: The fly gut is a pseudostratified epithelium
composed of cell types equivalent to the vertebrate intestine. In both fly and vertebrate,
multipotent intestinal stem cells (ISCs) proliferate and differentiate to self-renew and
generate transient cell types that further mature into absorptive and secretory lineages
(Figures 1.1 A-D)(2,5-10). In the fly gut, ISCs express the Notch ligand Delta and generate a
post-mitotic transient cell type enteroblast (EBs) (Figures 1.1C and 1.1F). ISCs and EBs are
collectively referred to as intestinal progenitor cells, characterized by expression of
transcription factor escargot (esg) (Figures 1.1E and 1.1F). EBs express the transcription
factor Suppressor-of-hairless (Su(H)) and further differentiate into MyosinIA (MyolA)-
expressing absorptive enterocytes (ECs), which undergo several rounds of endoduplication
to achieve the characteristic polyploid nuclei and large size (Figures 1.1E and 1.1F). Large
columnar ECs make up ~70% of the epithelial cells and extend an apical microvilli brush
border to facilitate nutrient uptake. Secretory enteroendocrine (EE) cells express the neuro-

endocrine marker Prospero (Pros) and secrete peptide hormones and digestive enzymes



into distal tissues and lumen (Figure 1.1E)(11). A chitinous layer called the peritrophic
matrix functions similarly to vertebrate mucus to protect intestinal epithelial cells from
environmental insults (Figure 1.1D)(12). Moreover, the fly midgut is surrounded by visceral
muscles, serving as a dynamic niche and secreting ligands of multiple signaling pathways,

which are essential to epithelial cell functions (13-16).
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Figure 1.1 Comparison of intestinal epithelial structure and cellular composition in
humans and Drosophila. (A) The human intestinal epithelial cells differentiated from
intestinal stem cells that give rise to progenitors, which further mature into different
absorptive and secretory lineages. Dashed arrows indicate tentative lineages. (B) The human
small intestine is organized into villi and crypts, possesses gut-associated lymphoid tissue
(GALT), and limits microbial contact with a mucus layer. (C) The Drosophila intestinal stem
cell generates an absorptive and a secretory lineage. (D) The intestinal epithelium in the fly
is a pseudostratified monolayer that limits contact with microbes with the peritrophic matrix.
(E) Immunofluorescence image of posterior midgut of adult female esg® fly. esgs>GFP marks
intestinal progenitor cells (green), Prospero and Armadillo mark enteroendocrine cells and
cell borders, respectively (yellow), and Hoechst marks nuclei (blue). (F)
immunofluorescence image of posterior midgut of adult female Su(H)® fly. Su(H)s>GFP
marks enteroblasts (green), Delta (Dl) marks intestinal stem cells (magenta), and DNA is

stained by Hoechst (blue).

The immune deficiency pathway: The intestinal epithelium constantly interacts with a variety
of microbes. Therefore, the host develops immune defenses in the gut to tolerate
commensals and eliminate pathogens. Unlike vertebrates, flies lack an adaptive immune
system, and antibacterial defenses in the gut are primarily mediated by the Immune
Deficiency (IMD) pathway. IMD pathway mediates production of antimicrobial peptides and
shares extensive similarities to the vertebrate Tumor Necrosis Factor Receptor (TNFR)
signaling (Figure 1.2)(17,18). The IMD response is activated by the recognition of the
bacterial cell wall component, diaminopimelic acid (DAP) type peptidoglycan (PGN). Once
bound to DAP-PGN, PGN recognition protein (PGRP) receptors dimerize and recruit a
signaling complex composed of the adaptor protein IMD, FADD, and caspase DREDD (19,20).
Cleavage of the IMD by DREDD induces activation of TAK1 and subsequent IKK complex
activation (21). IKK in turn phosphorylates the Rel/NF-kB transcription factor Relish, which
allows DREDD-mediated cleavage and nuclear translocation of the N-terminal NF-kB-like
domain to initiate transcription of antimicrobial peptides (22-24). TAK1 also induces
activation of c-Jun N-Terminal Kinase (JNK) signaling that is mainly involved in stress

response and cytoskeletal rearrangement (25). Besides the bactericidal role of IMD, recent



work uncovered cell type-specific roles for the IMD NF-kB axis in intestinal homeostasis,
including regulation of epithelial cell proliferation and differentiation (26,27). For instance,
progenitor-specific IMD activity promotes the maturation of the secretory lineage (26,28).
In addition, activation of IMD during enteric infection promotes delamination of damaged
epithelial cells, blocks ISC proliferation, and effectively prevents barrier repair in infected
hosts (29-31). Together, these results demonstrate that IMD response is essential for

maintaining the intestinal barrier under a homeostatic condition or during infection.
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Figure 1.2 The Drosophila Immune Deficiency (IMD) pathway and vertebrate Tumor
Necrosis Factor Receptor (TNFR) pathway. Schematic representations of the (A) fly IMD
pathway and (B) vertebrate TNFR signaling. Orthologous proteins between fly and

vertebrate are identified by the same colors and shapes. Abbreviations in the IMD pathway:



DAP-PGN, diaminopimelic acid-type peptidoglycan; PGRP-LC, peptidoglycan recognition
protein LC; FADD Fas-associated death domain; DREDD, death related ced-3/Nedd2-like
caspase; IAP2, inhibitor of apoptosis 2; TAB2, TAK1-associated binding protein 2; TAK1,
TGF-beta activated kinase 1; IKK, I-kB kinase; MKK4 /7, MAP kinase kinase 4/7; JNK, c-Jun
N-terminal kinase; AP-1, adaptor protein complex 1; Rel, Relish. Abbreviations in the TNFR
pathway: RIP-1, receptor interacting protein 1; TRADD, tumor necrosis factor receptor type
1-associated DEATH domain protein; TRAF2, TNF receptor-associated factor 2; I-kB,

inhibitor of kB; NF-kB, nuclear factor-kB.

1.1.2 Intestinal epithelial repair

To maintain an effective barrier against harmful environmental agents, multipotent
ISCs divide at a pace that matches the loss of dying epithelial cells. For example, infectious
microbes frequently damage the epithelium, which induces host defenses that prompt the
expulsion of damaged cells (32-35). In response, ISCs divide at an accelerated rate to ensure
an adequate supply of mature cells to maintain barrier integrity. Epithelial repair by ISCs is
regulated by a diverse network of evolutionarily conserved signaling pathways in both flies
and vertebrates. On one hand, stress and growth responses including epidermal growth
factor receptor (EGFR), Janus kinase/signal transducer and activator of transcription (JAK-
STAT), and JNK pathways promote ISC proliferation (14,15,36-40). Diffusible EGF ligands
secreted from damaged ECs, visceral muscles, and progenitors activate the EGFR pathway in
ISCs to induce cell mitosis (14,15,36). Similarly, Unpaired 2 and 3 produced by ECs initiate
JAK-STAT signaling in ISCs to promote cell division and facilitate epithelial repair (37). On
the other hand, negative regulators like Hippo and Bone Morphogenetic Protein (BMP)
signalings play a pivotal role in balancing ISC proliferation, which prevents uncontrolled cell
growth and malignant transformation upon epithelial damage (41,42).

Impaired epithelial renewal abates barrier function, allowing lumenal microbes to
invade interstitial tissue, and promote disease (34,43). Thus, it is essential that we
understand the molecular mechanisms that regulate epithelial repair during enteric

infections.



1.2 The Bone Morphogenetic Protein (BMP) signaling in the intestine

1.2.1 The BMP/SMAD pathway

BMPs are morphogens belonging to the transforming growth factor $ (TGF- )
superfamily, which were first identified as factors critical for bone and cartilage formation.
Now BMPs are well known to be essential for a wide array of biological functions, including
dorsal-ventral patterning, regulation of immune responses, and development and
homeostasis of gastrointestinal organs (44-46). The BMP signaling pathway is conserved
and ubiquitous in animals. Compared with vertebrates, fewer representatives of each
signaling component are present in Drosophila, which simplifies the mechanistic study of the
BMP pathway (47). In both fly and vertebrates, activation of canonical BMP/SMAD signaling
begins with binding of BMP ligands to a heteromeric receptor complex composed of two type
[ and two type Il transmembrane serine-threonine kinases. The active type Il receptor then
phosphorylates the GS domain within the type [ receptor, which in turn recruits and activates
receptor-activated SMAD (R-SMAD) by phosphorylation. Phosphorylated R-SMAD then
forms a complex with common SMAD (co-SMAD), and this SMAD complex translocates to the
nucleus where it regulates gene expression with a variety of cofactors. In Drosophila, mother
against decapentaplegic (MAD) is the primary R-SMAD that transduces all BMP signals with
the co-SMAD Medea and cofactor Schnurri (47).

1.2.2 BMP signaling in intestinal development

Gut looping: Looping of the initially straight embryonic gut tube maximizes the
absorptive capacity of the gut by extending the gut length well beyond the linear length of
the organism while permitting proper placement of the lengthy intestine within the body
cavity. Throughout development, the gut tube remains attached to the body wall by the
dorsal mesentery. As these two tissues grow at different rates, the elongation of the gut tube
against the constraint of the dorsal mesentery generates mechanical forces that drive
looping (48). A recent study showed that BMP signaling directly modulates gut looping in
the chicken embryo. Specifically, BMP ligand BMP2 enriched in the dorsal mesentery
activates BMP signaling and suppresses mesentery growth, which establishes differential

elongation rates between the gut and mesentery, generating compressive forces that bend



the intestine into loops (49). Furthermore, BMP activity in the small intestine directly
regulates the tightness of loops. Overexpression of BMP2 leads to tightly coiled loops,
whereas overexpression of BMP pathway inhibitor Noggin reduces coiling in the gut (49).

Villus morphogenesis: Villi are a regular array of finger-like projections extended into
the intestinal lumen, allowing for nutrient absorption, digestion, secretion, and immune
responses. BMP signaling coordinates with the Hedgehog (Hh) pathway to induce villi
formation and development. In the mammalian intestine, villi arise as domes over condensed
clusters of mesenchymal cells (50). Epithelial Hh signaling plays a critical role in the
emergence and aggregation of the mesenchymal clusters (51). The newly formed clusters
dynamically express multiple BMP ligands (BMP2, BMP4, BMP5, BMP7) and BMP pathway
modifiers (Twsgl, Noggin, Fstll) (52). In the intestine explant, increasing BMP ligand
concentration inhibits cluster formation, whereas a complete BMP signaling inhibition
induces formation of two to three times larger and fused clusters. Consistent with ex vivo
findings, depletion of Type I BMP receptors in Hh-responsive mesenchymal cells results in
larger clusters and wide villi in vivo. Collectively, these results suggest that BMP signaling
controls distribution and patterning of villus clusters (52).

Intestinal epithelial cell differentiation: BMP signaling is essential for terminal
differentiation of multiple intestinal epithelial cell lineages. In Drosophila, BMP plays an
important role in specification of copper cells, which secrete acids to maintain the low
lumenal pH in the copper cell region of middle midgut (3). Overexpressing BMP ligand
decapentaplegic (dpp) significantly increases the number of copper cells and induces an
expansion of the copper cell region from the middle midgut into the anterior midgut.
Conversely, blocking BMP signaling in the copper cell region leads to a complete loss of
functional copper cells (16,53). In the mammalian intestine, BMP is essential for maturation
of secretory cell precursors. Compared to wild-type mice, Bmprla mutant mice show a more
than two-fold decrease in expression of factors regulating terminal differentiation of goblet
cells (54). Moreover, loss of intestinal epithelial BMP signaling leads to a significant decrease
in enteroendocrine cell number by 75% per crypt-villus axis (54). A recent study suggested
that canonical BMP signaling also regulates terminal differentiation of the absorptive cell

lineage. Individual BMPs derived from sub-epithelial mesenchymal cells activate distinct



differentiation programs in ECs, specifying EC precursors into villus tip or villus center
mature ECs (55).

Intestinal epithelial cell proliferation: BMP signaling represents one of the most
important counterforces that limits ISC expansion and, therefore, prevents
hyperproliferation of the intestinal epithelium. Mammalian ISCs reside basally in crypts as
two populations, slowly cycling, damage-resistant +4 ISCs and actively cycling columnar cells
specified by the expression of Wnt target gene Lgr5 (56). A recent study determined that
BMP restricts Lgr5* ISC self-renew. Deletion of BMP type I receptor Bmprla induces ISC
hyperproliferation under homeostatic conditions and accelerates crypt regeneration after
irradiation (57). Further studies show that BMP/SMAD signaling directly restricts the
stemness of Lgr5* ISC by repressing the expression of multiple stem cell signature genes,
which is mediated by the SMAD recruitment of histone deacetylase 1 to promoters of target
genes (57). Recent findings in Drosophila also reveal that BMP signaling impacts ISC
proliferation through a variety of different mechanisms. One group showed that BMP ligands
released from visceral muscle induced by epithelial damage inhibit ISC proliferation by
directly activating BMP signaling in ISCs (16). Another group suggested that EC-specific BMP
activity limits ISC expansion. Specifically, trachea-derived BMP ligands activate BMP
signaling in ECs, which prevents the loss of ECs upon injury. The stabilized ECs in turn
suppress ISC proliferation (53). Loss of BMP signaling in EBs induces hyperproliferation of
ISCs under normal conditions and upon infection with the entomopathogen Erwinia
carotovora carotovora 15 (Ecc15) (58). Given the pivotal role of BMP signaling in maintaining

intestinal homeostasis, abnormal BMP activity is related to many intestinal diseases.

1.2.3 BMP signaling in intestinal diseases

Juvenile polyposis syndrome (JPS): JPS is an autosomal dominant disorder with the
development of multiple hamartomatous polyps throughout the gastrointestinal tract, which
increases the risk of developing colorectal cancer. Loss of function in BMP transcription
factor SMAD4 and receptor BMPR1A account for approximately half of all JPS cases (59,60).
Mice with overexpression of BMP inhibitor Noggin in the intestinal epithelium develop JPS-
like phenotypes, including generation of new crypts, branching villi, dilated cysts filled with

mucin, and an increase in inflammatory cells (61). In another study, inactivation of bmprla
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in both intestinal epithelium and mesenchyme triggers an expansion of ISC and progenitor
populations, which eventually results in polyp growth and elevated inflammation in the
intestine, resembling human JPS (42). In contrast, deletion of bmprla solely in intestinal
epithelium did not induce polyp formation in mice (42). In Drosophila, loss of MAD, a
homolog of vertebrate SMAD4, from visceral muscle underneath epithelial cells results in
hyperplasia and tumor growth, similar to those described for JPS (16). These findings
suggest a non-cell autonomous pathological mechanism of JPS in which BMP activity in
surrounding tissues participates in tumor suppression.

Inflammatory bowel diseases (IBDs): 1BDs including ulcerative colitis and Crohn'’s
disease are intestinal disorders characterized by chronic relapsing inflammation. Several
studies have shown that BMPs play critical roles in IBD pathogenesis. BMP6 regulates iron
metabolism in the intestine by controlling the expression of hepcidin (62,63). Anemia in IBD
patients is associated with an increased hepcidin level that lowers serum iron (64). Anti-
BMP6 reagents inhibit hepcidin expression, increase serum iron levels, and alleviate
intestinal inflammation in DSS-induced colitis mice (65). In rats with trinitrobenzenesulfonic
(TNBS)-induced IBD, systematic administration of BMP7 significantly reduces expression of
pro-inflammatory cytokines, prevents intestinal fibrosis, and limits colitis formation (66).
Moreover, expression of BMP antagonists such as Grem1 and Noggin is elevated during IBD
(66,67). Interestingly, BMP7 therapy reduces Noggin levels in TNBS-induced colitis tissues
(66). These findings collectively indicate that BMP pathway components, especially BMP7
and BMP antagonists, have therapeutic potential for patients with IBD.

1.3 Vibrio cholerae disease and the type VI secretion system

1.3.1 Cholera

V. cholerae: V. cholerae, a Gram-negative bacterium belonging to the phylum
Proteobacteria and the family Vibrionaceae, is the causative agent of the disease cholera. This
bacterium is characterized by its curved rod shape with a polar flagellum for motility (68).
In the environment, V. cholerae inhabits estuarine and coastal water and exists as a free-
living bacterium or forms a biofilm on a number of abiotic and biotic surfaces (69). Algae,

copepods, shellfish, insects and fish are natural reservoirs for V. cholerae (70-74). The
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prevalence of these organisms contributes to the spread of the bacteria in endemic regions
during seasonal flooding.

The disease cholera: Cholera is caused by ingestion of V. cholerae contaminated water
or food and subsequent intestinal colonization by the pathogens. There are an estimated
three million cholera cases with 100,000 deaths annually in endemic regions around 50
countries (75,76). Symptoms of cholera range from mild gastrointestinal distress to fatal
diarrhea. Severe cholera cases are marked by up to one liter per hour of purged “rice-water”
stool with water, salt, mucus, and live pathogens (77). The diarrhea results in severe
electrolyte loss and dehydration, which then causes hypovolemia, hypoglycemia, hypotonic
shock, and eventually leads to renal and heart failure (78). Currently, the seventh pandemic
affects a wide region of our planet. Normally, rehydration and treatment with electrolytes
can reduce mortality rates from 50-70% to 0.5% (78). However, the disease is most likely to
affect people in areas impacted by conflicts and natural disasters, due to the lack of clean
water and accessible health infrastructures. From 2016 to 2018, the Yemeni civil war alone
resulted in the worst cholera outbreak in modern history with over one million suspected
cases (79). Furthermore, while antibiotics and vaccines protect from V. cholerae infection,
antibiotic-resistant strains are emerging, and current vaccines provide moderate and time-
limited protection (80). Therefore, it is essential that we develop a complete molecular
profile of the gut response to V. cholerae infection.

V. cholerae in cholera pandemics: Over more than 200 serotypes, only 01 V. cholerae
has been implicated in cholera pandemics. O1 V. cholerae are further divided into two
subgroups, classical O1 strains and El Tor strains. Classical O1 V. cholerae is hypothesized to
be responsible for the first six pandemics, which causes a more violent and brief disease,
characterized by the production of cholera toxin. El Tor strains cause the ongoing seventh
pandemic, trending into a milder and more prolonged disease course (81-83). Recent
studies revealed genotypic and phenotypic differences between these two sets of strains.
The cholera toxin protein CtxB differs by two amino acids between the classical and El Tor
variants (84). Moreover, differences in the toxin coregulated pilus (tcp) P and tcpH promoter
significantly reduce cholera toxin production in El Tor strains (84,85). El Tor V. cholera also
encodes a number of auxiliary virulence factors, including a multifunctional autoprocessing

repeats-in-toxin (MARTX) toxin, zinc metalloprotease hemagglutinin, a pore-forming
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hemolysin, and a function type VI secretion system (T6SS), which are not encoded by
classical V. cholerae and may contribute to pathogenicity differences between these two

variants (86-88).

1.3.2 The Vibrio cholerae type VI secretion system

Structure and assembly of the T6SS: The T6SS is a syringe-like protein apparatus used by
over a quarter of Gram-negative bacteria to deliver toxic effectors into a variety of
prokaryotic and eukaryotic cells (89). The T6SS is composed of a membrane complex, a
baseplate, an outer sheath, and an inner tube loaded with effectors, which extends from the
cytoplasm to the outer membrane, homologous to the T4 bacteriophage tail and spike
(Figure 1.3)(90). Assembly of the T6SS begins with the membrane complex composed of
VasD, VasF, and VasK, which spans the bacterial inner membrane to provide structural
support to the system (Figure 1.3A)(91). V. cholerae with mutation in membrane complex
proteins cannot assemble the T6SS (T6SS-deficient)(92). Next, the baseplate starts to form
in the cytoplasm, which is then recruited by the membrane complex and anchored to the
inner membrane, serving as the construction site of the tail complex (91,93,94). The tail
complex contains the inner tube formed by hemolysin coregulated protein hexamer encased
within an outer sheath made of VipA and VipB proteins (91,93,94). VgrG protein trimer
forms the tip of the inner tube, and proteins containing repeating proline-alanine-alanine-
arginine (PAAR) cap the VgrG trimer to sharpen the T6SS spike complex (91,93). VipA/B
outer sheath continues to grow until it contacts the inner membrane at the other end of the
cell (95). In response to uncharacterized signals, a rapid contraction of the outer sheath
propels the inner tube into the extracellular space, which punctures the membrane of the

target prey to deliver toxic effectors (Figure 1.3B)(96,97).
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The Vibrio cholerae type VI secretion system
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Figure 1.3 The Vibrio cholerae T6SS. Schematic representation of the (A) extended T6SS
that is assembled inside the bacterium and the (B) contracted T6SS that delivers effectors

into a target prey.

T6SS effectors: Unlike the structure of the T6SS which is highly conserved, functions
of T6SS effectors greatly vary among bacterial species and strains. All V. cholerae T6SS
effectors are either loaded onto the VgrG tip or are part of the tip proteins themselves (98).
Moreover, V. cholerae encodes immunity proteins that bind and sequester incoming effectors
to protect themselves from these toxins (99,100). Pandemic V. cholerae strains secret five

different effectors: Tsel, TseH, and VgrG3 target bacteria (100-102), VgrGl targets
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eukaryotic cells (103), and VasX targets both prokaryotic and eukaryotic cells (92).
Antibacterial effectors target conserved cellular components in Gram-negative bacteria. The
tip structural protein VgrG3 degrades peptidoglycan in the bacterial cell wall (102). TseL and
TseH with lipase and amidase activity, respectively, are loaded onto the tip and secreted
(98,100,101). Another structural protein VgrG1 targets eukaryotic cells by actin crosslinking,
which has been shown to kill amoeba and macrophages (103,104). VasX targets both
prokaryotic and eukaryotic cells by inducing pore formation in the membranes (105).
Collectively, V. cholerae T6SS effectors target a variety of prey, enhancing bacterial survival
in nature and promoting intestinal colonization in a host.

V. cholerae T6SS in the host: V. cholerae infection initiates with colonization of the host
intestinal epithelium, where the pathogens form microcolonies and start to produce other
virulence factors including cholera toxin. The anti-eukaryotic T6SS effector VgrG1 promotes
V. cholerae colonization in the infant mouse gut and zebrafish intestine (106,107).
Specifically, the actin-crosslinking domain increases contraction of the zebrafish intestine,
which expels commensal Aeromonas veronii and therefore allows V. cholerae to colonize the
gut epithelium (107). In addition to targeting host cells, V. cholerae uses T6SS to directly
outcompete other gut microbes for access to the host. T6SS-dependent killing of commensal
Escherichia coli in the infant mouse significantly increases V. cholerae number and
production of virulence factors including cholera toxin in the intestine (108). A recent study
from our lab showed that T6SS-symbiont interactions impairs epithelial repair in Drosophila
intestines upon V. cholerae infection (30). Moreover, inactivation of the T6SS or removal of
gut commensals restores epithelial renewal, attenuates intestinal damage, and extends the
host lifespan after infection (30,106,108,109). Collectively, these findings indicate that T6SS-
host-commensal interactions contribute to V. cholerae virulence. However, the underlying
molecular mechanisms of T6SS-dependent pathogenesis remain unclear, and appropriate

animal models are needed to answer these questions.
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1.4 Animal models of Vibrio cholerae infection

1.4.1 Mammalian models

The infant mouse model: The infant mouse has been used to identify the majority of V.
cholerae virulence factors such as the lipopolysaccharide O-antigen and toxin hemagglutinin
(110). Studies in the infant mouse also revealed that the V. cholerae toxin coregulated pilus
(TCP) is essential for initial colonization in the intestine (111). A more recent study using
this model has shown the importance of T6SS to V. cholerae pathogenesis in vivo, mainly
focusing on the anti-eukaryotic effectors (108). Although studies in the infant mouse have
greatly advanced our knowledge about V. cholerae infection, this model has several
limitations. First, V. cholerae infection in infant mice is asymptomatic, and, most importantly,
they do not develop the hallmark pathogen-laden diarrhea (112). Additionally, mice become
naturally immune to V. cholerae when they are five days old, so it can only be used to study
the effects of an acute but not long-term infection (113). Also, the infant mouse intestine has
an immature adaptive immune system and an underdeveloped microbiome, which hinders
the study of pathogen-host-commensal interactions (114).

The adult mouse model: The adult mouse model allows the study of auxiliary virulence
factors that appear to have no effect on infant mice. In adult mice, the three auxiliary toxins
including the MARTX toxin, a zinc metalloprotease hemagglutinin and a pore-forming
hemolysin toxin only encoded by pandemic El Tor V. cholerae are essential for prolonged
colonization in the gut (115). The fully developed immune system in adult mice also allows
the study of immune responses upon infection. Neutrophils were found to clear colonizing V.
cholerae and reduce systemic inflammation in murine guts (116). The adult mouse model
has a number of disadvantages. Like infant mice, adult mice do not develop disease
symptoms upon V. cholerae infection. Moreover, the traditional virulence factors, cholera
toxin and TCP, which cause disease in humans are dispensable for V. cholerae pathogenesis
in adult mice (115). Furthermore, manipulation of the microbiome is required prior to V.
cholerae infection, which prevents study of interactions between the pathogen and natural
gut symbionts.

The infant rabbit model: Compared to mice, the infant rabbit better models the disease

cholera by developing symptoms such as severe diarrhea and body weight loss upon V.
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cholerae infection (117). Unlike in adult mice, cholera toxin and TCP contribute to bacterial
colonization and disease symptoms in the infant rabbit (117). While a powerful model, infant
rabbits have several disadvantages. First, the protocol for V. cholerae infection is difficult. In
order to permit V. cholerae colonization in the intestine, the infant rabbit model needs to be
pretreated with cimetidine to inhibit stomach acid production (117). Like the infant mouse
model, infant rabbits cannot be used to study the long-term infection dynamics due to the
development of immunity against V. cholerae. Study of pathogen-commensal interactions is

also not an option, since the microbiome in infant rabbits is underdeveloped.

1.4.2 The zebrafish model

Zebrafish Danio rerio has emerged as a powerful vertebrate model to study V.
cholerae pathogenesis, which has a number of advantages over traditional mammalian
models. First, zebrafish are naturally colonized by Vibrio species and contribute to the spread
of pathogenic V. cholerae in the wild. V. cholerae infection in zebrafish is simply adding the
bacteria into tank water without any need for pre-treatment (118). Also, infected fish
develop a cholera-like disease hallmarked by activation of host immune responses and
pathogen-laden diarrhea (119-122). Like the mammalian intestine, the zebrafish gut
epithelium contains a complex community of secretory and absorptive cell lineages that
interact with immune-regulatory myeloid and lymphoid cells (123-126). Evolutionarily
conserved signaling pathways regulate development and cell function in fish and
mammalian intestines. Recent studies using the zebrafish model showed that the production
of auxiliary toxins promotes intestinal colonization of pandemic El Tor strains (118).
Another study in zebrafish demonstrated that T6SS increases V. cholerae colonization by
inducing intestinal expulsion of commensal bacteria (107). Furthermore, similar to the adult
mouse model, the major human V. cholerae virulence factors, TCP and cholera toxin, are not
required for zebrafish colonization, indicating an alternative mechanism of pathogenesis

(118).

1.4.3 The vinegar fly model
The vinegar fly, Drosophila melanogaster, is a powerful system to study V. cholerae

pathogenesis (127). Insects are natural V. cholerae reservoirs and contribute to pathogen
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dissemination in endemic areas (71,72). Therefore, the protocol for V. cholerae is relatively
simple in flies, which works by feeding flies V. cholerae culture during infection (128). Flies
infected with V. cholerae develop cholera-like symptoms that include epithelial breaches and
watery diarrhea laden with live pathogens (29,30,128). Like vertebrates, loss of cholera
toxin does not completely abolish V. cholerae virulence in flies, indicating that cholera toxin-
independent mechanisms contribute to pathogenesis (29,128,129). Although flies lack an
adaptive immune system, it has an intestinal innate immune system analogous to that in
vertebrates. For instance, the IMD pathway (29,31), the primary mediator of gut
antibacterial defenses, shares extensive similarities to the vertebrate TNFR response (17,18).
Furthermore, the presence of a well-characterized commensal population in the fly guts
makes it possible to study V. cholerae-commensal interactions during induction.

Flies have provided particularly valuable insights into the actions of V. cholerae
virulence factors. For example, polysaccharide-dependent biofilm formation allows V.
cholerae to colonize and persist in the fly gut (130). The CtxA component of cholera toxin
disrupts enterocyte junctions, leading to leakage, weight loss, and reduced viability (131).
Furthermore, infection with V. cholerae activates the fly IMD pathway (29,31). V. cholerae-
dependent activation of IMD contributes to pathogenesis by blocking ISC proliferation and
promoting delamination of damaged epithelial cells, effectively preventing barrier repair in
infected hosts (29-31). Recent studies using the fly model showed that T6SS-dependent
killing of commensal bacteria contributes to V. cholerae virulence, as inactivation of the T6SS
or removal of gut commensals restores epithelial renewal, attenuates intestinal damage, and
extends host lifespan after infection (30,106,108,109). Previously, our lab found that V.
cholerae enhances transcriptional expression of multiple BMP pathway components in the
fly progenitor compartment in a T6SS-dependent manner (30). However, the underlying

molecular mechanism of T6SS-dependent arrest of epithelial repair remains unclear.
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1.5 Thesis objectives

Enteric infection causes epithelial cell death, which normally accelerates stem cell
proliferation to repair damaged tissue and maintain intestinal barrier integrity. In contrast,
infection with V. cholerae blocks intestinal proliferation in a T6SS-dependent manner (30).
[t is unknown how V. cholerae T6SS arrests epithelial repair. We consider this an important
question, as failure to renew the intestinal epithelium exposes peri-intestinal tissue to gut
microbes, greatly increasing the risk of systemic infection.

In my thesis project, I aimed to answer this question (Figure 1.4). Our lab previously
discovered that V. cholerae T6SS significantly enhances the expression of multiple BMP
pathway components in Drosophila intestinal progenitor cells (30). Typically, activation of
BMP signaling in the intestine inhibits cell proliferation. These observations together lead to
my hypothesis that V. cholerae T6SS-mediated activation of host BMP responses in
progenitors blocks proliferation and, therefore, impairs intestinal epithelial repair. Using the
Drosophila model, 1 asked how V. cholerae infection activates progenitor-specific BMP.
Specifically, I determined the role of gut commensals and host innate immune response, IMD
pathway, in BMP activation. I also tested if BMP activity is essential to arrest epithelial repair
upon V. cholerae infection. Furthermore, I used a vertebrate model zebrafish to ask if the
impacts of V. cholerae T6SS on intestinal epithelial renewal apply to vertebrate hosts. Given
the importance of intestinal epithelial barrier function, it is essential that we understand how
the interactions between pathogen, host, and commensals affect tissue repair upon enteric

infections.
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Figure 1.4 Thesis objectives. How does V. cholerae infection activate progenitor-specific
BMP? Does BMP activation require T6SS-commensal interactions and IMD activity? Is V.
cholerae-responsive BMP activation essential to arrest epithelial repair? Does the impact of
the V. cholerae T6SS on intestinal epithelial renewal apply to both invertebrate and

vertebrate hosts?
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Chapter 2

Materials and Methods

This chapter contains content from the following source:

e Xu, X. and Foley, E. Vibrio cholerae Arrests Intestinal Epithelial Proliferation through

T6SS-dependent Activation of the Bone Morphogenetic Protein Pathway. Cell Reports

(Under Revision). Biorxiv.

doi: https://doi.org/10.1101/2023.06.29.547108
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2.1 Fly and zebrafish husbandry

2.1.1 Fly stocks and handling

Drosophila stocks and crosses were maintained at 18-20°C on a standard cornmeal
medium (Nutri-Fly Bloomington formulation; Genesee Scientific). All experimental flies
were virgin females. Once 25-30 newly eclosed flies were obtained in each vial, flies were

shifted to an incubator with the appropriate temperature (25°C or 29°C) with a 12-hour/12-

hour light/dark cycle. Fly lines used in this thesis are as follows:

Table 2.1 Fly lines used in this study

type)

Name Genotype Source
esgt (5) w;esg-GAL4,tubGAL805,UAS-GFP Bruce Edgar
Foley w1118 stock (wild | w1118 Foley Lab
type)

Foley w stock (wild [w Foley Lab

(Control for VDRC KK
lines)

imd-/- (132) yw, P{EPgy2}imdEY08573 BDSC (#17474)

Myo1At w;Myo1A-GAL4/CyO;tubGAL80,UAS- Bruce Edgar
GFP/TM6B

Relish RNAi UAS-relRNAi VDRC (#49413)

Shn RNAi UAS-shnRNAi VDRC (#KK-105643)

Su(H)s w;Su(H)GBE-GAL4,UAS-GFP/CyO;ubi- Bruce Edgar
GAL805/TM6B

Tkv CA UAS-tkvCA/TM3 BDSC (#36536)

40D-UAS 40D-UAS VDRC (#60101)

BDSC (Bloomington Drosophila Stock Centre); VDRC (Vienna Drosophila Resource Center)
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The conditional expression of cell type-specific transgenes was performed with the
temperature-sensitive GAL4/upstream activating sequence (UAS) system. At any
temperature equal to or below 25°C, binding of GAL4 to UAS was prevented by GAL80t. At
29°C, inactivation of GAL80t permits GAL4 activation of transgenes under the control of UAS.
Therefore, flies were kept at 18-20°C and shifted to 29°C for 7 days prior to experiments to
restrict transgene expression.

In this study, Foley Lab w18 line was used as a wild-type control to set up crosses
with esg® and Su(H)® lines. The imd-/- line was backcrossed into our wild-type wi118
background for ten generations prior to use. As white (w) mutants showed impaired
biological functions including stress response in flies (133), we generated a wild-type control,
Foley w stock, in Figure 3.6 (WT) for imd-/- by introducing the w+ allele from Oregon R line

into our w!l18via backcrossing for eight generations.

2.1.2 Generation of germ-free flies

To generate germ-free (GF) flies, freshly eclosed female esgt/+ flies were raised on
autoclaved food with antibiotics (100pg/mL Ampicillin, 100pg/mL Metronidazole, 50pg/mL
Vancomycin dissolved in 50% ethanol, and 100pg/mL Neomycin dissolved in water) for 5
days at 25°C. To ensure sterility, two flies from each vial were homogenized in de Man,
Rogosa and Sharpe (MRS) broth and plated on MRS agar plates. Flies were considered GF if
no visible colonies formed. Conventionally reared (CR) flies were fed autoclaved food
without antibiotics for 5 days at 25°C. On day 6, both GF and CR flies were then transferred
onto autoclaved food without antibiotics for 7 days at 29°C, flipping onto freshly prepared
food every 2 days. The sterility of GF flies was confirmed by plating fly homogenate on MRS

plates 1 day prior to Vibrio cholerae infection.

2.1.3 Zebrafish husbandry

Zebrafish were raised and maintained following protocols approved by the Animal
Care & Use Committees, Biosciences and Health Sciences at the University of Alberta,
operating under the guidelines of the Canadian Council of Animal Care. Adult wild-type TL
strain zebrafish were reared at the University of Alberta fish facility at 29°C under a 14-

hour/10-hour light/dark cycle using standard zebrafish husbandry protocols. Zebrafish
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were fasted for 22 hours prior to V. cholerae infection. For larval analysis, TL zebrafish
embryos were collected from breeding tanks and transferred to glass petri dishes with
embryo media (15 mM NaCl, 1 mM CaCl2¢2H20, 1 mM MgS047H20, 0.7 mM NaHCOs, 0.5
mM KC], 0.15 mM KH2PO4 and 0.05 mM Na2HPO4 in MiliQ water). Embryos were raised at
29°Cunder a 14-hour/10-hour light/dark cycle. 6 day-post-fertilization larvae were used for

V. cholerae infection.

2.1.4 Generation of germ-free zebrafish

Adult TL zebrafish were bred for less than 60 minutes to minimize exposure to
microbes from parents. Embryos were collected, washed, and splitinto GF or CR cohorts. The
GF cohort was kept in sterile EM supplemented with antibiotics (100pg/mL Ampicillin,
S5pg/mL Kanamycin, 250ng/mL Amphotericin B, and 5pg/mL Gentamicin), while the CR
cohort was kept in EM. Embryos were incubated at 29°C for 4-6 hours and washed every 2
hours with EM or EM plus antibiotics for CR and GF cohorts respectively. Once embryos were
at 50% epiboly, the GF cohort was washed three times with sterile EM, and then 2 minutes
with 0.1% Polyvinylpyrrolidone-iodine (PVP-I) in EM. Embryos were rinsed three times with
EM and then immersed in 0.003% sodium hypochlorite (bleach) solution for 20 minutes. GF
embryos were washed three more times and transferred into tissue culture flasks with
sterile EM. CR embryos received the same number and duration of washes with sterile EM
rather than PVP-I or bleach. GF confirmation was performed at 4 days post fertilization by
plating out 100 uL. EM from flasks onto TSA plates. Parental tank water and sterile EM were
used as positive and negative control respectively, where bacterial growth was confirmed in
tank water and absent in sterile EM. GF and CR flasks with bacterial absent and present

respectively were used for subsequent analysis.
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2.2 Bacterial Culture and Assays

2.2.1 V. cholerae oral infection in flies

Virgin female flies were kept at 29°C for 7 days prior to infection. esgts>shnRNAi flies
and their wild-type counterparts (esg®/+) were maintained at 18°C for 7 days and then
shifted to 29°C for 3 days to minimize the detrimental effects of prolonged BMP inactivation.
For oral infection in flies, El Tor V. cholerae C6706 and C6706AvasK (104) were grown on
Lysogeny Broth (LB) plates (0.5% NaCl, 0.5% yeast extract, 1% tryptone, 1.5% agar)
supplemented with 100 pg/ml streptomycin (Sigma SLBK5521V) for 16-18 hours at 37°C.
To prepare a V. cholerae infection culture, single colonies were removed from the plate,
suspended in LB broth, and diluted to a final 0D600 of 0.125. Flies were starved for 2 hours
at 29°C prior to infection. In each vial, 10-15 flies were placed onto one-third of a cotton plug
soaked with 3 ml of LB broth (Uninfected) or V. cholerae infection culture (C6706 or
C6706AvasK). Vials were kept at 29°C with a 12-hour/12-hour light/ dark cycle for oral

infection.

2.2.2 V. cholerae oral infection in zebrafish

For V. cholerae infection in zebrafish, a single colony of C6706 or C6706AvasK was
suspended in LB broth with 100 pg/ml streptomycin and grown with aeration overnight at
37°C. V. cholerae cells were washed twice with PBS and diluted to OD600 of 1. To infect fish
larvae, 15-20 larvae (6 days post fertilization) were incubated in each well of a 6-well plate
containing 20 pL infection culture (C6706 or C6706AvasK) or 20 pL PBS (Uninfected) in 4
mL embryo medium. For infection in adult fish, 5 female fish per treatment were incubated
in a 400 mL beaker with 1 mL infection culture (C6706 or C6706Avask) or 1 mL PBS
(Uninfected) in 200 mL filter sterilized fish tank water. Fish were kept in a 29°C incubator

with a 14-hour/10-hour light/ dark cycle during infection.
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2.3 Imaging

2.3.1 Immunofluorescence

2.3.1.1 Whole gut mounting

Fly intestines were dissected in ice-cold PBS, fixed in 8% formaldehyde in PBS for 20
minutes, washed in PBS with 0.2% Triton-X (PBST) for 30 minutes, and blocked in PBST with
3% bovine serum albumin (BSA) for 1 hour at room temperature. Guts were protected from
light during all these processes. Guts were stained overnight at 4°C in PBST + 3% BSA with
appropriate primary antibodies (Table 2.2). On the following day, guts were washed in PBST
for 30 minutes and stained for 1 hour at room temperature with secondary antibodies and
DNA stain in PBST + 3% BSA. Guts were washed in PBST for 30 minutes at room temperature
and then in PBS overnight at 4°C.

Zebrafish larvae (6 day-post-fertilization) were infected with C6706 for 24 hours and
then incubated in embryo medium with 1% DMSO and 5 mM EdU (Invitrogen C10340) for 8
hours at 29°C. Fish intestines were dissected in PBS and fixed in 4% paraformaldehyde in
PBS overnight at 4°C. Guts were washed three times with PBSTx (0.75% TritonX-100 and
0.02% NaNsin PBS), blocked for 1 hour in PBSTx + 3% BSA at room temperature, and stained
with primary antibodies in blocking buffer overnight at 4°C. Guts were washed with PBSTx
and then stained for 1 hour at room temperature with secondary antibodies and nuclear
stain, followed by rinse in PBSTx. EAU detection was performed by incubating guts in Click-
iT® reaction cocktail (Invitrogen C10340) for 30 minutes at room temperature. Guts were

washed in PBSTx followed by extra washing in PBS.

2.3.1.2 TUNEL assay with sections of adult fish intestines

Intestines from adult TL zebrafish were dissected and fixed in BT fixative (0.15 mM
CaClz, 0.1 M P04, 4% sucrose, 4% paraformaldehyde in dH20) for 48 hours at 4°C. Guts were
embedded in paraffin, sectioned into 5 um slices, and collected on Superfrost Plus slides.
Sections were deparaffinized with Neoclear and rehydrated successively with 100% EtOH,
90% EtOH, 70% EtOH, 50% EtOH and distilled water. Antigen unmasking was performed by
boiling slides in 0.1 M sodium citrate buffer (pH 6) in a 98°C water bath for 15 minutes. Slides

26



were washed with PBST (1xPBS + 0.1% Tween-20) for 2 x 2 minutes, blocked with blocking
buffer (3% BSA in PBST) for one hour at room temperature, and stained with primary
antibody overnight at 4°C. After secondary antibody staining for one hour at room
temperature, sections were washed by PBST and incubated with TUNEL reaction mixture for
one hour at 37°C. Sections were washed in PBS for 3 x 5 minutes and stained for 10 minutes

at room temperature with DNA stain in PBST followed by washing with PBS 3 x 15 minutes.

For all the immunofluorescence experiments, fly and fish intestines (whole gut and
sections) were mounted with Flouromount™ (Sigma; F4680) and visualized with a spinning-
disk confocal microscope (Olympus IX-81 motorised microscope base with Yokagawa CSU
10 spinning-disk scan-head). Images of fly posterior midguts (R4/5) and entire zebrafish
guts were acquired using Perkin Elmer’s Volocity software, and all quantifications were
performed manually with Fiji (Image]) software. PH3+ cells in the entire fly midgut were

counted through the eyepiece of the microscope.

Table 2.2 Antibodies and dyes

Antibody/Dye Concentration Source
Chicken anti-GFP 1:2000 Invitrogen PA1-9533
Mouse anti-armadillo 1:100 DSHB N2 7A1

(extracellular domain)

Mouse anti-Delta 1:100 DSHB C594.9B
Mouse anti-Prospero 1:100 DSHB MR1A
Rabbit anti-PH3 1:1000 Millipore 06-570
Rabbit anti-pSmad3 1:200 Abcam ab52903
Goat anti-chicken 488 1:1000 Invitrogen A11039
Goat anti-rabbit 568 1:1000 Invitrogen A11011
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Goat anti-mouse 647 1:1000 Invitrogen A21235

Hoechst 33258 1:1000 Molecular Probes H3569

DSHB: Developmental Studies Hybridoma Bank

2.3.2 Immunohistochemistry

Paraffin-embedded sections of adult TL zebrafish intestine were deparaffinized with
Toluene and rehydrated. Antigen unmasking was performed by boiling slides in 0.1 M
sodium citrate buffer (pH 6) in a 98°C water bath for 20 minutes. Sections were incubated in
3% hydrogen peroxide, washed with PBSt (0.5% TritonX-100 in PBS), blocked with 10%
normal goat serum in PBSt, and incubated with mouse anti-PCNA (1/20000; Sigma P8825)
overnight at 4°C in humid chamber. Sections were washed three times with PBSt and
incubated in SignalStain® Boost Detection Reagent (HRP, Mouse; CST 8125P) for 30 minutes
at room temperature. SignalStain® DAB Chromogen solution (CST 8059) was added onto
each section for colorimetric detection. Slides were rinsed and counterstained with %-
strength hematoxylin. All sections were dehydrated and mounted in Dpx. Images were
captured using ZEISS AXIO A1 compound light microscope with SeBaCam 5.1MP camera, and

qualifications were done using Fiji software.

2.3.3 Transmission electron microscopy

Fly posterior midguts were cut into 1 mm pieces and immediately placed into fixative
(3% paraformaldehyde and 3% glutaraldehyde in 0.1 M cacodylate buffer with 0.1 M CaClz,
pH 7.2). Tissue processing was performed at the Cell Imaging Facility at University of Alberta.
The midgut sagittal sections from 5 flies per treatment were visualized using a JEOL 2100

transmission electron microscope.
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2.4 Statistical analysis and figure construction

In Chapter 3, all graphs and plots were constructed using R (version 4.1.1) via R-
studio (version 2021.09.0-315) with easyGgplot2 (version 1.0.0.9000). All statistical
analysis was completed with R. One-way Analysis of Variance (ANOVA) was used to
determine the overall statistical difference, a Tukey’s test for Honest Significant Differences
was used for multiple comparisons, and an unpaired student t-test was used to compare two
different groups. Details of the specific test used for each data panel can be found in the tables
and figure captions. Statistical significance was set at p < 0.05. Figures in Chapter 1 and
Chapter 4 were generated using BioRender. Figures in Chapter 3 were assembled using

Inkscape.
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Chapter 3

Vibrio cholerae Arrests Intestinal Epithelial Proliferation through T6SS-

dependent Activation of the Bone Morphogenetic Protein Pathway

This chapter contains content from the following source:

e Xu, X. and Foley, E. Vibrio cholerae Arrests Intestinal Epithelial Proliferation through

T6SS-dependent Activation of the Bone Morphogenetic Protein Pathway. Cell Reports

(Under Revision). Biorxiv.

doi: https://doi.org/10.1101/2023.06.29.547108
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https://doi.org/10.1101/2023.06.29.547108

3.1 The T6SS Induces BMP Activation in Drosophila Intestinal Progenitors.

In contrast to most enteric challenges, V. cholerae causes widespread intestinal
epithelial cell (IEC) destruction without a compensatory expansion of the progenitor pool
(30,31). At present, we do not understand how this pathogen blocks such an essential
damage repair response. Recently, our lab showed that V. cholerae enhances the expression
of multiple BMP pathway components in intestinal progenitor cells in a T6SS-dependent
fashion, including the ligand dpp, the type-I BMP receptor tkv, and the transcriptional target
spalt (30). As BMP is an evolutionarily conserved tumor suppressor that arrests IEC
proliferation in flies and vertebrates (16,53,56,57), I tested the hypothesis that V. cholerae
prevents intestinal epithelial repair by activating BMP in progenitors.

In preliminary experiments, | used immunofluorescence-based imaging to determine
the rostrocaudal distribution of GFP-expressing C6706, an El Tor V. cholerae strain that
causes the ongoing seventh pandemic, in infected adult Drosophila midguts. I defined four
levels of colonization that ranged from absent (level I) to extensive, biofilm-like
accumulations (level 1V, Figure 3.1A). I observed V. cholerae distribution throughout the
intestine, with prominent accumulations in the posterior midgut (Figure 3.1B), including
IEC-associated V. cholerae populations that had breached the peritrophic matrix (Figure
3.1C). As the posterior midgut is a region of high tissue turnover during damage (2), and V.
cholerae accumulates to the greatest extent in the posterior region, I elected to characterize

relationships between this pathogen, BMP, and posterior midgut renewal in greater detail.
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Figure 3.1. V. cholerae colonizes the posterior midgut of Drosophila.

(A) Immunofluorescence of fly midguts infected with C6706. DNA stained by Hoechst (blue)
and GFP-labeled C6706 (green). Four different levels of bacterial burden: level I = no visible
GFP-labeled bacteria, level II = a few scattered individual GFP-C6706, and large clumps of V.
cholerae in the lumen (level III) or in close proximity to the intestinal epithelium (level IV).
Scale bars = 25 um. (B) Approximate bacterial burden in different regions of fly guts infected
with C6706 (n=20) for 24 h. Assessment based on the four-level scale in (A). Anterior midgut,
AMG; middle midgut, MMG; posterior midgut, PMG. (C) Transmission electron microscopy
of the posterior midguts of flies infected with C6706 for 24 h. Clusters of rod-shaped V.

cholerae are indicated with a white box. Peritrophic matrix, pm.
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To determine if the T6SS activates BMP in host IECs, I quantified MAD
phosphorylation (pMAD) in guts of uninfected esg’s/+ flies, alongside esgts/+ flies that were
challenged with C6706, or the isogenic T6SS-deficient vasK deletion mutant (C6706Avask)
(104). MAD phosphorylation provides a direct measure of BMP activation in the fly gut, and
esgt/+ transgenic flies allow us to identify progenitors (small, GFP-positive cells),
enteroendocrine cells (Prospero (Pros)-positive and GFP-negative), and enterocytes (large,
GFP and Pros-negative cells), effectively allowing us to quantify lineage-specific BMP
activation (Figures 1.1E and 3.2A). Regardless of infection status, I observed a high incidence
of BMP activation in Pros+ EE cells, indicating V. cholerae-independent activation of BMP in
the secretory lineage (Figure 3.3). In contrast, I detected substantial, T6SS-specific impacts
on BMP activation within the progenitor compartment. Uninfected esg®/+ guts contained
evenly spaced IECs with minimal BMP activation throughout the epithelium (Figures 3.2A-
C). In agreement with earlier reports (30,109), challenges with T6SS-deficient C6706AvasK
disrupted epithelial organization and induced tissue repair with an expansion of the GFP+
progenitor cell compartment (Figures 3.2A and 3.4). 1 did not observe effects of C6706AvasK
infection on MAD phosphorylation relative to uninfected controls (Figures 3.2A-C),
suggesting that T6SS-deficient V. cholerae failed to modify the host BMP pathway. Consistent
with previous studies (30,31), I found that wild-type V. cholerae caused extensive epithelial
damage without stimulating progenitor proliferation (Figures 3.2A and 3.4). However, and
in contrast to T6SS-deficient C6706AvaskK, the percentage of pMAD+ progenitors almost
doubled in C6706-infected guts (Figures 3.2A-C). Combined with our earlier transcriptional
profiles (30), our data indicate a T6SS-specific activation of BMP in the progenitor

compartment with an accompanying failure to expand progenitor numbers during infection.
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Figure 3.2. V. cholerae activates BMP in intestinal progenitor cells in a T6SS-dependent
manner. (A) Posterior midguts of esg/+ adult fly uninfected, infected with C6706AvasK or
C6706 for 24 h. Hoechst labels DNA (blue), Armadillo and Prospero (Arm/Pros) label cell
borders and enteroendocrine cells, respectively (yellow), GFP labels progenitors (green),
and pMAD labels cells with BMP activation (magenta). Arrows = pMAD+ progenitors. Scale
bars = 15 pm. (B and C) Percentage of (B) all cells or (C) progenitors that are pMAD+. Each
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dot represents a measurement from a single fly gut. P values are calculated using the

significance tests indicated in the tables.
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Figure 3.3. BMP activation in
enteroendocrine cells.

Percentage of Pros+ enteroendocrine cells (EE)
that are pMAD+ in uninfected esg®/+ guts, and
guts infected with C6706AvasK or C6706.
Each dot represents a measurement from a
single fly gut. P values were calculated using

the significance tests indicated in the table.

Figure 3.4. V. cholerae T6SS inhibits
expansion of intestinal progenitor
compartment.

Percentages of progenitor cells in uninfected,
C6706AvasK-infected or C6706-infected
esgts/+ guts. Each dot represents a
measurement from a single fly. P values were
calculated using the significance tests

indicated in the table
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3.2 V. cholerae-Mediated Activation of BMP Requires Commensal Bacteria and Host

Innate Defenses

As T6SS-dependent pathogenesis involves interactions between V. cholerae and
commensal bacteria in flies and mice (30,108,109), I asked if commensals are also required
for T6SS-responsive BMP activation in the gut. In this instance, I quantified infection-
dependent BMP activation in germ-free (GF) esg®/+ flies relative to conventionally reared
(CR) counterparts. I observed a significant increase in pMAD+ progenitor numbers of
infected CR flies compared to uninfected controls (Figures 3.5B and 3.5C), with a parallel
failure to increase progenitor numbers (Figures 3.5B and 3.5D), further supporting the
argument that V. cholerae activates BMP while arresting cell proliferation (Figure 3.4). The
infected GF guts show clear signs of epithelial damage - loss of neatly organized cell borders,
uneven internuclear spacing, and irregular distribution of GFP+ progenitors (Figure 3.5A).
However, in the absence of gut resident bacteria, C6706 infection significantly stimulated
progenitor expansion (Figures 3.5A and 3.5D), without a progenitor-specific BMP activation
(Figures 3.5A and 3.5C), establishing a requirement for gut commensals to support V.

cholerae-dependent activation of BMP and arrest epithelial repair.

36



Uninfected

C6706

EAUninfected EIC6706

¢ P=0.0011 | D 35 5 P=0.0011-
40/ : 9 l
~ } | 3 P=0.7525 |
S | _P=0.315 P . |
£ 3] E 2 .o
5 | i 2 g
=y ! © 25 ; i
g 2] : ” g 2 :
1 o N e
2 | T - :
<10 i : £20 5 :
= 6 L "JS 1
= 2 T £ 5
0f % - 15} T
CR GF CR GF

Figure 3.5. Progenitor-specific activation of BMP signaling requires V. cholerae-
commensal interactions. (A and B) Posterior midguts of (A) germ-free (GF) or (B)
conventionally reared (CR) esg®/+ adult flies uninfected or infected with C6706 for 24 h.
Hoechst labels DNA (blue), Armadillo and Prospero (Arm/Pros) label cell borders and
enteroendocrine cells, respectively (yellow), GFP labels progenitors (green), and pMAD
labels cells with BMP activation (magenta). Orange arrows indicate pMAD+ GFP+
progenitors. Scale bars = 15 pum. (C) Percentage of GFP+ progenitors that are pMAD+ in GF
and CR esg’/+ flies. (D) Proportion of GFP+ progenitors in all intestinal epithelial cells in GF
and CR esgt/+ flies. Each dot represents a measurement from a single fly gut. P values are

calculated using unpaired Student t-tests.
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As the TNFR-like Immune Deficiency (IMD) pathway orchestrates gut responses to
commensal bacteria (33,134), and IMD prevents ISC proliferation upon V. cholerae infection
(31), I then asked if V. cholerae-commensal interaction activates BMP via IMD. To probe links
between V. cholerae, IMD, and BMP, | compared progenitor-specific BMP activation in wild-
type and imd null mutant (imd-/-) flies challenged with C6706. In agreement with Figures
3.2 and 3.5, [ again found that infection with V. cholerae significantly increased the number
of pMAD+ progenitors (small, Arm-enriched, Pros-negative cells) in wildtype host midguts
(Figures 3.6A and 3.6C). In contrast, without functional IMD in the midgut, C6706 failed to
induce BMP activation in intestinal progenitors (Figures 3.6B and 3.6C).

Next, I wanted to determine the cell type(s) where IMD controls the host response to
V. cholerae infection. I first knocked down relish, which encodes an NF-kB family
transcription factor in the IMD pathway, exclusively in progenitors, and measured MAD
phosphorylation. Without Relish activity in progenitor cells (esgs>relfNA)), V. cholerae
infection still induced BMP activation with a significant increase in numbers of pMAD+
progenitors compared to uninfected counterparts (Figures 3.7A and 3.7C), suggesting that V.
cholerae-responsive BMP activation does not require IMD-Relish response in progenitors. In
contrast, V. cholerae infection failed to activate BMP with relish depletion from absorptive
enterocytes (MyolAs>relRNAT) (Figures 3.7B and 3.7D), indicating that enterocyte-specific
IMD is essential for BMP activation during V. cholerae infection. V. cholerae-responsive BMP
activation requires IMD activity in enterocytes. As a whole, the data point to a T6SS-
dependent activation of progenitor-specific BMP requires pathogen-commensal interactions

and host innate immune responses.
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Figure 3.6. V. cholerae-responsive activation of BMP requires IMD activity.

(A and B) Posterior midguts of (A) wild-type (WT) or (B) imd null mutant (imd-/-) adult
flies uninfected or infected with C6706 for 24 h. Hoechst labels DNA (blue), Armadillo and
Prospero (Arm/Pros) label cell borders and enteroendocrine cells, respectively (yellow),
and pMAD labels cells with BMP activation (magenta). Arrows = pMAD+ progenitor cells.
Scale bars = 15 pum. (C) Percentage of progenitors that are pMAD+ in WT and imd-/- flies.
Each dot represents a measurement from a single fly gut. P values are calculated using

unpaired Student t-tests.
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Figure 3.7. Enterocyte-specific IMD is essential for BMP activation during V. cholerae
infection. (A and B) Posterior midguts of (A) esgts>relfNAi or (B) MyolAt>relRNAi adult flies
uninfected or infected with C6706 for 24 h. DNA marked by Hoechst (blue), Armadillo and
Prospero (Arm/Pros) label cell borders and enteroendocrine cells, respectively (yellow),
GFP marks progenitors in esg>relfN4i flies and enterocytes in MyolA&>relRNVAiflies (green),
and pMAD (magenta) to monitor BMP activation. Arrowheads = pMAD+ progenitors. Scale
bars = 15 um. (C and D) Percentages of pMAD+ progenitors in (C) esgts>relfRNAiintestines and
(D) MyolAts>relRNAi intestines. Each dot represents a measurement from a single fly gut. P

values are calculated using unpaired Student t-tests.
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3.3. V. cholerae-Dependent Activation of BMP is Essential to Arrest Epithelial Repair

in Infected Flies

Thus far, our data are consistent with a link between BMP activation by the T6SS and
an arrest of progenitor cell expansion. However, we lack phenotypic data that specifically
determine if BMP activation is essential for T6SS-dependent progenitor growth arrest. As
T6SS-deficient C6706AvasK failed to activate BMP or arrest progenitor expansion (Figures
3.2C and 3.4), I first tested if progenitor-specific activation of BMP blocks ISC proliferation
in flies challenged with T6SS-deficient V. cholerae. Specifically, | compared progenitor cell
expansion in control esg/+ flies and in flies that expressed a constitutively active variant of
the type-1 BMP receptor tkv (esg>tkvc4) in progenitors. There was a significant expansion
of GFP+ progenitor cells in infected esgt/+ guts, confirming activation of the repair response
upon damage (Figures 3.8A and 3.8C). In contrast, C6706AvasK failed to stimulate
compensatory progenitor growth in esgs>tkv4 guts (Figures 3.8B and 3.8C), demonstrating
that progenitor-specific BMP is sufficient to arrest epithelial repair in an infected host.

In addition to preventing C6706AvasK-driven progenitor cell expansion, activation of
the BMP pathway had visible effects on the intestinal epithelium of uninfected flies (Figure
3.8B), including a substantial decline in the number of intestinal progenitors (Figure 3.8C).
Thus, while interesting, effects of esg&>tkvé4 on host responses to T6SS-deficient
C6706AvasK do not adequately establish a requirement for BMP to arrest progenitor
renewal after infection. To directly test if BMP modifies host responses to V. cholerae, |
specifically ablated BMP signaling in the progenitor compartment by knocking down the
transcription factor shn (esg>shnRNAi) and monitored progenitor numbers in flies challenged
with wild-type C6706 with a competent T6SS. As anticipated, wild-type V. cholerae did not
stimulate compensatory progenitor growth in infected esg/+ flies (Figures 3.8D, 3.8F, and
3.9). However, loss of BMP activity in progenitors effectively ablated V. cholerae-mediated
inhibition of progenitor growth. Infected esgt>shnkNA4i flies contained a significantly larger
number of progenitors and more PH3+ proliferating cells than their uninfected counterparts,
similar to what was found in wild-type guts upon challenge with T6SS-deficient V. cholerae
(Figures 3.8D-F and 3.9). Together, these data demonstrate that BMP in the progenitor

compartment is necessary to arrest epithelial repair upon V. cholerae infection.
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Figure 3.8. BMP regulates epithelial repair after V. cholerae infection.
(A and B) Posterior midguts from (A) wide-type (esg®/+) or (B) progenitor-specific BMP
activation (esg®>tkvc4) adult flies uninfected or infected with C6706AvasK for 36h. DNA
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labeled with Hoechst (blue), GFP marks progenitors (green), Armadillo (Arm) labels cell
borders and Prospero (Pros) labels enteroendocrine cells (yellow). Scale bar = 25 um. (C)
Proportion of cells that are GFP+ progenitors in esg®/+ and esgt>tkvcA flies. Each dot
represents a measurement from a single fly gut. P values are calculated using unpaired
Student t-tests. (D and E) Images of (D) wide-type (esg®/+) or (E) progenitor-specific BMP
inhibition (esgt>shnRNA)) adult flies uninfected or infected with C6706 for 36h. DNA labeled
with Hoechst (blue), GFP marks progenitors (green), Armadillo (Arm) labels cell borders and
Prospero (Pros) labels enteroendocrine cells (yellow). Scale bar = 25 pm. (F) Proportion of
cells that are GFP+ progenitors in esg®/+ and esg>shnRNAi flies. Each dot represents a

measurement from a single fly gut. P values are calculated using unpaired Student t-tests.
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Figure 3.9. BMP regulates cell proliferation upon V. cholerae infection. PH3+ cell per
midgut in wild-type flies (esg®/+) or progenitor-specific shn knockdown flies (esgt>shnRNAi)
upon infection with C6706 for 36h. Each dot represents a measurement from a single fly gut.

P values are calculated using unpaired Student t-tests.
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3.4 BMP-dependent arrest of proliferation requires a non-autonomous signal from

EBs to ISCs

As progenitor cells consist of self-renewing ISCs and transient EBs, I next identified
the exact progenitor cell type required for BMP-dependent arrest of epithelial repair. To test
if V. cholerae activates BMP in a specific progenitor cell type (ISC or EB), I used the EB driver
line Su(H)%>GFP that marks EBs with GFP and Dl-expressing ISCs were counterstained by
anti-D] antibody (Figure 1F). I challenged Su(H)%/+ flies with C6706 and quantified the
number of pMAD+ ISCs (DI1+, GFP-) and pMAD+ EBs (DI-, GFP+) in the posterior midguts. In
both infected and uninfected guts, there were similar and relatively low amounts of ISCs with
BMP activity (Figures 3.10A and 3.10B). In contrast, infection with C6706 stimulated a more
than threefold increase in the percentages of pMAD+ EBs (Figures 3.10A and 3.10B),
indicating that V. cholerae infection preferentially activates BMP in EBs. To test the impact of
EB-specific BMP activation on epithelial renewal during infection, I knocked down shn
exclusively in EBs (Su(H)s>shnRNA') and quantified progenitors after infection. I discovered
that, like progenitor-wide knockdown, EB-specific loss of shn ablated V. cholerae-responsive
arrest of progenitor growth (Figure 3.10C). Specifically, the expansion of progenitors was a
result of an increased population of ISCs not EBs (Figures 3.10D and 3.10E). Recent studies
showed that inactivation of BMP in EBs induces ISC proliferation under homeostatic
conditions or during bacterial infections (135). Here, my results reveal that V. cholerae
infection primarily activates BMP in EBs, which blocks stem cell proliferation and therefore

impairs epithelial renewal non-cell autonomously.
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Figure 3.10. V. cholerae-responsive BMP activation in EBs arrests intestinal stem cell
growth non-cell autonomously. (A) Posterior midguts of uninfected or C6706 infected
Su(H)ts/+ adult flies. DNA marked by Hoechst (blue), Delta (D1)+ intestinal stem cells (yellow),
Su(H)+ EBs marked by GFP (green), and pMAD (magenta) to monitor BMP activation.
Arrowheads = pMAD+ EBs (DI- and GFP+). Scale bars = 15 um. (B) Proportion of intestinal
stem cells or EBs that are pMAD+ in Su(H)%/+ intestines. (C-E) Proportions of all cells that
are (C) progenitors, (D) intestinal stem cells, or (E) EBs in the intestines with EB-specific
BMP inactivation (Su(H)%>shnRNAi), Each dot represents a measurement from a single fly gut.

P values are calculated using Student t-tests.
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3.5 The T6SS suppresses cell proliferation and induces TGF-f3/BMP activation in a

vertebrate intestine.

To expand our study, I then asked if the impact of the V. cholerae T6SS on intestinal
epithelial renewal applies to vertebrate hosts. Zebrafish Danio rerio are ideal vertebrate
models to study V. cholerae pathogenesis (70,118,119). Fish intestines are naturally
colonized by Vibrio species and develop cholera-like symptoms upon V. cholerae infection
(118-122). Importantly, like the mammalian intestine, the zebrafish intestinal epithelium
contains a complex community of secretory and absorptive lineages that interact with
immune-regulatory myeloid and lymphoid cells (123-126).

As enteric infection normally causes damage to the gut, I first tested if V. cholerae T6SS
impacts epithelial damage. In the absence of infection, adult fish intestines contained a
limited number of TUNEL+ apoptotic cells (Figure 3.11A). Infection with V. cholerae
disrupted epithelial integrity and significantly increased the amount of dying cells (Figure
3.11A). Moreover, wild-type C6706-infected guts contained approximately twice as many
TUNEL+ cells as in the T6SS-deficient C6706AvasK-infected counterparts, indicating that V.
cholerae T6SS promoted epithelial damage (Figures 3.11A and 3.11B).

Next, to test whether V. cholerae T6SS impacts epithelial repair in fish, I challenged
zebrafish larvae and adults with either wildtype C6706 or C6706AvasK and measured cell
proliferation. In fish larvae, uninfected intestines contained moderate amounts of EdU+
proliferating cells (Figures 3.11C and 3.11D). Infection with C6706AvasK promoted
epithelial repair indicated by a significantly higher proliferation rate compared to uninfected
guts (Figures 3.11C and 3.11D). In contrast, there was no significant difference in the
numbers of EdU+ cells between C6706-infected and uninfected guts. In parallel to these
findings in larvae, I also discovered that the V. cholerae T6SS disrupts IEC regeneration in
adult zebrafish intestines. Both C6706 and C6706AvasK damaged the intestinal epithelium,
characterized by disorganized IECs and lumenal shedding of damaged tissue (Figure 3.11E).
Damage in C6706AvasK-infected guts stimulated repair, as the numbers of PCNA+
proliferating cells nearly doubled compared to uninfected counterparts (Figures 3.11E and

3.11F). However, I did not detect significant changes in cell proliferation rates after C6706
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infection (Figures 3.11E and 3.11F). These data demonstrate that, like in a fly host, V.
cholerae arrests epithelial proliferation in zebrafish intestines in a T6SS-dependent manner.

Furthermore, I found that the T6SS induced TGF-3/BMP activity, as zebrafish larvae
infected with wildtype V. cholerae contained significantly larger numbers of cells with an
active, phosphorylated form of SMAD3 (pSMAD3) compared to the uninfected and T6SS-
deficient V. cholerae infected counterparts (Figures 3.12A and 3.12B). Although further
studies are needed to determine whether TGF-B/BMP activity is necessary for T6SS-
responsive arrest of cell proliferation, these findings raise the possibility that V. cholerae
blocks intestinal epithelial repair upon damage through similar mechanisms in invertebrates

and vertebrates.
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Figure 3.11. V. cholerae T6SS promotes damage and limits cell proliferation in the
zebrafish intestine.

(A) Adult TL zebrafish intestine uninfected or infected with V. cholerae. Hoechst marks DNA
in blue and TUNEL+ cells in red. Scale bars = 50 pum. (B) Quantification of TUNEL+ intestinal
epithelial cells. N=5 for each condition. For each fish, three images were taken from different
positions in the posterior intestine. Each dot represents the quantification from a single
image. P values are calculated using the significance tests indicated in the tables. (C)
Intestines of uninfected or V. cholerae-infected TL zebrafish larvae with DNA stained by
Hoechst in blue and EdU+ cells in cyan. Scale bars = 200 um. (D) Quantification of EAU+ cells
per gut. Each dot represents a measurement from a single fish intestine. P values are
calculated using the significance tests indicated in the tables. (E) Immunohistochemical
images of sagittal posterior intestinal sections from adult TL zebrafish stained for PCNA.
Arrowheads indicate epithelial damages marked by disorganized nuclei and shedding of
epithelial cells. Scale bars = 50 um. (F) Percentage of intestinal epithelial cells that are PCNA+

in adult fish posterior intestine. Each dot represents a measurement from a single fish gut.
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Figure 3.12. V. cholerae T6SS induces TGF-/BMP activation in the zebrafish intestine.
(A) Posterior intestines from TL zebrafish larvae with DNA marked by Hoechst in blue and
pSMAD3 in magenta. Scale bars = 100 um. (B) Quantification of pPSMAD3+ cells per gut with
each dot representing a single gut. P values are calculated using the significance tests

indicated in the table.
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Chapter 4

Discussion

This chapter contains content from the following source:

e Xu, X. and Foley, E. Vibrio cholerae Arrests Intestinal Epithelial Proliferation through

T6SS-dependent Activation of the Bone Morphogenetic Protein Pathway. Cell Reports

(Under Revision). Biorxiv.

doi: https://doi.org/10.1101/2023.06.29.547108
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4.1 Summary

Epithelial damage during enteric infections normally accelerates cell proliferation
and tissue repair via stress responses such as the epidermal growth factor receptor (EGFR)
and Janus kinase-signal transducer and activator of transcription (JAK-STAT) pathways
(14,34,36,37). However, oral infection of Drosophila with V. cholerae arrests intestinal
progenitor cell proliferation in a T6SS-dependent manner (30). It is unknown how V.
cholerae blocks host tissue repair. We consider this an important question, as failure in
renewing damaged cells disrupts intestinal barrier integrity and exposes the host to
microbial invasions, which increases the risk of systemic infection and potentiates the
development of chronic inflammatory illness (34,43).

Within the scope of my thesis, I explored molecular mechanisms of how V. cholerae
T6SS impacts intestinal epithelial repair upon infections (Figure 4.1). Using the Drosophila
model, I found that T6SS-commensal interactions induce BMP response specifically in
intestinal progenitor cells. Activation of BMP signaling requires IMD/Relish activity in
enterocytes. V. cholerae-responsive BMP activation is necessary to block epithelial repair
upon infection, which is primarily in EBs of the progenitor compartment and arrests ISC
proliferation non-cell-autonomously. Furthermore, V. cholerae T6SS blocks intestinal
proliferation and activates BMP signaling in the vertebrate zebrafish model. Together, this
study reveals how pathogen-commensal interactions engage evolutionarily conserved
immune and growth regulators to impact intestinal epithelial renewal upon infection and

also raises several interesting aspects to be further elucidated.
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Figure 4.1. Summary model.

In Drosophila, interactions between V. cholerae T6SS and gut commensals induce BMP
responses in enteroblasts (EBs) through IMD/Relish activity in enterocytes (ECs). EB-
specific BMP blocks proliferation of intestinal progenitor cells (ISCs) and therefore arrests
epithelial repair upon infection. In zebrafish Danio rerio, V. cholerae infection limits ISC

proliferation and induces BMP response in a T6SS-dependent manner.
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4.2 How does IMD activate intestinal BMP during V. cholerae infections?

Normally, IMD serves a protective role and is essential for surviving infections by
bacterial pathogens like Pseudomonas entomophila (136-138). In contrast, V. cholerae-
dependent activation of IMD in the fly gut arrests ISC proliferation and severely shortens the
host lifespan (29,31,109). The precise mechanism by which V. cholerae signals through the
IMD pathway to disrupt gut epithelial barrier remains to be clarified. I found that V. cholerae-
commensal interactions activate BMP in progenitors in an IMD-dependent manner (Figures

3.6 and 3.7), suggesting a putative IMD-BMP axis in regulating tissue repair upon infection.

4.2.1 Which commensal species are responsible for initiating an IMD-BMP response?
IMD is typically activated by recognition of a bacterial cell wall component,
diaminopimelic acid-type peptidoglycan (DAP-PGN) (139-144), although alternate
mechanisms also exist in the gut (145). During V. cholerae infections, T6SS-dependent killing
of gut commensals generates significant amounts of microbial components. Our cultures of
Drosophila are dominated by gut resident Acetobacter and Lactobacillus, both containing
DAP-PGNs (26,28). Gram-negative Acetobacter sp. is sensitive to V. cholerae T6SS (109). In
addition, T6SS-mediated Kkilling of A. pasteurianus accelerates host death and contributes to
V. cholerae pathogenesis (109). Therefore, it is possible that microbial components
generated by T6SS-Acetobacter sp. interactions initiate IMD response in the gut. However,
interactions between V. cholerae T6SS and A. pasteurianus alone are not sufficient to block
intestinal epithelial repair (30), indicating that other commensal species are involved in V.
cholerae-responsive activation of an IMD-BMP axis to impact tissue renewal (Figure 4.2).
Current evidence suggests that Gram-positive bacteria like Lactobacillus sp. are
naturally immune to T6SS attacks, likely due to an increased thickness of PGN cell wall, which
prevents T6SS to penetrate and deliver toxic effectors at effective concentrations (146).
However, a recent study showed that Acinetobacter baumannii employs its T6SS to kill
different Gram-positive bacteria (147). Specifically, A. baumannii modifies its
microenvironment to enhance the PGN-degrading activity of the T6SS effector Tse4. Tse4
represents a broad family of T6SS effectors that share a similar modular architecture in
which the endopeptidase, lytic transglycosylase, and PGN-binding domains are lined in

different arrangements (147). A genome-wide analysis showed that V. cholerae T6SS
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auxiliary gene cluster 4 encodes a predicted effector Tse4 (148). Therefore, we cannot
completely exclude the possibility that V. cholerae T6SS may attack certain Gram-positive
commensals in the fly gut, generating cell wall components that initiate IMD responses.
Together, these findings suggest that activation of an IMD-BMP axis during V. cholerae
infection may require complex interactions between the T6SS and a consortium of intestinal
symbionts. Given the ease of reconstituting gut microbiota in Drosophila, further studies in
gnotobiotic flies would be helpful to identify the commensal species involved in V. cholerae-
responsive activation of an IMD-BMP regulatory axis that blocks repair of damaged tissue

(Figure 4.2).

4.2.2 How does IMD-NF-kB activity induce BMP response in the gut?

All cell types within the intestinal epithelium encode IMD pathway components (149).
In response to infectious microbes, the IMD pathway signals the NF-kB-like transcription
factor, Relish, to upregulate expression of antimicrobial peptides and regulators of the IMD
pathway in epithelial cells (149). It seems that IMD is primarily activated in ECs during V.
cholerae infection, as these large absorptive cells are the most abundant epithelial cell type
and make direct contact with the intestinal lumen where they can detect DAP-PGN. Besides
its bactericidal function, EC-specific IMD activity plays an important role in maintaining
tissue homeostasis. Deregulation of IMD specifically in ECs triggers progenitor
hyperproliferation and dysplasia (150). Upon bacterial infection, activation of the IMD-
Relish pathway in ECs triggers shedding of damaged ECs in a cell-autonomous manner (150).
In this thesis, I found that EC-specific IMD-Relish activity is essential to activate BMP
signaling in intestinal progenitors during V. cholerae infections (Figures 3.6 and 3.7). It is
unknown how IMD response in ECs regulates BMP response in progenitors (Figure 4.2).
Recent studies established a link between NF-kB and BMP signaling. NF-kB can directly
regulate BMP responses cell-autonomously. Activation of NF-kB by lipopolysaccharides
inhibits phosphorylation and nuclear translocation of BMP pathway transcription factors
SMAD1/5/8 and therefore suppresses BMP signaling activity (151). NF-kB also controls the
production of BMP ligands to indirectly regulate BMP response. Mechanistically, NF-kB binds
to bmp2 promoter and transactivates gene expression, inducing autocrine production of

BMP?2 ligands (152,153). In the Drosophila intestine, ECs are a major source of BMP ligands
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(53,154). EC-derived BMP serves as a niche signal that regulates ISC self-renewal (154).

Collectively, these findings lead to my hypothesis that NF-kB-mediated transactivation of

genes encoding BMP ligands in ECs results in secretion of BMP ligands from ECs, which

activate BMP signaling in neighboring progenitor cells in a paracrine manner. Given the

importance of BMP and TNFR-like signalings in regulating tissue homeostasis, in-depth

studies would be required to thoroughly examine this hypothesis and elucidate crosstalk

between these two pathways.
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Figure 4.2. V. cholerae-responsive BMP
activation requires IMD-Relish activity.
T6SS-mediated  killing of commensals
generates bacterial cell wall components that
activate the IMD pathway. IMD-Relish activity
in ECs is essential to induce progenitor-
specific BMP activation upon V. cholerae
infections. The identity of commensal species
targeted by V. cholerae T6SS and mechanisms
of Relish-dependent BMP activation are

unknown.
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4.3 How does BMP regulate ISC proliferation upon V. cholerae infections?

BMP signaling is essential to the development and homeostasis of the intestine (46).
Within the scope of this thesis, | uncovered a non-cell autonomous role of BMP signaling in
regulating gut epithelial renewal during infection (Figure 3.9). Specifically, V. cholerae-
responsive BMP activation in EBs blocks proliferation of neighboring ISCs. Currently, it is
unclear how EB-specific BMP activity regulates ISC proliferation. Several studies have
demonstrated a non-autonomous role of BMP signaling in the fly gut. Loss of BMP signaling
in ECs fuels ISC proliferation (154,155). EB-specific BMP inactivation stimulates ISC
hyperproliferation upon challenges with the fly pathogen Ecc15 or in the absence of infection
(58). In the mammalian intestine, while early studies suggested that BMP signaling
autonomously restricts ISC proliferation by directly inhibiting the Wnt/3-catenin activity
(42,156), later work showed that BMP signaling in stromal cells indirectly suppresses ISC
proliferation (157). Specifically, loss of SMAD4 in T cells led to epithelial cancers in mice
intestines, whereas epithelial-specific-deletion of the Smad4 gene did not (157). Together,
these findings demonstrate a critical role of non-autonomous BMP in regulating intestinal
epithelial homeostasis. Typically, epithelial damage during enteric infections activates stress
responses like JAK-STAT and EGFR signalings in ISCs, accelerating cell proliferation
(14,34,36,37). A recent work revealed a functional link between BMP and stress responses
in regulating intestinal epithelial renewal in Drosophila. Specifically, loss of BMP signaling
induces an ectopic activation of JAK-STAT and EGFR signalings in fly midguts, which fuel
stem cell division and eventually disrupt intestinal homeostasis (155). Our transcriptional
data showed that wildtype V. cholerae with competent T6SSs does not induce JAK-STAT and
EGFR activities in progenitor cells, whereas T6SS-deficient V. cholerae successfully initiates
both responses upon infection (30). Thus, I speculate that BMP activity in EBs blocks
epithelial proliferation by antagonizing JAK-STAT or EGFR responses in neighboring ISCs
upon V. cholerae infections. Further investigations are required to elucidate the mechanisms

by which BMP non-autonomously regulates stem cell growth during enteric infections.
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4.4 How does BMP regulate epithelial homeostasis during enteric infections in

vertebrates?

Regulated BMP response is essential to protect vertebrates from intestinal diseases.
For instance, upregulation of BMP activity in vertebrate intestines alleviates intestinal
inflammation, prevents intestinal fibrosis, and limits colitis formation (65-67). In contrast,
loss of BMP activity causes hyperplasia, elevated inflammation, and tumor growth in the
intestine (42,60,61). Despite the importance of BMP signaling in intestinal epithelial
homeostasis, we know very little about BMP involvement in vertebrate responses to enteric
infections. Within the scope of this thesis, I found that T6SS-responsive activation of BMP
blocks ISC proliferation, leading to an arrest of epithelial repair during V. cholerae infection.
Notably, these findings are not restricted to flies (Figures 3.2, 3.5, and 3.8). Using a vertebrate
zebrafish model, I found that V. cholerae T6SS induces TGF-/BMP activity in the intestine
(Figure 3.11). Moreover, V. cholerae infection suppresses cell proliferation in a T6SS-
dependent manner despite widespread damage to the fish intestinal epithelium (Figure
3.10). It remains to be seen that V. cholerae infection induces BMP activation in which cell
type(s) and whether the cell type-specific BMP response is necessary to block epithelial
repair in the fish gut (Figure 4.3). Besides, there are several interesting aspects to be further

elucidated.

4.4.1 Are host immune responses involved in regulating intestinal epithelial renewal

during V. cholerae infection?

Unlike fly guts which mainly rely on germline-encoded innate defenses, zebrafish
intestines possess both innate immune responses and lymphocyte-based adaptive defenses
that impact host responses to symbiotic and pathogenic microbes (124,126,158-163). A
recent study from our group characterized how V. cholerae infection modifies immune
responses in adult zebrafish intestines (126). We observed that V. cholerae infection
enhances expression of proinflammatory genes and genes associated with antigen
presentation in intestinal epithelial cells (126). Exposure to V. cholerae also recruits and
activates gut-associated T cells (126). We also found that V. cholerae suppresses expression

of interferon signaling genes in both epithelial cells and macrophages, indicating a unifying
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mechanism of cell response to V. cholerae (126). Together, these data provide insights into
host-pathogen interactions and expand the utility of zebrafish as a vertebrate model in
resolving gut immune responses to V. cholerae infection. Recent studies revealed an
immune-modulatory role of BMP in the vertebrate intestine (157,164,165). In both human
and mouse colons, epithelial-specific BMP activity limits expression of pro-inflammatory
genes including a number of chemokines and cytokines and suppresses infiltration of
macrophages and neutrophils (164,165). Loss of BMP pathway transcription factor SMAD4
in epithelial cells promotes inflammation-driven carcinogenesis in mouse colon (164,166).
Based on these findings and advantages of the zebrafish model, future studies could be
conducted in fish to determine whether epithelial BMP signaling synergizes with innate and
adaptive defenses to regulate intestinal epithelial barrier during V. cholerae infections

(Figure 4.3).

4.4.2 How does T6SS-commensal interaction impact intestinal epithelial repair?
Bacterial symbionts form a barrier that shields the intestinal epithelium, constantly
interacting with microbial invaders (167). Using its T6SS, V. cholerae outcompetes gut
commensals to colonize the intestinal epithelium, replicate, and persist for a prolonged
period. Studies have demonstrated that the T6SS contributes to V. cholerae pathogenesis
besides its role in promoting colonization. For instance, T6SS-commensal interactions
enhance host innate immune responses and the development of diarrhea disease symptoms
in both flies and vertebrates (30,108,109,168). Moreover, studies from our lab showed that
T6SS-symbiont interactions impair intestinal progenitor cell proliferation in fly guts and
therefore block tissue repair (Figure 3.5)(30). Using our vertebrate zebrafish model, I
uncovered a T6SS-dependent arrest of cell proliferation in both larvae and adults (Figure
3.10). It is still unclear whether gut commensals are required for T6SS-responsive arrest of
epithelial repair in the vertebrate intestine. Further analysis of cell proliferation and BMP
activity in germ-free zebrafish would help to test if pathogen-commensal interactions engage

evolutionarily conserved regulators and mechanisms to impact host responses (Figure 4.3).
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4.4.3 Does prior exposure to T6SS affect host responses on re-exposure to V.

cholerae?

Infection with V. cholerae elicits long-term protections against subsequent diseases
(169,170). Although the mechanism remains unclear, it has been suggested that memory B
cells in the gut-associated lymphoid tissue play a key role in protective immunity (170,171).
Following an acute infection, cholera patients develop significant B cell responses against V.
cholerae antigens including lipopolysaccharide, cholera toxin B subunit, and toxin-
coregulated pilus major subunit A, and these memory B cells remain detectable in the
circulation for more than one year (170). Besides the protective immunity, variation in
composition of gut microbiome confers variable resistance to V. cholerae infection (172). As
T6SS-mediated killing of commensals significantly changes the composition of gut
microbiome and contributes to V. cholerae pathogenesis and disease development, it is
worth studying if pathogen-symbiont interactions impact secondary responses to V. cholerae
re-exposure (168).

T6SS contact-dependent attacking of the gut microbiome results in a decreased
proportion of susceptible commensal species and an expansion of T6SS-resistant microbes
in the gut (108). V. cholerae T6SS also affects composition of gut commensals through a
number of mechanisms independent of direct killing. For example, V. cholerae uses its T6SS
to increase host gut contractility for expelling resident bacteria in the zebrafish intestine
(107). Additionally, T6SS-commensal interactions enhance the severity of diarrhea
symptoms, which disrupts native gut microbial communities. Specifically, T6SS-mediated
killing of symbionts induces mucin production, a marker for diarrhea, and upregulates
virulence genes encoding cholera toxin that contribute to the diarrheal disease (108,168).
During profuse watery diarrhea, the diversity of the gut microbiome drops dramatically, and
the gut is dominated by Streptococci, Enterococci, and Proteobacteria (172,173).

Although Gram-positive bacteria like Streptococci and Enterococci are considered to
be resistant to T6SS due to an increased thickness of bacterial cell wall (146), a recent study
uncovered T6SS effectors degrading cell wall of Gram-positive species (147). More than 50%
of 8- and y-proteobacteria are T6SS-positive and produce immunity proteins against toxic

T6SS effectors (89,174). However, challenged by diverse competitors in various
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environments, different bacterial species and even different strains of the same species
secrete different combinations of effectors to promote intraspecific and interspecific
competition (175,176). Therefore, it remains to be further examined how re-exposure to V.
cholerae impacts composition of the gut microbiota. Given the essential role of T6SS-
commensal interactions in V. cholerae pathogenesis, I hypothesize that changes in
composition of the gut microbiome upon an acute V. cholerae infection may impact host
susceptibility to the re-exposure of the same pathogen, potentially affecting epithelial
regeneration upon infections and disease severity. Future studies about impacts of T6SS-
microbe interactions on host secondary responses would provide us insights into the
mechanism of protective immunity in cholera patients developed after an acute infection and

the role of gut commensals during enteric infections (Figure 4.3).
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Figure 4.3. V. cholerae blocks intestinal epithelial repair in the zebrafish intestine.

V. cholerae infection blocks intestinal stem cell proliferation and activates BMP response in
a T6SS-dependent manner, but the underlying mechanisms remain unclear. It is also
unknown if pathogen-commensal interactions, host immune responses or BMP activity are
required for T6SS-dependent arrest of epithelial repair. It also remains in question if prior

exposure to T6SS affects host responses to re-exposure to V. cholerae.
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4.5 Concluding remarks

During enteric infections, the replacement of damaged tissue by intestinal progenitor
cells is vital to maintain the epithelial barrier and protect the host from systemic infection.
V. cholerae causes widespread destruction to the intestinal epithelium and blocks tissue
repair by limiting progenitor proliferation. The underlying molecular mechanisms of V.
cholerae-responsive arrest of epithelial renewal remain unclear. Within the scope of my
thesis, I found that T6SS-commensal interactions modify host immune and growth
regulatory pathways to disrupt intestinal epithelial repair during V. cholerae infection. Using
the Drosophila model, I uncovered effects of the BMP pathway and innate immune response,
the TNFR-like IMD pathway, on progenitor proliferation upon V. cholerae infection. In
addition, I found that V. cholerae blocks epithelial repair and activates BMP response in the
vertebrate zebrafish model. Given the importance of BMP and TNFR-like signalings in
regulating intestinal homeostasis, I consider this work relevant to understand how

pathogen-commensal interactions orchestrate host responses to a global health threat.
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