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Abstract

The intestinal epithelium is a complex tissue monolayer composed of regionally and
functionally specialized cells. Given epithelial exposure to harsh and varied luminal conditions,
epithelial cells continuously regenerate to sustain the barrier against environmental factors,
including microbial invaders. Both host factors and microbial input contribute to intestinal
epithelial growth, differentiation, and function. However, the epithelium contains a complex
mixture of secretory and absorptive cell types, and itis unclear how each of these cell populations
responds to microbial signals or contributes to epithelial homeostasis.

To determine how microbes alter cell type-specific processes in the intestine, | employed
a zebrafish model and single-cell RNA sequencing (scRNA-seq) of the intestine to measure
microbe-dependent transcriptional changes at the cellular level. First, | describe genetic markers
for cell types in the zebrafish gut under conventional conditions in larvae and adults, establishing
homeostatic cell profiles of the zebrafish intestine at two developmental stages. Next, | compare
these conventional scRNA-seq datasets to respective cell profiles of intestines from fish larvae
raised without microbes, or adults exposed to pathogenic Vibrio cholerae, an aquatic bacterium
that infects the gastrointestinal tract, and for which zebrafish are natural hosts. Lastly, | employ
these single-cell profiles of the zebrafish intestine to identify the receptor activator of nuclear
factor kappa light-chain-enhancer of activated B cells (RANK), as a developmental regulator of
cells with genetic similarity to microbe-sensing tuft cells in mammals. Taken together, this thesis
provides a framework for how commensal and pathogenic microbes impact IEC transcriptional
programmes, and explores regulatory infrastructure underlying development of a candidate

microbe-sensing cell type.
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Chapter 1: Introduction

This chapter contains content from the following sources:

o Willms RJ, Foley E. (2023). Mechanisms of epithelial growth and development in the
zebrafish intestine. Biochem. Soc. Trans.
o Willms RJ, Jones LO, Hocking JC, and Foley E. (2022). A cell atlas of microbe-responsive

processes in the zebrafish intestine. Cell Reports.



1.1 Overview

The gastrointestinal tract captures nutrients and energy essential for animal development
and health. At the same time, the intestine maintains an intimate relationship with a complex
consortium of microbes residing on the intestinal surface, collectively referred to as the gut
microbiota (Bengmark, 1998; Backhed et al., 2005; Neish, 2009). This microbial multitude is
dynamic, containing bacteria, viruses, and fungi whose populations fluctuate according to
hereditary and environmental factors (Bennet et al., 2018; Chassaing et al., 2017; Claesson et al.,
2012; David et al., 2014). Moreover, the intestine is invariably exposed to pathogenic microbes
that damage the host and disrupt the commensal microbiota (Baumler and Sperandio, 2016).
Accordingly, the intestine must balance the need for nutrient uptake, commensal microbe
tolerance, and pathogen elimination.

The intestinal epithelium lies at the host-environment interface, forming a single cell layer
that harvests dietary nutrients and responds to altered luminal status, including nutrient
availability and microbial composition (Baumler and Sperandio, 2016; den Besten et al., 2013;
Gensollen et al., 2016; Natividad and Verdu, 2013). To accomplish this extraordinary feat, the
intestinal epithelium contains specialist cell types that contribute in variable capacities to
environmental sensing, nutrient acquisition, microbial deterrence, and immune activation
(Gehart and Clevers, 2019). However, continuous epithelial exposure to the luminal environment
eventually drives mature intestinal epithelial cells (IECs) to programmed cell death (Patankar and
Becker, 2020). Thus, the epithelium regenerates continuously, replacing cells that succumb to
mechanical or environmental forces (Clevers, 2013; van der Flier and Clevers, 2009; Vermeulen
and Snippert, 2014). Maintaining epithelial homeostasis is critical to host health, where
dysregulation is associated with impaired microbial containment, intestinal cancers,
inflammatory bowel diseases (IBDs) and immune or metabolic disorders (Belkaid and Hand, 2014;
Sekirov et al., 2010; Zitvogel et al., 2015). Thus, it is critical to understand intrinsic and extrinsic
factors shaping epithelial growth and function.

Over the last few decades, researchers have applied animal models and microbial
manipulation to investigate organismal responses to commensal and pathogenic microbes (Bry

et al., 1996; Cebra, 1999; Hooper et al., 2001; Hooper et al., 2003; Husebye et al., 1994; Kelly et



al., 2004; Macpherson et al., 2000; Stappenbeck et al., 2002; Uribe et al., 1997). Such studies
showed that microbes influence intestinal growth and differentiation, nutrient metabolism, and
innate and adaptive immune processes, all of which have broader impact on host health (Bry et
al., 1996; Cebra, 1999; Hooper et al., 2001; Hooper et al., 2003; Husebye et al., 1994; Kelly et al.,
2004; Macpherson et al.,, 2000; Stappenbeck et al., 2002; Uribe et al., 1997). Moreover,
researchers implemented genetic approaches to identify molecular pathways mediating intestinal
responses to microbes (Arora et al., 2018; Haber et al., 2017; Hooper et al., 2001; Koch et al.,
2018; Rawls et al., 2004; Reikvam et al., 2011). While this research provided tremendous insight
into host-microbe interactions, most investigations focused on the entire gut, or intestinal
regions. Thus, a knowledge gap exists in our understanding of intestinal cell-type-specific
processes altered by microbial signals. This is a critical unknown given that the intestine contains
spatially and functionally specialized cell types with diverse roles in gut function and homeostatic
maintenance.

To begin this work, | hypothesized that microbes alter cell-type-specific processes in the
intestine (Figure 1.1). To test this hypothesis, | employed a zebrafish model and single-cell RNA
sequencing (scRNA-seq) of the intestine to measure microbe-dependent transcriptional changes
at the cellular level. First, | describe genetic markers for cell types in the zebrafish gut under
conventional conditions in larvae and adults, establishing homeostatic cell profiles of the
zebrafish intestine at two developmental stages (Chapter 3). Next, | compare these conventional
scRNA-seq datasets to respective cell profiles of intestines from fish larvae raised without
microbes, or adults exposed to pathogenic Vibrio cholerae, an aquatic bacterium that infects the
gastrointestinal tract, and for which zebrafish are natural hosts (Chapter 4). Lastly, | employ these
single-cell profiles of the zebrafish intestine to identify the receptor activator of nuclear factor
kappa light-chain-enhancer of activated B cells (RANK), as a developmental regulator of cells with
genetic similarity to microbe-sensing tuft cells in mammals (Chapter 5). Taken together, this thesis
provides a framework for how commensal and pathogenic microbes impact IEC transcriptional
programmes, and explores regulatory infrastructure underlying development of a candidate
microbe-sensing cell type. In this introduction, | explore intestinal structure, mechanisms of

epithelial growth and development, and microbe-dependent processes in the vertebrate gut, to



contextualize cell type identifications in the zebrafish intestine (Chapter 3), RANK as a
developmental regulator in the intestinal epithelium (Chapter 5), and cell type-specific, microbe-

dependent processes in the intestine (Chapter 4).

e [ Altered cellular processes ]

Figure 1.1. Do microbes regulate cell-type-specific processes in the intestine? Microbes are
depicted in the lumen of the intestine. (1) Gray arrows represent microbial signals detected by
the intestinal epithelium. Specialist IECs (described in this chapter) are represented by unique
shape and colour. (2) | predict that microbial signals modulate processes specific to each specialist

IEC type, where coloured arrows represent cell-type-specific alterations mediated by microbes.

1.2 Introduction to the zebrafish intestinal model

Regulators of epithelial development and growth have been uncovered through decades
of investigation in models as far-ranging as the vinegar fly, rodents, pigs, chickens, and organoids,
each sharing common blueprints for intestinal formation and function (Barker, 2014; Buchon et
al., 2013b; Ferguson and Foley, 2022; Myers and Schat, 1990; Sato et al., 2009; Zhang et al., 2013).
Another emerging and potent model of intestinal development and immunity is the zebrafish,
Danio rerio (Brugman, 2016), originally established by developmental biologists as a vertebrate

model of embryonic development, differentiation, and growth (Grunwald and Eisen, 2002).



Zebrafish offer several advantages, including tremendous fecundity and the developmental
conveniences of rapid ex utero growth, translucency, small size, and genetic tractability
(Westerfield, 2000). Foundational studies in the late 1990’s and early 2000’s demonstrated that
zebrafish and mammalian intestines share structural, functional, and developmental similarities
(Crosnier et al., 2005; Ng et al., 2005; Pack et al., 1996; Wallace and Pack, 2003; Wallace et al.,
2005), validating the utility of fish to uncover fundamental principles of gut biology. Since then,
zebrafish have emerged as a powerful system to study intestinal inflammation and host-microbe
interactions (Brugman, 2016; Flores et al., 2020; Lépez Nadal et al., 2020), and genetic analyses
have expanded our understanding of fish gut physiology, revealing transcriptional overlap
between fish and mammalian intestines (Davison et al., 2017; Lickwar et al., 2017; Wang et al.,
2010b). These studies revealed that regional subdivisions and mucosal composition of the
zebrafish gut are highly similar to mammalian intestines. Despite these advances, the zebrafish
intestine remains under-characterized relative to other models, obscuring the potential of
zebrafish for studies of intestinal development, growth, and host-microbe interactions. For
instance, researchers lack a complete picture of intestinal epithelial cell types and their markers,
and regulators of epithelial development remain incompletely understood (Crosnier et al., 2005;
Flasse et al., 2013; Flores et al., 2008; Haramis et al., 2006; Muncan et al., 2007; Ng et al., 2005;
Olden et al., 2008; Pack et al., 1996; Roach et al., 2013; Wallace and Pack, 2003; Wallace et al.,
2005). Given the known similarities across vertebrate intestinal development, structure, and
transcriptional regulation, it is likely that zebrafish will be useful to uncover both regulators of
intestinal development, as well as cell type-specific responses to environmental stressors, as
considered in this work. Throughout this chapter, | explore zebrafish intestinal biology, drawing
comparisons to mammals in an effort to highlight similarities and unknowns related to the use of

the zebrafish model.

1.3 Intestinal segmentation and architecture
Intestinal tracts are regionally specialized to optimize the harvest of usable energy
sources (Thompson et al., 2018). Along the gut tube, both host organisms and commensal

microbes secrete digestive enzymes that catabolize dietary nutrients into simple peptides,



sugars, and fatty acids that are then absorbed across the intestinal epithelium (Perrigoue et al.,
2014; Perrone et al., 2010; Rooks and Garrett, 2016). Nutrient digestion along the intestinal
length is regionally dependent and corresponds to distinct epithelial composition and function
(Thompson et al., 2018). In mammals, the proximal intestine (duodenum) facilitates chemical
digestion, the jejunum specializes in protein, carbohydrate, and lipid absorption, the ileum is
immune-competent and reabsorbs bile acids, and the colon specializes in water and salt
retention (Figure 1.2). Functional specializations also correlate with other regional features; for
example, the small intestine contains a single loose mucous layer that enables nutrient
absorption, while the colon has both attached and loose mucous layers that support a vast
consortium of commensal microbes (Johansson et al., 2013). Microbiota repression in the
proximal intestine is further achieved through higher antimicrobial peptide expression relative to
the colon (Gubatan et al., 2021).

The zebrafish intestine is segmented, though less complex, than the mammalian gut.
While the zebrafish does not possess an acidic digestive domain like the human stomach, it has
three major intestinal regions defined as the anterior intestinal bulb, the middle intestine, and
the posterior intestine (Crosnier et al., 2005; Ng et al., 2005; Pack et al., 1996; Wallace and Pack,
2003; Wallace et al., 2005), with up to seven transcriptionally distinct regions therein (Lickwar et
al.,, 2017; Wang et al., 2010b). Prevailing evidence indicates that the anterior bulb and middle
intestine are akin to the mammalian duodenum and jejunum, mediating lipid, carbohydrate, and
protein uptake, while the distal middle intestine recovers bile salts like the ileum, and the
posterior mediates ion and water absorption like the colon (Brugman, 2016; Lickwar et al., 2017;
Ng et al., 2005; Wallace et al., 2005; Wang et al., 2010b) (Figure 1.2). The zebrafish also has an
esophagus and pharynx that comprise the foregut, and a cloaca or hindgut that may be
comparable to the mammalian rectum, though these tissues have yet to be thoroughly
investigated. Some work indicates the proximal digestive tract exhibits developmental
congruence with the stomachs of mammals and birds, where early formation requires the
transcription factor Sox2 (Muncan et al., 2007).

Zebrafish and mammalian intestines exhibit moderate structural overlap. Both contain a

serous membrane underlying layers of longitudinal and circular muscle (Wallace and Pack, 2003).



However, unlike mammals that have a submucosa and muscularis mucosa underlying the
mucosa, the zebrafish mucosa sits directly over the musculature with an attenuated layer of
connective tissue beneath the epithelium (Wallace et al., 2005). Zebrafish also possess a
simplified enteric nervous system of a single myenteric layer with neurons and glia that regulates
gut peristalsis, hormone secretion, and nutrient absorption (Wallace et al., 2005).

The zebrafish mucosa itself is comparable to humans, with folded structures referred to
as villar ridges, or rugae (Figure 1.2). Here, the zebrafish mucosa is elongated relative to
mammalian finger-like villi, and rugae lack infolded crypts (Pack et al., 1996; Wallace et al., 2005;
Wang et al., 2010b). The lamina propria of both rugae and villi contain immune and stromal cells,
as well as a dense network of blood and lymphatic vessels that quickly disseminate available
nutrients (Wallace and Pack, 2003). The epithelium overlays the lamina propria, contacting the
lumen, where distinct IEC populations contribute to regional and functional gut specializations

(Wallace and Pack, 2003).



Human Intestine

Anterior (Duodenum-like) :

Middle (Jejunum-like) 1
Posterior (Colon-like)

Middle (leurn-like)

Zebrafish Intestine

Figure 1.2. Comparison of intestinal structure in humans and zebrafish. A) The human intestine
is composed of the small intestine (duodenum, jejunum, ileum) and large intestine (colon). The
small intestine contains villi, with an epithelium organized into villus-crypt structures. The human
intestine also possesses dedicated epithelia overlying gut-associated lymphoid tissue (GALT). B)
The zebrafish intestine is segmented into the anterior, middle, and posterior regions that exhibit
functional and genetic similarity to the mammalian intestine. Epithelia are arranged into folded

structures termed rugae.



1.4 Zebrafish intestinal formation

Zebrafish gut tube formation begins at mid somite stages (Wallace and Pack, 2003) and
completes morphogenesis by 34 hours post-fertilization (hpf) (Wallace et al., 2005). The gut tube
then grows substantially and forms a polarized epithelium between 34 and 120 hpf, coincident
with early nutrient acquisition from the yolk as well as exogenous feeding around 120 hpf
(Wallace and Pack, 2003; Wallace et al., 2005). Initially, the epithelium is highly proliferative to
facilitate growth, however division rates decrease from 74 to 120 hpf, with dividing cells and
nascent IECs restricted to the base of newly formed epithelial folds (Crosnier et al., 2005; Wallace
et al., 2005). It is unclear what drives decreased proliferative potential after 74 hpf, however
researchers have proposed that smooth muscle formation at this time encourages epithelial
folding and simultaneously confines proliferation to the fold base (Li et al., 2020; Olden et al.,
2008; Wallace et al., 2005). Thus, by 5 days post-fertilization (dpf) zebrafish have fully functional
intestines with maturing epithelial folds and basally restricted epithelial growth.

Between 6 and 33 dpf, the intestine matures substantially, with a burst of growth and
intestinal folding occurring 19 to 26 dpf (Li et al., 2020; Wallace et al., 2005). From 6 to 19 dpf,
proliferative IECs and their progeny remain at the base of modestly sized epithelial folds;
however, the rapid growth period from 20 to 26 dpf is accompanied by increased epithelial
proliferation, fold elongation, and apical migration of differentiating IECs (Li et al., 2020). At this
time, new IECs primarily contribute to epithelial fold lengthening, with limited apoptosis until 2
months of age (Li et al., 2020). Thus, the postembryonic period appears to be divided into three
stages of epithelial growth: 1) an immature stage of steady growth from 6 to 19 dpf, where new
cells are restricted to the fold base; 2) epithelial maturation from 20 to 33 dpf, where new cells
migrate apically and epithelial folds elongate; and 3) the mature adult form where epithelial cells
undergo homeostatic cell replacement (Li et al., 2020). Further work is needed to understand
stem cell division and differentiation dynamics, as well as functional IEC alterations that

accompany these disparate developmental stages.



1.5 Growth and renewal of the intestinal epithelium

At the heart of epithelial growth are multipotent intestinal stem cells (ISCs) that undergo
self-renewing divisions, followed by differentiation to generate regionally specialized mixtures of
absorptive and secretory cell types (Barker et al., 2007). Stem cell dynamics and terminal cell
maturation are highly responsive to endogenous and external stimuli, where inter-lEC
communication and molecular pattern sensing trigger cell division and differentiation to maintain
an epithelial barrier (van der Flier and Clevers, 2009).

Mammalian small intestinal ISCs reside at the base of epithelial invaginations called crypts
of Lieberkiihn, within a protected niche formed by neighbouring epithelial, stromal and muscle
cells (Gehart and Clevers, 2019). These ISCs, referred to as crypt base columnar cells, are marked
by Lgr5 expression and divide frequently under homeostatic conditions to regenerate the entire
small intestinal epithelium every 3-5 days (Barker et al., 2007; Darwich et al., 2014). Lgr5+ crypt
base columnar cells simultaneously self-renew while giving rise to highly proliferative transit-
amplifying (TA) cells that exit the crypts and migrate apically as they differentiate (Barker et al.,
2007; Bjerknes and Cheng, 1999; Winton and Ponder, 1990). Differentiated cells continue moving
toward the villus tip as they age, until environmental stress drives them to programmed cell
death, at which stage they are shed from the epithelium (Gilmore, 2005). There is some
controversy over the existence of quiescent, reserve ISC populations that inhabit the niche
periphery and re-populate the stem cell niche if crypt base columnar cells are compromised, for
example due to genomic instability (Barker et al., 2012; Gehart and Clevers, 2019). Given the
uncertainty in this area, | will confine my discussion of ISCs to crypt base columnar cells, and
hereafter refer to them simply as “ISCs.” Likewise, | will use the term “progenitors” in reference
to ISCs and TA cells collectively.

Studies in the zebrafish intestine uncovered a cycling basal epithelial cell, analogous to
the mammalian ISC, that drives epithelial development in larvae and adults (Crosnier et al., 2005;
Li et al., 2020; Wallace et al., 2005; Wang et al., 2010b). Despite this important similarity, a major
barrier to harnessing zebrafish as a model for intestinal biology has been the lack of genetic
markers and tools to manipulate this ISC population. The zebrafish genome does not encode Lgr5

or Ascl2, two Wnt pathway genes highly expressed by mammalian ISCs. However, recent studies

10



uncovered characteristics of the progenitor compartment in fish guts, such as basally-localized
Stat3-responsive cells (Peron et al., 2020), or Prmt1-expressing cells that generate both secretory
and absorptive lineages (Tavakoli et al., 2022), though it is unclear if these are the same cell type,
or if these cells are present throughout development. While validated markers for a multipotent
cell type that generates all epithelial lineages have yet to be described, a growing body of
evidence demonstrates that pathways regulating progenitor dynamics are shared across
mammals and zebrafish, including Wnt, Bone Morphogenetic Protein (BMP) and Notch
signaling. In this section, | discuss regulatory pathways foundational to understanding cell types
and genetic markers identified in Chapter 3. Furthermore, | consider the role of RANK-mediated
activation of the nuclear factor kappa light-chain-enhancer of activated B cells (NF-kB) pathway

and cell specification in the gut to provide context for investigating RANK function in Chapter 5.

1.5.1 Wnt/B-catenin signals drive ISC maintenance and renewal

The Wnt/B-catenin signaling pathway is essential for mammalian stem cell renewal and
maintenance (van de Wetering et al., 2002). Wnt ligands are secreted glycoproteins that bind to
members of the Frizzled receptor family, where Wnt pathway activation leads to B-catenin nuclear
translocation and association with T-cell factor (TCF) family transcription factors that initiate Wnt
effector molecule transcription (Alok et al., 2017; Behrens et al., 1996; Molenaar et al., 1996;
Nusse and Clevers, 2017). In mammals, intestinal Wnt activity is restricted to crypts, where
stromal-derived Wnt ligands bind the Frizzled and LRP5/6 receptors that prevent B-catenin
degradation by the Adenomatous Polyposis Coli (APC) destruction complex (Nusse and Clevers,
2017). Low level Wnt signals are then enhanced by R-spondins that bind leucine-rich repeat-
containing G protein-coupled receptors to promote ISC renewal and maintenance (Carmon et al.,
2011; de Lau et al., 2011; Glinka et al., 2011; Kim et al., 2005; Sato et al., 2009). Wnt signals
diminish as proliferating cells exit the niche to facilitate progenitor cell differentiation (Nusse and
Clevers, 2017).

Whnt also functions in the zebrafish intestinal epithelium, though its mechanism of action
has yet to be fully uncovered, and disparities are apparent between larval and adult IECs. For

example, zebrafish larvae lacking the Wnt co-activator Tcf4 fail to develop a class of Stat3-
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responsive cells with stem-like character (Peron et al., 2020), and lose some proliferative capacity
(Cheesman et al., 2011). Conversely, larvae with overactive Wnt, achieved through depletion of
the B-catenin destruction complex component Axin1, exhibit excess cell proliferation (Cheesman
etal., 2011). Thus, it appears that Wnt has a moderate pro-proliferative and cell maintenance role
in the larval zebrafish gut but is not absolutely required for epithelial maintenance or growth. In
contrast, juvenile tcf4 null mutants exhibit severely diminished cell division at the fold base four
weeks post-fertilization, leading to premature death by six weeks (Muncan et al., 2007), while
adults deficient for the Wnt antagonist APC develop spontaneous intestinal tumours (Haramis et
al., 2006). Together, these studies reveal that Wnt drives proliferation in the zebrafish intestine,
although Wnt may only become essential as fish mature to adulthood. Further work using
conditional, cell type-specific gene inactivation will uncover requirements for Wnt in ISC
maintenance and epithelial growth, and remove possible confounding effects of whole animal
knockouts or maternally-provided gene products in mutant larvae.

Additional studies report the expression of putative Wnt receptors and targets in zebrafish
IECs, though their role in Wnt signaling and epithelial homeostasis remains speculative. For
example, the Tcf4 target (Blache et al., 2004) and candidate stem cell marker sox9b is expressed
at the fold base of the adult zebrafish intestine (Cheesman et al., 2011; Peron et al., 2020),
indicating a probable role in ISC niche maintenance. Furthermore, asc/1a, though not a confirmed
target of Wnt in zebrafish, is highly expressed in larval epithelial progenitors (Flasse et al., 2013),
and may be functionally equivalent to mammalian Wnt target and ISC marker Asc/2. Finally, the
Whnt receptors fzd5 and fzd8a were detected in the developing gut at 30 hours post-fertilization
(hpf) (Nikaido et al., 2013), while Igr4 could be detected at 96 hpf (Hirose et al., 2011), though

their roles in IEC homeostasis are not known.

1.5.2 Bone morphogenetic protein signaling: an unknown factor in zebrafish IEC differentiation

BMPs are members of the Transforming Growth Factor Beta superfamily that regulate
epithelial cell differentiation in the mammalian gut (Cichy et al., 2014; Howe et al., 1998). BMP
gradients act in opposition to Wnt signals, increasing apically along the basal-apical villus axis to

inhibit proliferation and promote differentiation (He et al., 2004). In mice, mesenchyme-derived
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BMPs promote absorptive cell differentiation, whereas depletion of endogenous BMP drives
neoplastic stem cell overgrowth (Auclair et al., 2007; He et al., 2004; Qi et al., 2017). Factors
involved in mouse IEC differentiation include BMP2 and BMP4 that bind epithelial BMPR1A to
initiate a phosphorylation cascade that drives SMAD complex formation, nuclear translocation,
and transcriptional regulation (Gehart and Clevers, 2019).

BMP is involved in early endoderm specification in zebrafish (Chung et al., 2010), though
we know little about BMP function in zebrafish IECs. BMP2b-deficient zebrafish exhibit
developmental defects in intestinal smooth muscle and enteric nervous system formation (Huang
et al., 2019), while conditional BMP inhibition impedes cloaca development (Pyati et al., 2006).
These findings implicate BMP in intestinal development, although we do not know which cells are
involved in signal transduction, and we lack information on BMP involvement in the development

of larval or adult intestinal epithelia.

1.5.3 Notch-mediated differentiation: the binary enforcer

Intestinal Notch signals are critical for progenitor cell fate choices between secretory and
absorptive lineages, where high Notch activity blocks secretory cell differentiation in favor of
absorptive cell production (Fre et al., 2005; Micchelli and Perrimon, 2006; Ohlstein and Spradling,
2006; van Es et al., 2005). In mammals, Notch signaling occurs in ISCs and basal TA cells, where a
Paneth or secretory precursor cell presents membrane-bound DII1 or DIl4 to neighboring
progenitors that express the Notch receptor (Pellegrinet et al., 2011; Sato et al., 2011; Stamataki
et al., 2011). Receptor activation prompts y-secretase-dependent cleavage and nuclear
translocation of the Notch intracellular domain, followed by binding with transcriptional activator
Rbpj and induction of the secretory cell differentiation factor Atoh1, which also represses DIl1
and Dll4 ligand production in Notch-expressing cells (Kim et al., 2014). Thus, Notch activation is
reinforced in absorptive progenitors while preventing Notch activation in adjacent ligand-
presenting cells, solidifying their secretory fate. This binary mechanism of lateral inhibition
ensures consistent ratios of absorptive and secretory cell production, alongside stem cell

maintenance.
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Notch signaling also plays a critical role in zebrafish IEC differentiation. For example, Notch
regulators are highly expressed in the larval gut, including the Delta and Serrate ligands, as well
as several Notch receptors (Crosnier et al., 2005). The intestinal epithelium of zebrafish with a
null mutation in the DIl1 orthologue deltaD has moderately increased secretory cell numbers,
while depletion of an E3 ubiquitin ligase and pan-Delta activator, mib1, produced epithelia
dominated by secretory cells (Crosnier et al., 2005). These findings indicate that Delta-Notch
signals suppress secretory cell fate choices in the zebrafish intestine, and that several Notch
ligands collaborate to activate Notch. In support of a role for Notch in secretory fate choices,
inhibition of Notch via expression of a dominant-negative Rbpj elevated endocrine-specified
secretory cell numbers (Troll et al., 2018). Additional work showed that loss of the mRNA
alternative splicing regulator heterogeneous nuclear ribonucleoprotein | (hnRNP 1) prevented
degradation of the Notch intracellular domain, leading to overactive Notch, goblet cell
deprivation, and epithelial overgrowth (Yang et al., 2009). Finally, several studies revealed that
the y-secretase inhibitor DAPT increased secretory cell abundance (Flasse et al., 2013; Roach et
al., 2013), and prevented specification of absorptive cells such as vacuolated lysosome-rich
enterocytes (Rodriguez-Fraticelli et al., 2015). Together, these findings indicate that Notch induces
IECs to adopt an absorptive fate, whereas Notch inhibition is sufficient for secretory lineage
determination.

Some evidence suggests that zebrafish Notch signaling employs an alternate bHLH
transcription factor to specify secretory cells. While mammals rely on Atoh1 to drive Notch ligand
transcription, concurrent studies of asc/Ia mutants demonstrated that Asclla may fulfill this role
in zebrafish, driving secretory cell differentiation by inducing expression of deltaD, as well as
downstream endocrine cell specification factors (Flasse et al., 2013; Roach et al., 2013). While
these findings need to be reconciled with research showing that atohlb can partially rescue
secretory cell production when overexpressed in asc/1a mutants (Reuter et al., 2022), it remains
unclear if upstream Notch regulators Rbpj and Hes1 inhibit bHLH transcription factor expression.
Recent work found Hes1 orthologues her6 and her9, as well as Hes5 orthologue her15.1, are
expressed in the gut (Rodriguez-Fraticelli et al., 2015), and one paper revealed an |IEC subset co-

labeled by fluorophores under the control of Rbpj-mediated transcription and an her6 enhancer
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respectively (Lickwar et al., 2017). These findings implicate Hes-related family members in Notch
activation, though additional work is needed to clarify the role of specific Notch signaling pathway

components in zebrafish IECs.

1.5.4 RANK and NF-KB as regulators of cell specification

RANK is a Tumor Necrosis Factor (TNF) receptor superfamily member (TNFRSF11A)
involved in a broad spectrum of host developmental processes, including bone homeostasis (Li et
al., 2022), immune cell differentiation (Li et al., 2022), mammary gland epithelial development
(Fata et al., 2000), medullary thymic epithelial development (Rossi et al., 2007), and specification
of antigen transporting M cells in the intestinal follicle-associated epithelium (FAE) (Knoop et al.,
2009), a cell layer overlying lymphoid follicles that specializes in antigen uptake. While it is not
yet clear how RANK function compares in these tissues, a requirement for RANK activity in such
diverse contexts implicates RANK as a fundamental mediator of development.

RANK is activated through trimerization that occurs upon binding with RANK ligand
(RANKL), a TNF superfamily member that exists in both soluble and membrane-bound forms
(Hikita et al., 2006; Man et al., 2018). RANK can also trimerize and self-activate independently of
RANKL binding (Crockett et al., 2011; Kanazawa and Kudo, 2005), though the relative contribution
of self-activated RANK to in vivo functioning requires further study. Given that RANK activation is
thwarted by the presence of alternate RANKL receptors, RANK-RANKL interactions appear to be
the primary mechanism of RANK activation. Specifically, osteoprotegerin (OPG) and leucine-rich
repeat-containing G-protein-coupled receptor 4 (LGR4) both limit RANK activation by binding to
RANKL (Li et al., 2022; Luo et al., 2016), at least in the context of bone homeostasis.

RANK activation through RANKL binding drives association of the RANK intracellular
domain with tumor necrosis factor receptor-associated factor (TRAF) family members that induce
numerous signaling pathways, including NF-kB (Nakashima et al., 2012). NF-kB is an industrious
transcription factor that responds to many inputs, such as microbial and inflammatory signals,
and activates various downstream processes including cell survival and innate immune pathways

(Taniguchi and Karin, 2018). Given the prolific roles of NF-kB and my focus on intestinal

15



development, | will limit further consideration of NF-kB to known involvement in intestinal cell
specification.

NF-kB activation is well known as a developmental regulator of the mammalian FAE,
where innate lymphoid cells (ILCs) and stromal cells produce cytokines that bind to epithelial
tumor necrosis factor receptor superfamily members to activate NF-kB. Specifically, ILC3 cells
produce lymphotoxin alpha that binds to epithelial TNFR (Debard et al., 2001; Dejardin et al.,
2002), and stromal cells produce RANKL that binds to epithelial RANK (Kanaya et al., 2012; Kanaya
et al., 2018; Knoop et al., 2009), resulting in specification of M cells from lymphoid follicle-
adjacent ISCs. While additional roles for NF-kB in vertebrate IEC development remain unclear,
work in Drosophila demonstrated that the Immune Deficiency (IMD) pathway, a relative of the
TNF-receptor signaling pathway, activates NF-kB family member relish to increase enterocyte
production by upregulating Notch pathway components (Liu et al., 2022). Moreover progenitor-
specific inactivation of the IMD pathway shifts epithelial composition across development (Shin
et al., 2022), implicating NF-kB activity in IEC differentiation. Thus, while the role of RANK has not
been investigated in the context of villus IEC differentiation (as distinct from FAE differentiation),
it may not be surprising that RANK-mediated NF-kB activation regulates aspects of IEC

development, as purported in Chapter 5 of this work.

1.6 IEC lineages and specification factors

The mature human intestinal epithelium has at least seven specialist cell types that
develop from multipotent ISCs. Cells of the secretory lineage include Paneth, enteroendocrine
cells (EECs), goblet, and tuft cells, while the absorptive lineage includes enterocytes (ECs), M cells,
and recently identified BEST4-positive enterocytes (Parikh et al., 2019; Smillie et al., 2019). While
zebrafish possess clear absorptive and secretory IEC populations, and transcriptional overlap is
evident between humans and zebrafish intestinal epithelia (Crosnier et al., 2005; Ng et al., 2005;
Wallace et al., 2005), zebrafish IEC subtypes remain poorly defined (Figure 1.3), hindering cell

type-specific investigations of development or host-microbe interactions.
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determine cell fate. Dashed arrows indicate tentative lineages.
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Figure 1.3 Comparison of intestinal epithelial cell development in mammals and zebrafish. A)
In mammals, specialized epithelial cells differentiate from intestinal stem cells that generate

absorptive or secretory progenitors, where a combination of Wnt, BMP and Notch signals

enterocytes) are only present in mammalian neonates. *BEST4+ cells are present in humans but

have not been identified in mice. B) Zebrafish intestinal stem cells generate absorptive and
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secretory lineages dependent on Notch and Wnt signals. Dashed arrows indicate tentative
lineages. Non-coloured cells indicate cell types that have not been identified in zebrafish

(absorptive progenitors, secretory progenitors, M cells, BEST4+ cells, tuft cells, and Paneth cells).

1.6.1 Secretory cell lineages

From flies to fish and mammals, Notch is the primary determinant of progenitor fate,
where cells default to a secretory cell state in the absence of Notch activity (Gehart and Clevers,
2019). Vertebrate secretory cells generally arise from a common progenitor under the direction
of Atoh1 (perhaps Asclla in zebrafish), although the exact combination of differentiation signals

needed to specify secretory cell subtypes requires clarification.

1.6.1.1 Paneth cells

Mammalian Paneth cells are crypt-resident specialists that protect stem cells by
preventing microbiota infiltration and providing growth cues to neighbouring ISCs (Sato et al.,
2011). Unusual among IECs, these long-lived cells traverse downward from the niche periphery
to interdigitate with ISCs, where they survive up to 2 months (Batlle et al., 2002; Genander et al.,
2009). Paneth cells maintain crypt sterility by secreting antimicrobial peptides, and manage I1SC
maintenance and differentiation by producing Wnt and Notch ligands that support the stem cell
niche and drive secretory cell production (Gehart and Clevers, 2019). Paneth cells are the default
fate for committed secretory precursors in mammals, where high fibroblast growth factor signals
and Wnt-dependent Sox9 expression direct Paneth cell differentiation (Bastide et al., 2007; Mori-
Akiyama et al., 2007; Vidrich et al., 2009). Initial specification of both Paneth and goblet cells
depends on Gfil (Shroyer et al., 2005), while the Wnt-responsive gene Spdef guides terminal
differentiation of both cell types (Gregorieff et al., 2009; Noah et al., 2010).

Histological analysis and transmission electron microscopy (TEM) studies indicate that
larval and adult zebrafish intestines lack Paneth cells (Brugman, 2016). However, zebrafish IECs at
the fold base express sox9b, orthologous to Paneth cell specification factor Sox9 (Cheesman et
al., 2011; Peron et al., 2020). This observation reveals a greater need to understand the role of

sox9b in zebrafish IEC specification, as well as ISC niche maintenance in the absence of Paneth
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cells. In this respect, it is plausible that zebrafish ISCs rely on stromal factors, specialist sentinel
goblet cells, and additional crypt-resident secretory cells to form a stable niche (Birchenough et

al., 2016; Sasaki et al., 2016).

1.6.1.2 Goblet cells

The most abundant secretory cell type in mammals and zebrafish is the goblet cell, whose
role is to produce a protective mucous layer that prevents microbial invasion of the host layer. As
in mammals, zebrafish goblet cells are concentrated in the distal mid-intestine, akin to the ileum
and colon (Crosnier et al., 2005; Ng et al., 2005; Wallace et al., 2005), although regionally-
specialized goblet cell subtypes are apparent (Crosnier et al., 2005). Specifically, wheat-germ
agglutinin-positive goblet cells are found in the anterior and posterior intestine, and can be
differentially labeled via immunostaining (Crosnier et al., 2005). At present, we have limited
knowledge of goblet cell differentiation in zebrafish, or factors that might influence regional
subtypes. The transcription factor cdx1b, functionally equivalent to mouse cdx2, regulates
specification of several IEC types including goblet cells (Chen et al., 2009; Flores et al., 2008).
Notch signals also regulate goblet cell specification, where overexpression of asc/la or atohlb
rescued goblet cell deficiency but not EEC production in asc/1a mutants (Reuter et al., 2022). As
in mammals, zebrafish agr2 is required for mucus production, though zebrafish agr2 additionally
promotes terminal goblet cell differentiation (Chen et al., 2012). Finally, GFP expressed under the
control of Gfil orthologue gfilaa labels intestinal goblet cells (Thambyrajah et al., 2016)
implicating gfilaa in zebrafish goblet cell production. Given the immediate link between goblet
cell function and microbiota containment, zebrafish are an attractive organism to dissect effects

of pathogenic microbial communities on goblet cell development and function.

1.6.1.3 Enteroendocrine cells (EECs)

In zebrafish and mammals, peptide-hormone secreting EECs guide metabolite sensing,
nutrient intake, digestive enzyme production, appetite, and intestinal motility (Flasse et al., 2013;
Gribble and Reimann, 2016; Lavergne et al., 2020; Roach et al., 2013). EEC subtypes exhibit unique

peptide hormone secretion profiles, producing variable combinations of the 15 or more intestinal
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peptide hormones (Bates et al., 2006; Chen et al., 2009; Flasse et al., 2013; Gribble and Reimann,
2016; Moran-Ramos et al., 2012; Roach et al., 2013; Wallace et al., 2005). Mammalian EEC fate is
determined by Neurog3 expression in secretory precursor cells, where Neurog3 is downstream
of Atoh1, and Neurog3 mutant mouse guts are devoid of EECs (Jenny et al., 2002). Further work
has shown that Neurod1 is also important for specification of EECs in mice, downstream of
Neurog3 (Li et al., 2011; Ray and Leiter, 2007). While neurod1 is also an excellent marker for
differentiated zebrafish EECs (Ye et al., 2019), and is essential for EEC development (Reuter et al.,
2022), arole for neurog3 has not been established in the zebrafish gut. Moreover, factors involved

in specifying vertebrate EEC subtypes more broadly are largely unknown.

1.6.1.4 Tuft cells

Finally, mammalian intestines possess a rare IEC type called tuft cells that control the
epithelial response to helminth encounter (Gerbe et al., 2016; von Moltke et al., 2016). While tuft
cells are typically counted among the secretory lineage, tuft cell generation does not require
Atoh1 (unlike other secretory cell types) and specification relies on the transcription factor
Pou2f3, with further encouragement from interleukins 4 and 13 (Bjerknes et al., 2012; Gerbe et
al., 2016; von Moltke et al., 2016). It is known that mammalian tuft cells arise from ISCs (Gerbe
et al., 2011), though it is unclear if tuft cells are produced from a common secretory progenitor.

Zebrafish are not thought to possess a tuft cell population. However, numerous studies in
zebrafish and other teleost species described an enigmatic cell population, termed the rodlet cell,
that is immunologically active and particularly responsive to helminth infection (Abd-Elhafeez et
al., 2020a; Reite, 2005; Sayyaf Dezfuli et al., 2018; Sayyaf Dezfuli et al., 2022). These similarities
have led to comparisons between tuft cells and rodlet cells, and some researchers speculate that
they share developmental origins (Montoro et al., 2020). Although rodlet cells were first
described over 130 years ago (Thélohan, 1892) and clearly inhabit the zebrafish gut epithelium,
their origin and developmental regulation remain obscure. Based upon work in Chapter 5 of this

thesis, | believe rodlet cells and tuft cells are functionally and developmentally related.
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1.6.2 Absorptive cell lineages
1.6.2.1 Enterocytes

Enterocytes are the dominant cell type of the intestinal epithelium, where EC abundance
corresponds to their essential role as the primary absorptive cells that produce digestive enzymes
and absorb catabolized fats, carbohydrates, and peptides, as well as water and ions (Ross and
Pawlina, 2006). Across the animal kingdom, Notch activation induces EC precursor formation,
where mammals also require BMP collaboration with the transcription factor hepatocyte nuclear
factor 4a (HNF4a) to generate mature ECs (Auclair et al., 2007; Beumer et al., 2018; Chen et al.,
2019b; Heppert et al., 2021). Additional work is needed to understand mechanisms that guide EC
subtype formation, including formation of regionally-restricted ECs, and ECs specialized for
selective nutrient absorption. Zebrafish and pre-weaned mammals also possess a highly
endocytic EC subpopulation of lysosome-rich enterocytes (LREs) that digest dietary protein via
receptor-mediated endocytosis and lysosomal degradation (Harper et al., 2011; Muncan et al.,
2011; Park et al., 2019). While mouse LRE production requires the transcriptional repressor
Prdm1 (Harper et al., 2011; Muncan et al., 2011), additional factors governing LRE specification
in vertebrates are largely unclear. LREs are only specified in mammalian neonates, however
zebrafish LREs persist into adulthood, providing a larger window of opportunity for investigating

LRE development.

1.6.2.2 BEST4+ cells

Single-cell RNA sequencing of human intestinal epithelia uncovered a previously
undescribed cell type enriched for expression of the ion channels BEST4, OTOP2, and CFTR,
variably referred to as BEST4/OTOP2 cells, BEST4+ cells, or BEST4, CFTR high-expressor (BCHE)
cells (Busslinger et al., 2021; Parikh et al., 2019; Smillie et al., 2019, #59790). The expression of
OTOPETRIN family members and CFTR in BEST4-expressing cells is regionally-dependent
(Busslinger et al., 2021; Parikh et al., 2019; Smillie et al., 2019, #59790), indicating functional
divergence of BEST4+ subtypes along the gut. Original studies suggest that duodenal BCHE cells
are involved in high-volume fluid secretion (Busslinger et al., 2021), while colonic BEST4+ cells

may regulate pH sensing and electrolyte balance (Parikh et al., 2019; Smillie et al., 2019, #59790).
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BEST4-expressing cells have been counted among the absorptive lineage, although it is unclear if
they differentiate from an absorptive progenitor, an alternate progenitor, or directly from ISCs.
BEST4+ cells are enriched for the NOTCH2 receptor and NOTCH2NL (Parikh et al., 2019), which
enhances NOTCH2 activity (Fiddes et al., 2018), suggesting a distinct Notch activation cascade
mediates BEST4+ enterocyte development. It was previously unknown if zebrafish have a
population of Best4-expressing IECs, however | uncover a population of Best4 and Otop2 positive
cells in Chapter 3 of this work. Given the recent discovery and unknown function of these cells in
humans, fish may serve as an excellent model for investigating BEST4+ cell function and

development.

1.6.2.3 M cells

The FAE of mammalian gut-associated lymphoid tissue (GALT) boasts an additional
absorptive cell, the microfold (M) cell, dedicated to transepithelial transport of luminal antigens
to underlying lymphocytes. As discussed previously, M cell differentiation depends on RANK
activation by RANKL (Knoop et al., 2009), where GALT-localized stromal cells produce RANKL and
other cytokines to drive production of specialized enterocytes and M cells from neighbouring ISCs
(Debard et al., 2001; Dejardin et al., 2002; Kanaya et al., 2012; Kanaya et al., 2018; Knoop et al.,
2009). Zebrafish do not possess a clear M cell population, although cells of the distal zebrafish
gut can transport bacteria across the epithelium (Lgvmo et al., 2017). These findings suggest that
zebrafish intestines may develop a cell type analogous to mammalian M cells, though it has not
previously been demonstrated that tnfrsf11a (encoding RANK; for simplicity and continuity, | refer
to the tnfrsflla gene as rank throughout this thesis) is expressed in the fish gut or contributes to
development of any zebrafish IEC subset. Because larval zebrafish lack organized GALT and rely
solely on germline-encoded defenses against pathogenic challenges, zebrafish provide
opportunity to characterize immune modulators such as RANK in IEC development and
homeostasis, independent of complex, secondary adaptive responses. In this thesis, | characterize
a novel role for RANK in driving development of a tuft-like cell subset in the zebrafish intestine

(Chapter 5). Accordingly, it will be necessary to reconcile the role for mammalian RANK in M cell
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development, and the role of the zebrafish RANK orthologue in specification of a dissimilar cell

type.

1.7 Epithelial immunity in the zebrafish intestine

Zebrafish and mammals both employ a combination of germline-encoded innate
defenses, cellular defenses, and humoral defenses to control commensal and pathogenic
microbes. For the first four to six weeks of life, zebrafish rely solely on innate immune signals
(Flores et al., 2020; Lam et al., 2004; Willett et al., 1999), allowing for independent investigation
of innate immune function during development of a model vertebrate. After this time, efficacious
adaptive immunity arises, including systemic dispersal of diverse lymphocyte populations, like B
and T cell subsets that produce antigen-specific immunoglobulins (Flores et al., 2020). In this
section, | discuss what is known about epithelial immunity and host-microbe interactions in the

zebrafish intestine.

1.7.1 Microbe sensing in the epithelium

To establish a healthy mutualistic relationship with commensal microbes, host organisms
must recognize and tolerate beneficial microbes while warding off pathogens. IECs provide a
physical barrier that impedes immediate microbial access to the host and minimizes activation of
immune cells (Garrett et al.,, 2010). The host further employs germline-encoded pattern
recognition receptors (PRRs) to detect microbe-associated molecular patterns (MAMPs) derived
from luminal microbes, or damage-associated molecular patterns (DAMPs) produced by
damaged host cells (Burguefio and Abreu, 2020; Garrett et al., 2010). While vertebrates possess
a variety of PRRs, two signaling receptor families mediate most molecular pattern sensing in the
mammalian gut epithelium: Toll-like receptors (TLRs) and NOD-like receptors (NLRs) (Garrett et
al., 2010).

TLRs are cell surface receptors that interact with molecules derived from gram-positive
and gram-negative bacteria, fungi, single-stranded and double-stranded RNA, viruses,
unmethylated DNA, and various DAMPs (Kawai and Akira, 2011; Medzhitov et al., 1997; Schaefer,

2014). TLR-ligand binding leads to receptor dimerization and subsequent interaction of the
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intracellular domain with adapter proteins like myeloid differentiation primary response protein
88 (Myd88) that mediate NF-kB activation and pro-inflammatory cytokine production (Burguefio
and Abreu, 2020; Garrett et al., 2010). Similarly, NLRs are cytosolic PRRs that detect intracellular
MAMPs, leading to NF-kB activation and cytokine production (Claes et al., 2015). In this way, TLR
and NLR-dependent microbe-sensing modulate immune cell recruitment and activation as well
as epithelial growth and differentiation (Burgueno and Abreu, 2020; Claes et al., 2015). While
zebrafish possess as many as 20 TLR and 421 NLR family members, many remain poorly
characterized, and orthologues to mammalian LPS-sensing TLR4 are not functionally equivalent
(Li et al.,, 2017; Sullivan et al., 2009). Given that zebrafish generate a MyD88-dependent
inflammatory response to bacterial LPS (Bates et al., 2007; Koch et al., 2018), it is likely that

alternate TLR receptors have assumed this role.

1.7.2 Epithelial response to microbes

High fecundity and ex utero development in the chorion make zebrafish highly amenable
to germ-free derivation, generation of gnotobiotic animals, and host-microbe interaction studies.
Zebrafish hatch from their protective chorion at 2 dpf, followed by opening of the mouth at 3
dpf, which invites colonization of the gut lumen by water-borne microbes (Bates et al., 2006).
Intestinal microbiota composition is dependent on developmental stage and husbandry
practices, however the zebrafish intestinal environment selects for Gram-negative
Proteobacteria and Fusobacteria, and researchers have identified several core microbial species
(Bates et al., 2006; Rawls et al., 2004; Roeselers et al., 2011; Stephens et al., 2016).

Zebrafish are a proven model for host-microbe interaction studies. Transcriptional
comparisons of intestines from 6 dpf germ-free (GF) zebrafish to those reared with a
conventional microbiome (CV) revealed at least 212 genes regulated by the microbiota, including
orthologues to 59 microbe-responsive genes identified in mice intestines (Hooper et al., 2001;
Koch etal., 2018; Rawls et al., 2004; Reikvam et al., 2011). These gene expression changes provide
evidence that microbes regulate a broad range of intestinal processes across vertebrates such as
cell proliferation, development, metabolism, and innate immunity. In vivo studies support a role

for the microbiota in vertebrate developmental processes including epithelial renewal, secretory
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cell differentiation, and gut motility (Cheesman et al., 2011; Troll et al., 2018; Wiles et al., 2016).
In addition to functional and developmental alterations, microbes educate the immune systems
of fish and mammals, inducing mucosal inflammation and myeloid cell recruitment through
Myd88-dependent TLR signals (Galindo-Villegas et al., 2012; Koch et al., 2018; Takeda and Akira,
2005). Finally, experimental evidence in fish revealed that epithelial alkaline phosphatase
detoxifies lipopolysaccharide (LPS), a finding later corroborated in mice (Bates et al., 2007;
Goldberg et al., 2008). These findings demonstrate that zebrafish, alongside other models, can

inform our understanding of microbial impacts on host development and disease.

1.7.3 Zebrafish infection model of gastrointestinal pathogens

In addition to understanding the host response to the gut microbiota, zebrafish are a
commonly utilized infectious disease model, where researchers have successfully colonized the
fish intestine with numerous gastrointestinal pathogens including members of the Edwardsiella
and Aeromonas genera, as well as various Salmonella enterica and Vibrio cholerae strains, among
others (Flores et al., 2020). Moreover, in many cases it appears that pathogen colonization
induces comparable disease phenotypes to humans. For example, zebrafish infected with S.
enterica serovar typhimurium experience inflammation and swelling of the Gl tract, as well as
neutrophil recruitment to inflamed tissues (Varas et al., 2017), while fish infected with V. cholerae
experience increased mucin production and shedding, as well as profuse diarrhea, akin to
humans (Mitchell et al., 2017).

Like mammals, fish neutralize pathogenic bacteria via epithelial production of reactive
oxygen species and antimicrobial peptides (Flores et al., 2010; Katzenback, 2015). However, the
molecular response to pathogen infection remains largely unknown. While researchers have
shown that expression of antibacterial factors and major histocompatibility complex (MHC)
components depends on NLR signals in some cases (Wu et al., 2019), such studies lack resolution,
and the specific tissues and cell types mediating the pathogen response are unclear. Given that
zebrafish are an excellent model for several gastrointestinal pathogens, providing detailed
resolution of cellular responses to intestinal infection will be valuable for understanding the host

response to disease.
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1.8 Objective

The intestinal epithelium faces a complex luminal environment and must simultaneously
respond to extrinsic signals while preserving a barrier to commensal and pathogenic microbes.
To support these efforts, intestinal stem cells at the base of epithelial folds respond to intrinsic
and extrinsic cues to produce a complex mixture of regionally and functionally specialized IECs.
However, it is largely unclear how microbes, either commensal or pathogen, influence the genetic
landscape, including the development and function, of these individual IEC types. Moreover, it is
unclear how individual cell types in turn might influence the luminal environment.

In this study, | first use the zebrafish intestinal model to investigate cell type-specific
responses to intestinal microbes. Because the cellular composition and genetic makeup of the
zebrafish intestine is relatively under-characterized, | begin by profiling single cells from the
intestines of zebrafish at 6 dpf, and in mature adults. Following this analysis, | perform
transcriptional cell-type-specific comparisons between both CV and GF larvae, as well as CV
adults to those infected with the pathogen V. cholerae. In this way, | define intestinal responses
to microbes at greater resolution than has yet been achieved in vertebrates. Next, | describe the
role of RANK in specification of a cell subset with homology to mammalian microbe-sensing tuft
cells, and investigate how loss of RANK function, and resultant loss of tuft-like cells, influences

intestinal homeostasis, as well as the luminal environment.
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Chapter 2: Materials and Methods

This chapter contains content from the following sources:

o Willms RJ, Jones LO, Hocking JC, and Foley E. (2022). A cell atlas of microbe-responsive
processes in the zebrafish intestine. Cell Reports.

o Jones LO, Willms RJ, Shin M, Xu X, Graham RDV, Eklund M, Foley E. (2023). Single cell
resolution of the adult zebrafish intestine under conventional conditions, and in

response to an acute, natural infection. bioRxiv.
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2.1 Zebrafish maintenance

Zebrafish were raised and maintained using protocols approved by the Animal Care & Use
Committee: Biosciences and Health Sciences (#3032) at the University of Alberta, operating under
the guidelines of the Canadian Council of Animal Care. TL strain zebrafish were used for single-
cell RNA-sequencing experiments, Nanostring gene expression analysis, transmission electron
microscopy, 16S rDNA sequencing, histological analysis of wild-type fish, and Vibrio cholerae
experiments. Tg(kdrl:mCherry) fish (Wang et al., 2010a) were used for analysis of intestinal
vasculogenesis. TL/AB mixed background zebrafish were used for all other experiments, including
experiments with transgenic and mutants strains generated herein. Adult fish were raised and
maintained within the University of Alberta fish facility at 29°C in tank water (Instant Ocean Sea
Salt dissolved in reverse osmosis water for a conductivity of 1000uS and pH buffered to 7.4 with
sodium bicarbonate) under a 14 hour/10 hour light/dark cycle as previously described
(Westerfield, 2000). Adult zebrafish used for experimentation were fasted for ~20h prior to
intestinal dissection. Embryos raised to larvae were housed at 29°C under a 14 hour/10 hour light/

dark cycle until 6 days post fertilization.

2.2 Generating germ-free zebrafish

Fish embryos were made germ-free (GF) essentially as in (Melancon et al., 2017). A clutch
of embryos was collected then washed and split into two cohorts. The conventionally reared (CR)
cohort was kept in sterile EM, while the GF cohort was kept in sterile EM supplemented with
ampicillin (100 pg/mL), kanamycin (5 pg/mL), amphotericin B (250 ng/mL), and gentamicin (50
ug/mL). Embryos were washed every 2 hours with EM or EM plus antibiotics for CR and GF
cohorts respectively. Once at 50% epiboly, the GF cohort was successively washed three times in
EM, then 2 minutes in 0.1% polyvinylpyrrolidone-iodine (PVP-I) in EM, followed by three EM
washes, then a 20-minute incubation with 0.003% sodium hypochlorite (bleach) in EM. Embryos
were washed three more times then transferred into tissue culture flasks with sterile EM. The CR
cohort received the same number and duration of washes, using EM in lieu of dilute PVP-I or
bleach. All work was performed in a biosafety cabinet sterilized first with 10% bleach, followed

by 70% ethanol. We tested for bacterial contamination in GF flasks at 4 days post-fertilization,
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according to established protocol (Melancon et al., 2017). EM was collected from CR and GF
culture flasks to test for bacteria by plating on TSA, as well as PCR against bacterial 16S rDNA.
Parental tank water and sterile filtered water were used as a positive and negative control
respectively, where bacteria were positively identified in parental tank water and confirmed
absent from sterile water. CR and GF flasks with bacteria present or absent respectively were
used for subsequent analysis. Where GF fish were conventionalized (CV), GF flasks were

inoculated with 100 pL parental tank water at 3 dpf.

2.3 Infection with Vibrio cholerae by immersion.

V. cholerae V52 was streaked from a glycerol stock onto LB agar supplemented with streptomycin
(100pg/mL final) and grown overnight at 37°C. A single clonal colony was grown overnight with
aeration at 37°C in LB broth supplemented with streptomycin (100ug/mL final). Bacteria were
washed with 1xPBS (pH 7.4) then resuspended to an OD600 of 1 (~108CFU/mL) in 1xPBS. Five fish
were incubated in a 400-mL beaker containing 1mL of the OD600 = 1 culture or 1mL of 1xPBS
(‘uninfected’) in 200mL sterile tank water (filtered through a 0.22um filter) at 29°C and 14h/10h
light/dark cycle. To enumerate V. cholerae CFU in the intestine and tank water over time, fish were
infected with GFP-expressing strains and fluorescence used to count V. cholerae colonies. Fish

were transferred to fresh, sterile tank water and fed daily until the end of the experiment.

2.4 Generating single-cell suspensions for larval single-cell RNA-sequencing

Fish from the same embryo clutch were derived CV or GF as described. Five larvae were
euthanized at a time in PBS plus 5X tricaine (300 mg/L), then intestines were immediately
dissected with sterilized equipment and placed into 200 pL sterile PBS in a 1.5 mL microfuge tube
on ice, alternating five CV and five GF intestines until 25 intestines (replicate 1) or 55 intestines
(replicate 2) were collected per condition (80 intestines total per condition). Total dissection time
was kept below 2 hours for each replicate. Immediately following dissections, intestines were
incubated in 1.5 mL microfuge tubes with 200 pL of dissociation cocktail containing 1 mg/mL fresh
collagenase A, 40 pg/mL proteinase k, and 0.25% trypsin in PBS for 30 minutes at 37°C, pipetting

up and down 40X every 10 minutes to aid digestion. Then, either (Replicate 1) ZombieAqua
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viability dye (BioLegend) was added at the beginning of dissociation to a final concentration of
1:1000 to stain dead and dying cells, 10% non-acetylated BSA in PBS was added to the dissociation
cocktail (final concentration of 1%) to stop digestion, cells were spun for 15 minutes at 0.3 RCF
and 4 °C to pellet cells, cells were gently re-suspended in 200 pL PBS+0.04% BSA (non-acetylated)
and spun down through a 40 um cell strainer (Pluriselect) at 0.3 RCF for 1 minute at 4 °C, then
filtered cells were sorted on a BD FACS Aria Il to collect live single cells (ZombieAqua negative);
or (Replicate 2) 10% non-acetylated BSA in PBS was added to the dissociation cocktail (final
concentration of 1%) to stop digestion, and the cells were spun for 15 minutes at 0.3 RCF and 4
°C to pellet cells. Cells were then gently re-suspended in 200 pL PBS+0.04% non-acetylated BSA
and spun down through a 40 um cell strainer (Pluriselect) at 0.3 RCF for 1 minute at 4°C. Live cells
were collected using OptiPrep™ Density Gradient Medium (Sigma, D1556-250ML). Briefly, a 40%
(w/v) iodixanol working solution was prepared with 2 volumes of OptiPrep™ and 1 volume of
0.04 %BSA in 1XPBS/DEPC-treated water. This working solution was used to prepare a 22% (w/v)
iodixanol solution in the same buffer. One volume of working solution was mixed with 0.45
volume of cell suspension via gentle inversion. The solution mixture was transferred to a 15ml
conical tube then topped up to 6 ml with working solution. The solution was overlaid with 3 ml
of the 22% (w/v) iodixanol and the 22% iodixanol layer was overlaid with 0.5 ml of PBS+0.04%
BSA. Viable cells were separated by density gradient created by centrifuging at 800xg for 20 min
at 20°C. Viable cells were harvested from the top interface, which was then diluted in PBS+0.04%
BSA. Live cells were pelleted at 0.3 RCF for 10 min at 4°C. Supernatant was decanted and cells
were resuspended in PBS+0.04% BSA. (Both Replicates): Cell suspensions were then counted with
a hemocytometer. Viability, as determined with Trypan blue, was >95% for all CV and GF samples.
The single cell suspensions were immediately run through the 10X Genomics Chromium
Controller with Chromium Single Cell 3’ Library & Gel Bead Kit v3.1. Libraries were constructed by
the High Content Analysis core facility at the University of Alberta, according to 10X Genomics
Chromium Single Cell 3’ Library & Gel Bead Kit v3 protocol. Libraries were sent to Novogene,
where QC was performed by Nanodrop for quantitation, agarose gel electrophoresis to test for

library degradation/ contamination, and Agilent 2100 analysis for library integrity and
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guantitation. Paired-end sequencing was performed on the lllumina Hiseq platform with a read

length of PE150 bp at each end.

2.5 Generating single-cell suspensions for adult single-cell RNA-sequencing

Five fish were infected or treated with 1xPBS for 16h as described above. Zebrafish
intestines were dissected, surrounding organs removed, then minced into smaller pieces with
Vannas scissors. Minced intestinal tissue was washed in 10mL 1xPBS (5 minutes, 300rcf, 4°C). The
tissue was digested in a dissociation cocktail containing fresh collagenase A (1mg/mL), 40ug/mL
Proteinase K, and Tryple (Gibco 12605-010, diluted 1:1000 [final]) in 1xPBS for 30 min in a 37°C
water bath. Tissue was mechanically disrupted by gentle pipetting 40X every 10 minutes to aid in
digestion. A 10% stock of non-acetylated bovine serum albumin (BSA) was added at a final
concentration of 1% in PBS to stop the dissociation after 30 minutes. Cell suspensions were
diluted in 5mL ice-cold PBS then filtered through 40um filter fitted on a 50mL conical. Cells were
pelleted (15min, 300rcf, 4°C) then pellet resuspended in 450uL PBS + 0.04% BSA and live cells
collected using OptiPrep™ Density Gradient Medium (Sigma, D1556-250ML). OptiPrep™
Application Sheet C13 was followed to remove dead cells. Briefly, a 40% (w/v) iodixanol working
solution was prepared by diluting 2 volumes of OptiPrep™ in 1 volume of 1xPBS + 0.04% BSA. The
working solution was used to prepare a 22% (w/v) iodixanol solution in PBS + 0.04% BSA. One
volume of working solution was carefully mixed with 0.45 volume of cell suspension by gentle
inversion. The cell suspension mixture was transferred to a 15mL conical and topped up to 6mL
with working solution. The working solution was then overlaid with three milliliters of 22% (w/v)
iodixanol diluted PBS + 0.04% BSA. Finally, the 22% iodixanol solution was overlaid with 0.5mL
PBS + 0.04% BSA. Live cells were separated by centrifuging at 800g for 20 minutes at 20°C. Viable
cells were collected from the top interface (top 500uL). Cells were washed in 1mL PBS + 0.04%
BSA (10min, 300rcf, 4°C), supernatant removed, then resuspended in 50uL PBS + 0.04% BSA. Cell
suspensions were filtered through a 40um filter fitted on a 1.5mL tube. Filter was washed with
20uL PBS + 0.04% BSA. Viability and cell counts were determined by staining dead cells with
Trypan blue and counting with a hemacytometer. Cell suspensions were then diluted to a

concentration of 1200 cell/uL and immediately run through the 10X Genomics Chromium
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Controller with Chromium Single Cell 3’ Library & Gel Bead Kit v3.1. Libraries were constructed by
the High Content Analysis core facility at the University of Alberta. Library QC and sequencing was

performed by Novogene using the Illumina HiSeq platform.

2.6 Bioinformatics
2.6.1 Processing and analysis of single-cell RNA-seq data

For single cell analysis, Cell Ranger v3.0 (10X Genomics) was used to demultiplex raw base
call files from lllumina sequencing and to align reads to the Zebrafish reference genome (Ensembl
GRCz11.96).

For larval datasets, Cell Ranger output matrices were analyzed using the Seurat R package
version 3.1 (Butler et al., 2018) in RStudio. Cells possessing fewer than 200 unique molecular
identifiers (UMis), greater than 2500 UMIls, or greater than 50% mitochondrial reads were
removed to reduce the number of low-quality cells and doublets. Seurat was then used to
normalize expression values and perform cell clustering on integrated datasets at a resolution of
1.0 with 26 principal components (PCs), where optimal PCs were determined using JackStraw
scores (Macosko et al.,, 2015; Macosko et al.,, 2015) and elbow plots. After using the
“FindMarkers” function in Seurat to identify marker genes for each cluster, clusters were
annotated according to known cell type markers in zebrafish, or orthologous markers in
mammals.

For adult datasets, Cell Ranger output matrices were analyzed using the Seurat R package
version 4.1 (Hao et al.,, 2021) in RStudio. Cells possessing fewer than 200 unique molecular
identifiers (UMis), greater than 2500 UMls, or greater than 25% mitochondrial reads were
removed to reduce the number of low-quality cells and doublets. Seurat was then used to
normalize expression values and perform cell clustering on individual or integrated datasets at a
resolution of 0.8 with 50 principal components (PCs), where optimal PCs were determined using
JackStraw scores (Macosko et al., 2015; Macosko et al., 2015) and elbow plots. After using the
“FindMarkers” function in Seurat to identify marker genes for each cluster, clusters were
annotated according to known cell type markers in zebrafish, or orthologous markers in

mammals.
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For differential expression testing between single-cell RNA-seq datasets, significant
changes were determined in Seurat with a non-parametric Wilcoxon rank sum test with
Bonferroni correction, except for analysis of populations with low cell numbers in the larval
datasets, for which Wilcoxon rank sum tests were performed. In each case, significance was
defined as p value <0.05.

For lineage trajectory analysis over pseudotime, Cell Ranger output matrices for
conventional adult data were analyzed using the Moncole3 R package version 1.3.1 (Cao et al.,
2019). Clusters were identified by known genetic markers, and putative progenitor and tuft-like
cells were manually isolated to perform trajectory analysis. The root node was assigned within
the progenitor cluster, followed by manual analysis of gene expression (rank, pou2f3, her15.1)

over pseudotime.

2.6.2 Gene ontology (GO) enrichment analysis of single-cell RNA-seq data

Marker genes (p-value cut-off < 0.05), as well as down-regulated gene lists from the
integrated dataset (p-value cut-off < 0.05) were analyzed in GOrilla (Gene Ontology enRichment
analysis and visualizAtion tool) to determine GO term enrichment (Eden et al., 2009). Genes
were analyzed in a two-list unranked comparison using the whole dataset gene list as background.
To remove redundant GO terms, enriched terms with associated p-values from GOrilla were run
through REVIGO (REduce and Visualize Gene Ontology) using SimRel semantic similarity metric
with an allowed similarity of 0.4 (Supek et al., 2011). Bar plots were manually generated using

ggplot2 in RStudio.

2.7 NanoString nCounter gene expression analysis

For larval analysis, fish from the same embryo clutch were derived CR or GF as in
Melancon et al., 2017. Fifteen 6 dpf zebrafish were taken per flask, with four replicates per
condition. Larvae were euthanized in PBS plus 5X tricaine, then intestines were immediately
dissected with sterile equipment and placed into 250 uL TRIzol™ (Invitrogen Cat# 15596026) in a
1.5 mL microfuge tube on ice. Once 15 intestines were collected, samples were homogenized and

stored at -80°C. After freezing, samples were thawed, and standard TRIzol™-chloroform
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extraction was used to isolate RNA. Sample concentrations and quality were measured on an
Agilent Bioanalyzer 2100 prior to shipping to NanoString Technologies for gene expression
analysis using the nCounter® Elements™ platform.

For adult analysis, RNA was extracted from zebrafish intestinal tissue using TRIzol™
Reagent (Invitrogen Cat# 15596026) as follows. Three zebrafish intestines were dissected,
surrounding tissue removed, then quickly homogenized in 250uL TRIzol™. The intestinal
homogenates were topped up to ImL with TRIzolI™. Homogenized tissue was stored at -70°C prior
to RNA extraction. Four hundred microliters of chloroform were added to destabilize the agueous
phase, gently vortexed for 15 seconds then incubated at room temperature for 3 minutes.
Chloroform extraction was repeated with the upper agueous phase at a 1:1 ratio. Sodium acetate
(3M, pH 5.2) was added at one tenth the volume of the collected aqueous phase (50uL sodium
acetate). Ninety-five percent ethanol was added at two times the volume (1mL) then incubated
overnight at 4°C to precipitate salts and nucleic acids. Nucleic acids were pelleted by centrifuging
at 12,000rcf, 10min 4°C. Ethanol was carefully removed. RNA pellet was washed twice with 0.5mL
75% ethanol (7500rcf, 10min, 4°C). RNA pellet was allowed to dry 4 minutes then resuspended in
50uL nuclease-free water. RNA concentrations were determined by Nanodrop then diluted to

10uL at 100ng/uL for Nanostring hybridization using the nCounter® Elements™ platform.

2.8 16S rRNA gene sequencing

For larval analysis, 5 dpf intestines were dissected, using aseptic technique, and collected
in 200 ul of Microbead Solution. A total of thirty guts were collected, with ten guts pooled per
replicate. For adult intestinal analysis, single intestines were dissected into sterile PBS, then
transferred into 250 pl Microbead Solution. For both pooled larval and single adult intestines, the
MoBio UltraClean Microbial DNA Isolation kit (Cat No. 12224-250) was used to extract microbial
DNA. To assess the intestinal bacterial community composition, the V4 variable region of the 16S
rRNA gene encompassed by the 515 forward primer and 806 reverse primer (Caporaso et al.,
2011) was sequenced. Quality control and sequencing was performed by Novogene Corporation
using illumina Novaseq Platform PE250. Sequences were processed with QIIME2-2019.10 (Bolyen

et al., 2019). The DADA?2 pipeline was used to join paired-end reads, remove chimeric sequences,
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and to generate the feature table used to resolve amplicon sequence variants using default
parameters. Amplicon sequence variants (ASVs) represented by fewer than 200 reads across all
samples were removed. A naive Bayes classifier trained on SILVA132_99% full-length reference
sequences was used to assign taxonomy. Taxonomy assignments were verified using NCBI blast.
The sequence table was then filtered to exclude any sequences that were unassigned, not

assigned past phylum level, or assigned as eukaryote.

2.9 Imaging and quantifying intestinal vasculature

Tg(kdrl:mCherry) fish (Wang et al., 2010a) were raised under CR or GF conditions for 6 dpf,
then euthanized with tricaine and fixed overnight at 4 °C. Larvae were washed 3X in PBS then
embedded in 0.7% UltraPure low melting point agarose (Invitrogen 16520) on a glass bottom dish.
Tile and Z-stack images (5 um sections) of whole fish were captured on a Leica Falcon SP8
equipped with a 25x 0.95NA Water HC Fluotar objective lens. Images were stitched with Leica
Application Suite X software (Leica) and imported to Fiji (Schindelin et al., 2012) to produce
maximum intensity Z-projection images that were adjusted for brightness and contrast, as well as
false color manipulations. To quantify intestinal vasculature, corresponding brightfield images
were used to set intestinal boundaries in FlJI. Fluorescent images were then converted to binary
images and the area of kdrl:mCherry signal relative to the area of the whole intestine was

measured.

2.10 Histology

Zebrafish intestines were fixed in 4% neutral buffered formalin at room temperature.
Intestinal segments were processed for paraffin embedding and 5um sections collected on slides.
Tissue was deparaffinized then stained with Alcian Blue for 20 minutes (in experiments with
goblet cells labeled), followed by Hematoxylin Gill 1ll (Leica Ca.# 3801542) for two minutes
followed by an eosin counterstain (Leica Cat# 3801602). Sections were dehydrated, cleared in
toluene, then mounted in DPX. Histological samples were imaged on a ZEISS AXIO A1 compound

light microscope with a SeBaCam 5.1MP camera.
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2.11 Immunofluorescence

Zebrafish intestines were fixed in 4% PFA (EMS Cat #15710, 16% paraformaldehyde diluted
in 1xPBS) overnight at 4°C. Intestines were washed twice in 1xPBS. The desired intestinal
segments were cut from the rest of the intestine then cryoprotected in 15% (w/v) sucrose/PBS at
room temperature until sunk followed by sinking in 30% (w/v) sucrose/PBS (overnight at 4°C).
Intestines were mounted in Optimal Cutting Temperature Embedding Medium (Fisher Scientific
Cat#23-730-571), then frozen on dry ice. 5 um sections were collected on Superfrost Plus
(Fisherbrand Cat# 22-037-246) slides. After allowing sections to adhere onto slides, slides were
immersed in PBS for 20 minutes at room temperature. Tissue was blocked for 1h at room
temperature in 3% (w/v) BSA dissolved in PBST (1xPBS + 0.2% (v/v) Tween-20). Primary antibodies
were diluted in blocking buffer and layered onto sections. Sections were incubated in primary
antibody solution overnight in a humid chamber at 4°C. Excess primary antibody was washed by
immersing slides in fresh PBST for 1.5h. Sections were incubated in secondary antibody solution
(prepared in blocking buffer) for 1h at room temperature in a humid chamber, protected from
light. Secondary solution was removed then sections incubated in Hoechst (Molecular Probes
Cat#t H-3569) diluted 1:2000 in PBST for 10 minutes protected from light. Slides were washed in
PBST by brief immersion followed by a 30-minute incubation in fresh PBST protected from light.

Slides were mounted in Fluoromount™ Aqueous Mounting Medium (Sigma F4680-25ML).

2.12 Immunohistochemistry

Zebrafish intestines were fixed at 4°C in BT fixative: 4% PFA, 0.15mM CacCl2, 4% Sucrose in
0.1 M phosphate buffer (pH 7.4) (Cheesman et al., 2011). Posterior intestinal segments were
processed for paraffin embedding and 5um sections collected on Superfrost Plus slides. Tissue
was deparaffinized, rehydrated, then boiled in 10mM sodium citrate pH 6, 0.05% Tween-20 for
20 min at 98°C to unmask antigen. After cooling sections to room temperature for 30min, sections
were incubated in 3% hydrogen peroxide for 10 minutes, washed twice in dH,0, and once in PBST
(PBS + 0.5% Triton-X 100). Sections were then blocked for 1h at room temperature in 10% (v/v)
normal goat serum (NGS)/PBSt followed by overnight incubation in primary antibody solution

(prepared in blocking buffer) in a humid chamber at 4°C. Slides were washed three times in PBSt
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and tissue incubated in SignalStain® Boost Detection Reagent (HRP, Rabbit or Mouse) for 30 min
at room temperature. Colorimetric detection was done by incubating in SignalStain® DAB
Chromogen solution (Cell Signaling Technology #8059) for 5 minutes. Slides were immersed in
dH,0 then counterstained in %-strength Hematoxylin Gill Il for 30 seconds. Finally, sections were
dehydrated in ethanol, cleared with toluene and mounted in DPX. Histological samples were

imaged on a ZEISS AXIO A1 compound light microscope with a SeBaCam 5.1MP camera.

2.13 HCR RNA fluorescent in situ hybridization

For adult analysis in tissue sections: whole zebrafish intestines were fixed in 4% PFA in PBS
overnight at 4°C, then washed in PBS. Intestines were then positioned in OCT (Fisher Scientific
4585) in base molds (Fisher Scientific 22-363-552) and frozen on dry ice. After tissue sectioning
(5 um sections), slides were stored at -70°C until processing. Tissue was then prepared according
to established protocols (Molecular Instruments). Briefly, tissue was immersed in ice-cold 4% PFA
for 15 min at 4°C. Tissue was then dehydrated with a graded ethanol wash series
(50%/70%/100%/100%), followed by two PBS washes. For larval analysis: 6 dpf larval intestines
were dissected and fixed in 4% PFA in PBS overnight at 4°C, then washed in PBS. Larval and adult
samples were then processed as follows. Samples were then pre-hybridized with probe
hybridization buffer (Molecular Instruments) at 37°C for 15 minutes. Next, tissue was incubated
overnight at 37°C with probes in hybridization buffer. Probes were then removed, and samples
were washed with probe wash buffer (Molecular Instruments), followed by a series of 15-minute
washes at 37°C with probe wash buffer/ 5X SSCT (75/25; 50/50; 25/50; 0/100). After an additional
wash with 5X SSCT (0.1% Tween-20) at room temperature, samples were incubated with
amplification buffer (Molecular Instruments) for 30 minutes at room temperature. At the same
time, hairpin amplifiers were heated to 95°C for 90 seconds and snap-cooled to room
temperature for 30 minutes. Hairpins were mixed in amplification buffer, and samples were
incubated with hairpin solution (covered with parafilm) overnight in a humid chamber at room
temperature. The next day, samples were washed in 5X SSCT and counter-stained with Hoechst
33258 (Molecular Probes Cat# H-3569) diluted 1:2000 in 5X SCCT before mounting in
Fluoromount™ Aqueous Mounting Medium (Sigma F4680-25ML).
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2.14 EdU treatment and detection

Tissue samples were processed according to the manufacturer’s protocol (Invitrogen Click-
iT™ EdU Cell Proliferation Kit; C10337). For larval analysis, 6 dpf larvae were incubated for 8 hours
at 29°C with 50 puM EdU in EM supplemented with 1% DMSO. Whole larval intestines were
dissected and processed directly following the 8-hour EdU pulse. For adult analysis, adult
zebrafish were incubated at 29°C in 25 uM EdU in facility water supplemented with 1% DMSO for
16 hours (ON), then intestines were dissected and processed to generate tissue sections. Whole
larval guts or adult tissue sections were processed through the HCR RNA fluorescent in situ
hybridization protocol (as in section 2.13) prior to EdU detection. For EdU detection, samples
were incubated for 30 minutes with a Click-iT reaction cocktail containing 1X Click-iT reaction
buffer, CuSOa, Alexa Fluor Azide, and reaction buffer additive. Samples were then counterstained
with Hoechst (1:2,000) in PBT, then washed with PBT before mounting with Fluoromount™

Aqueous Mounting Medium (Sigma F4680-25ML).

2.15 Larval succinate treatment

Sodium succinate dibasic (Sigma 224731) was dissolved in water to make 1M and 10mM
stock solutions. Respective succinate stock solution was added to EM to achieve 10 uM, 100 uM,
1 mM, 10 mM, or 100 mM concentrations. 3 dpf larvae (15-20 per condition) were immersed in
8 mL EM + succinate in a 6 well plate. Media was changed at 4 dpf and 5 dpf, then larvae were

dissected at 6 dpf. Intestines were processed using FISH protocol (section 2.13).

2.16 Transmission electron microscopy of adult zebrafish intestines

To prepare samples for TEM, the posterior intestine was isolated and fixed in 2.5%
glutaraldehyde, 2% PFA and 0.1M phosphate buffer solution for several days. Samples were then
washed in 0.1M phosphate buffer, treated in 1% osmium tetroxide in 0.1M phosphate buffer,
followed by additional washes. Intestines were subsequently dehydrated through a graded
ethanol series, followed by infiltration with Spurr’s resin. Infiltrated samples were then
embedded in flat molds in Spurr’s resin and cured overnight at 70°C. Blocks were then sectioned

(70-90 nm thickness) on a Rechert-Jung UltracutE Ultramicrotome, and sections were stained
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with uranyl acetate, followed by lead citrate. Images were acquired using a FEI-Philips Morgagni
268 Transmission Electron Microscope operating at 80 kV and equipped with a Gatan Orius CCD

camera.

2.17 Generating transgenic zebrafish

Tg(tnfrsf11a:GFP) zebrafish were generated using the Tol2kit (Kwan et al., 2007). A 3,441
base pair fragment upstream of the of the tnfrsfl11a transcription start site was amplified by PCR
from zebrafish genomic DNA, then subcloned into the 5’ entry vector using Kpnl and Sacll
restriction sites. The p5E-3.4-tnfrsf11la construct was confirmed via restriction digest, and
gateway cloning was used to combine the 5’ entry, middle entry (pME-EGFP), and 3’ (p3E-polyA)
entry clones into the destination vector (pDestTol2CG2). The final construct was confirmed via
restriction digest. To generate transgenics, 1-cell stage embryos were injected with approximately
50 pg DNA and 25 pg transposase RNA. Injected embryos were screened for cmlc2:GFP expression
(heart GFP marker), and positive larvae were raised to adulthood, then outcrossed to identify

founders that produced progeny with GFP+ hearts.

2.18 CRISPR-Cas9 mutagenesis

CRISPR-Cas9 mutagenesis was carried out as in (Hoshijima et al., 2019). Guide RNA (gRNA)
and diagnostic primers were designed against the third exon of the rank gene (Table 2.1) (I refer
to the tnfrsflla gene as rank throughout this thesis). A gRNA targeting a restriction site (Msll)
was chosen to enable quick diagnosis of target site mutagenesis (by loss of DNA restriction).
Double guide RNA was generated using the Alt-R CRISPR-Cas9 System (IDT). Here, trans-activating
crispr RNA (tracrRNA; IDT 1072533) and crispr RNA (crRNA) from IDT were dissolved to 100 uM
in duplex buffer (IDT; 11-05-01-03) to make double guide RNA (dgRNA), then equal volumes
tracrRNA and crRNA were duplexed by incubating at 95°C for 5 minutes, cooling and incubation
at 25°C for 5 minutes, and rapid cooling to 4°C. The Cas9:dgRNA complex was prepared by mixing
1 ul 50uM crRNA:tracrRNA duplex with 2 ul 25uM Cas9 stock, and 7 ul nuclease-free H,0. Prior
to microinjection, the RNP complex solution was incubated at 37°C for 5 minutes and then placed

at room temperature during injections. Approximately one nanoliter of dgRNA:Cas9 RNP complex

39



was injected into the cytoplasm of one-cell stage embryos from the rank:GFP strain (TL/AB mixed
background). Cutting efficiency was assessed by PCR and amplicon digestion with the restriction
enzyme Msll (NEB), where lack of digestion indicated disruption of the recognition sequence by
the RNP complex. To generate stable mutants, injected embryos were reared to adulthood, then
several single adults were outcrossed to AB wild-type fish. F1 progeny were reared, in-crossed
and genotyped by fin clipping (NemaMatrix Genotyping Kit) to search for F2 generations bearing
a frame-shift mutation. PCR amplicons were sequenced at the Molecular Biology Services Unit at

the University of Alberta.

Table 2.1 CRISPR gRNA and related primers

Oligo Sequence

rank gRNA CACGTACTTGAACATTGCAA
rank diagnostic forward primer CACACACGCACATGAACTATAACC
rank diagnostic reverse primer GTCTTAAAGTGACACGAACCC

2.19 Data visualization and statistical analysis

Figures were constructed using R studio version 1.1.442 with ggplot2 version 3.4.1. Statistical
analysis was performed in R. For boxplots containing outliers, outliers were determined to be
datapoints that fall outside of 1.5 * IQR, where IQR is the inter-quartile range, or distance

between the first and third quartiles. Figures were assembled in Adobe Illustrator CC 2019.

2.20 Data and code availability
o Larval scRNA-seq data are available for visualization and analysis on the Broad Single Cell
Portal

o https://singlecell.broadinstitute.org/single cell/study/SCP1623/zebrafish-

intestine-conventional-and-germ-free-conditions.

o Raw larval scRNA-seq data are available on the NCBI GEO database

o https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE161855
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Adult processed single-cell RNA-seq data are available for visualization and analysis on

the Broad Single Cell Portal

o https://singlecell.broadinstitute.org/single cell/study/SCP2141/adult-

zebrafish-intestine

Raw adult scRNA-seq data will soon be available on the NCBI GEO database (GSE230044).
All code for analysis of scRNA-seq datasets, dataset markers, and differential gene
expression analyses are available on Github:

o https://github.com/rjwllms/Thesis-scripts
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Chapter 3: Cellular Characterization of the Zebrafish Intestine

This chapter contains content from the following sources:

o Willms RJ, Jones LO, Hocking JC, and Foley E. (2022). A cell atlas of microbe-responsive
processes in the zebrafish intestine. Cell Reports.

o Jones LO, Willms RJ, Shin M, Xu X, Graham RDV, Eklund M, Foley E. (2023). Single cell
resolution of the adult zebrafish intestine under conventional conditions, and in

response to an acute, natural infection. bioRxiv.
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3.1 Summary

Developmental, transcriptional, and functional studies have revealed broad similarities
between fish and mammalian intestines (Bates et al., 2006; Cheesman et al., 2011; Crosnier et
al., 2005; Davison et al., 2017; Ng et al., 2005; Pack et al., 1996; Rawls et al., 2004; Wallace and
Pack, 2003; Wallace et al.,, 2005; Wang et al., 2010b). Across vertebrates, intestinal epithelia
contain mixtures of specialist secretory and absorptive cell types arranged into folded projections
to maximize surface area at the lumen (Gehart and Clevers, 2019). While IEC composition in
mammalian models is increasingly defined (Haber et al., 2017; Parikh et al., 2019; Smillie et al.,
2019), we have an incomplete picture of fish IEC composition and arrangement within the gut.
The zebrafish intestine possesses mucin-producing goblet cells and regulatory enteroendocrine
cells (Crosnier et al., 2005; Ng et al., 2005; Wallace et al., 2005), however there are no reports of
immune-modulatory Paneth or tuft cells. Moreover, our understanding of absorptive lineages
remains incomplete. The fish intestinal epithelium includes regionally specialized enterocytes
that harvest nutrients from the lumen (Lickwar et al., 2017; Ng et al., 2005; Park et al., 2019;
Wallace et al., 2005; Wang et al., 2010b), however the extent of functional heterogeneity within
enterocyte populations is unexamined, and we do not know if the intestinal epithelium houses
specialized absorptive cells such as antigen-capturing M cells, or recently described Best4/Otop2
cells (Parikh et al., 2019; Smillie et al., 2019). Likewise, despite experimental evidence for the
existence of cycling progenitors (Crosnier et al., 2005; Li et al., 2020; Peron et al., 2020; Rawls et
al., 2004; Wallace et al., 2005), we lack expression markers that permit identification and
manipulation of this essential cell type. Combined, these deficits have hampered our ability to
harness the full potential of the zebrafish as a model of intestinal biology and host-microbe
interactions.

Single cell profiling is a powerful tool to unlock cell heterogeneity in complex tissues, and
scRNA-seq analyses have provided unprecedented genetic resolution of intestinal cell types and
subtypes in the gut (Burclaff et al., 2022; Busslinger et al., 2021; Haber et al., 2017; Parikh et al.,
2019; Smillie et al., 2019). For example, characterization of the mouse intestine by Haber et al.
revealed two unique tuft cell subsets with distinct immune-related gene signatures, as well as

twelve EEC progenitors and subtypes distinguished by peptide hormone expression profiles
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(2017). Such experiments demonstrate that scRNA-seq has tremendous potential to unlock
fundamental cellular traits and resolve cell heterogeneity within complex tissues.

In this chapter, | performed scRNA-seq of larval and adult zebrafish intestines to describe
the cellular composition of the zebrafish intestine on a transcriptional level, and to establish
homeostatic cell profiles of the zebrafish intestine at two developmental stages under
conventional conditions. | identified previously unknown cell types of the zebrafish intestine
conserved throughout development including progenitor cell subsets, tuft-like cells, and
Best4/Otop?2 cells. In addition, | identified genetic markers for all known cell types, and described
genetic heterogeneity within cell types. This cellular characterization of the zebrafish intestine
will further zebrafish as a model for investigations of intestinal development and host-microbe
interactions, and has additional potential to unlock compositional and genetic differences

between IECs from immature and mature stages of intestinal development.

3.2 The larval zebrafish intestine contains genetically and functionally specialized cell
populations

To generate single-cell transcriptional profiles of digestive tracts from 6 dpf zebrafish
larvae raised under conventional conditions, | dissected and dissociated intestines for scRNA-seq
using the 10X Genomics platform. This experiment was performed in replicate with a total of 80
intestines per condition (alongside germ-free intestines, analyzed in Chapter 4), to control for
technical and biological variability. My results include tissues that exist in close association with
the gut, such as the pancreas and liver.

After filtering for dead cells and doublets, | determined gene expression profiles for 8,036
individual cells from CV zebrafish intestines and associated tissue (Table 3.1 and Figure 3.1A). To
advance our understanding of cellular heterogeneity within the intestine, | used graph-based
clustering to identify genetic markers for transcriptionally similar cells (Table 3.1). | identified 35
distinct clusters (Table 3.1), which | initially grouped into 18 cell types based on expression of

known markers and cluster similarity (Figure 3.1A-B).
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Table 3.1 CV intestinal scRNA-seq cell identifiers based on unbiased clustering.

Cell Type Captured  Top Gene Expression Markers
Cells
Progenitor-like 1 164 dld, her15.2, atoh1b, her15.1, dla
Progenitor-like 2 | 83 si:dkey-96g2.1, zgc:193726, zgc:113142, stm, si:rp71-17i16.6
Endocrine 1 202 ccka, si:zfos-2372e4.1, insl5a, scg3, si:ch73-359m17.9
Endocrine 2 102 pnoca, scgn, scg3, scg5, slc45a2
Tuft-like 151 gngl3a, calb2a, ponzr6, gnb3a, rgsl
Goblet 1 445 si:ch211-153b23.5, lect2l, malb, si:ch211-139a5.9, cldnh
Goblet 2 120 si:ch211-153b23.5, cldnh, si:ch211-139a5.9, krt92, cnfn
Goblet-like 276 tcnba, cnfn, zgc:92380, CABZ01068499.1, s100a10b, muc5.3
EC1 519 apoala, chia.2, fabp2, rbp2a, apoadb.2.1
EC2 360 chia.l, chia.2, fabplb.1, apoadb.2.1, apoala
EC3 660 si:ch211-142d6.2, elovl2, mogat2, Itadh, sult1st3
EC4 607 anpepb, meplb, mepla.l, si:dkey-219e21.2, clcal
EC5 165 tmprss15, neu3.3, si:ch211-113d11.6, pdx1, tcnba
LRE 1 64 si:dkey-194e6.1, pdzklipl, Irp2a, slc5al12, mfsd4ab
LRE 2 39 ctsbb, dab2, fabp6, Irp2b, mtbl
Best4/Otop2 98 otop?2, cftr, ptgerdc, tacr2, best4
Mesenchymal 1 494 zgc:153704, si:ch211-106h4.12, si:ch211-251b21.1, collala, pmp22a
Mesenchymal 2 352 agpla.l, podxl, cavin2b, cavinlb, rhag
Mesenchymal 3 134 fgfbp2b, col2ala, matnl, cnmd, col9a2
Mesenchymal 4 41 colec10, colecll, agtr2, angptl6, cidea
Muscle 68 actclb, mylpfa, nme2b.2, tnnt3b, pvalb4
Vasc. Sm. Muscle | 236 tagln, acta2, BX088707.3, mylkb, desmb
Vasc. Endothelial | 146 cdh5, plvapb, kdrl, fgd5a, clecl4a
Leukocyte 1 163 fcerlgl, si:dkey-5n18.1, si:ch211-147mé6.1, si:ch211-194m7.3, spilb
Leukocyte 2 129 ccl36.1, ccl38.6, ccl20a.3, ccr9a, corola
Neuronal 28 elavl4, elavl3, sncb, phox2a, phox2bb
Hepatocytes 1 358 hamp, ces2, serpinall, si:dkeyp-73d8.9, fgg
Hepatocytes 2 312 hpda, si:dkey-86118.10, ambp, zgc:112265, c3a.1
Hepatocytes 3 356 gc, serpinal, apom, zgc:123103, serpinall
Acinar 1 191 prssl, ctrbl, prss59.2, CELA1 (1 of many), prss59.1
Acinar 2 220 si:ch211-240119.5, cel.2, CELA1 (1 of many).5, pdia2, c6ast3
Acinar 3 183 pla2glb, si:ch211-240I119.5, cpa4, si:dkey-14d8.7, cel.2
Epidermis 1 127 krt1-19d, ponzr5, zgc:165423, icn2, anxalc
Epidermis 2 246 cldni, agp3a, cxI34b.11, col4a5, si:rp71-7711.1
Epidermis 3 197 cytll, krt17, zgc:111983, cytl, si:dkey-247k7.2

The dataset was dominated by expression profiles for IECs. For example, | identified secretory

peptide hormone-producing enteroendocrine cells expressing endocrine-specific neurodl
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(Reuter et al., 2022; Ye et al., 2019), as well as goblet cells marked by expression of the goblet cell
differentiation factor anterior gradient 2 (agr2) (Chen et al., 2012), and sstr5 (Figure 3.1B), a gene
product that stimulates Mucin 2 production in the mouse colon (Song et al., 2020). | also
uncovered a goblet-like cluster that upregulated pdxl and muc5.3 (Table 3.1, Figure 3.1B),
enriched in secretory cells of the foregut and pancreas (Jevtov et al., 2014; Lavergne et al., 2020).
Besides endocrine and goblet cell lineages, | identified an unexpected cluster with pronounced
transcriptional similarity to mammalian intestinal tuft cells, including expression of tuft cell
marker genes Gng13, Tromb5, Avil, and the tuft cell specification master regulator Pou2f3 (Gerbe
et al., 2016; Haber et al., 2017) (Figure 3.1B).

The majority of IECs were absorptive cells and included canonical enterocyte (EC) lineages
that expressed genes required for nutrient acquisition and metabolism, as well as recently
described LREs (Figure 3.1A-B), thought to mediate protein degradation (Park et al., 2019).
Separately, | discovered a population of Best4/Otop2 cells (Figure 3.1A-B), an absorptive lineage
recently described in humans (Parikh et al., 2019; Smillie et al., 2019), and uncharacterized in
zebrafish. Like human Best4/Otop2 cells (Parikh et al., 2019; Smillie et al., 2019), the fish
counterparts were marked by enhanced expression of notch2 and Notch-responsive hes-related
family members (Figure 3.1B). Additionally, zebrafish Best4/Otop2 cells expressed the
chloride/bicarbonate transporter cftr (Figure 3.1B), suggesting possible functional similarities
with human duodenal BCHE cells (Busslinger et al., 2021).

While prior studies in the zebrafish intestine demonstrated that fish possess cycling basal
epithelial cells analogous to mammalian ISCs (Crosnier et al., 2005; Li et al., 2020; Wallace et al.,
2005; Wang et al., 2010b), progenitor cell markers have not been uncovered. Zebrafish do not
encode Wnt pathway genes highly expressed by mammalian ISCs, including Lgr5 and Ascl2,
though Wnt and Notch and pathway components are expressed in basal zebrafish IECs (Bates et
al., 2006; Cheesman et al., 2011; Crosnier et al., 2005; Lickwar et al., 2017; Muncan et al., 2007;
Peron et al., 2020). Apart from absorptive and secretory lineage, my initial clustering uncovered
two populations that displayed features associated with intestinal progenitor cells, including
expression of Notch pathway components did and dla (Crosnier et al., 2005), and HES5
othologues her15 and her2 (de la Pompa et al., 1997) (Table 3.1 and Figure 3.1B). A more detailed
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analysis resolved the putative progenitor pool into four sub-clusters with distinct transcriptional
hallmarks (Figure 3.1C-D). Of these four, | believe cluster one is hepatic in origin, as it is marked
by expression of liver-associated genes apoa2 and fabp10a (Venkatachalam et al., 2009) (Figure
3.1D). In contrast, cells from clusters zero, two, and three expressed genes affiliated with
intestinal progenitors in mammals, or basal IECs in zebrafish. For instance, cluster zero was
marked by expression of the gut-associated genes onecutl (Matthews et al., 2004) and notch3
(Crosnier et al., 2005) in addition to sox9b (Figure 3.1D), an ISC marker in medaka fish (Aghaallaei
et al., 2016), and a marker of basal columnar IECs in adult zebrafish (Peron et al., 2020).
Additionally, cluster zero cells expressed elevated amounts of epcam (Figure 3.1D), a gene linked
with intestinal epithelial proliferation in vertebrates (Ouchi et al., 2021). Cluster two cells
expressed intestinal epithelial cell markers cldni15la (Alvers et al., 2014) and vill (Abrams et al.,
2012; Thakur et al., 2014), as well as regulators of intestinal progenitor cell division and
differentiation, such as cdx1b (Flores et al., 2008) and atohl1b (Reuter et al., 2022) (Figure 3.1D).
Furthermore, fluorescence imaging of intestines from Tg(rank:GFP) fish that expressed GFP under
control of the promoter for cluster two marker rank showed that, like intestinal progenitors (Li et
al., 2020; Ng et al., 2005), cluster two cells appear to reside at the base of intestinal folds (Figure
3.1E). Intriguingly, rank, like other progenitor markers, is also expressed in a subset of
Best4/0Otop2 cells, demonstrating a need to better understand the developmental relationship
between candidate progenitors and Best4/Otop2 cells. Finally, we identified cluster three as a
cycling population that actively expressed proliferation markers of mammalian transit amplifying
cells (Haber et al., 2017), such as mki67, cdk1, and top2a (Figure 3.1D). Thus, our transcriptional
and in vivo data identified a previously undescribed pool of IECs with hallmarks of intestinal
progenitors, although lineage tracing studies are required for confirmation. In sum, | have
identified a panel of expression markers that distinguish major lineages of the larval zebrafish
digestive tract, including previously undescribed tuft-like cells, Best4/Otop2 cells, and possible

markers of intestinal progenitor subsets.
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Figure 3.1 Transcriptionally distinct cell populations in the larval zebrafish intestine. A) 2D t-SNE
projections of profiled intestinal cells from 6 dpf CV larvae color coded by cell type. B) Heatmap
of IEC cluster markers colored by relative gene expression. Cell types are indicated by colored bars
on the left and top. Several top markers for each cluster are shown on the right axis of the
heatmap. C) t-SNE plots of progenitor-like clusters 1 and 2 from original graph-based analysis (left)
and further re-clustering (right), color coded by cell type. D) Heatmap of cell markers for putative
progenitor-like clusters, colored by relative gene expression. Cell types are indicated by colored
bars on the left and top. Several top markers for each cluster are shown on the right axis of the

heatmap. E) Optical section of a whole gut from 6 dpf Tg(rank:GFP) zebrafish, stained with
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phalloidin to visualize filamentous actin (magenta) and Hoechst to visualize nuclei (blue). Right

panel is a magnified image of a GFP positive cell from the left panel. Scale bars = 10 um.

3.2.1 Identification of absorptive cell subsets in the larval zebrafish gut

Like most animals, the zebrafish intestinal epithelium primarily contains absorptive cells
that acquire material from the gut lumen. In fish, metabolite acquisition relies on specialist
enterocyte and protein-acquiring LRE lineages (Lickwar et al., 2017; Ng et al., 2005; Park et al.,
2019; Wallace et al., 2005; Wang et al., 2010b). To characterize functional specializations within
the absorptive lineage, | analyzed gene expression in absorptive cell subsets. Moreover, | assigned
regional identities based on previously established regional markers of the fish intestine (Lickwar
et al., 2017; Wang et al., 2010b). | identified five enterocyte clusters (Table 3.1 and Figure 3.2A),
of which clusters one to four were enriched for markers of the anterior intestine (Figure 3.2D)
and expressed genes required for lipid, carbohydrate, chitin, and small molecule metabolism
(Table 3.1 and Figure 3.2B-C). Cluster five cells were a distinct subset, specialized in the
metabolism of xenobiotic compounds (Figure 3.2C), and transport of vitamin B12 by
transcobalamin beta a (tcnba) (Figure 3.2B). Alongside enterocytes, | captured expression profiles
for three separate absorptive lineages, two of which had expression profiles consistent with LREs
(Park et al., 2019). LRE1 cells were relatively rare and expressed pronephros markers such as
Irp2a, zgc:64022 and tspan35 (Anzenberger et al., 2006; Thisse and Thisse, 2004) (Table 3.1 and
Figure 3.2B), suggesting that LRE1 cells are renal. In contrast, LRE2 cells appear mid-intestinal
(Figure 3.2D), enriched for expression of genes required for peptide catabolism, in agreement
with a role for mid-intestinal LREs in protein digestion (Park et al., 2019). Lastly, | identified a
previously unknown lineage analogous to recently characterized human colonic BEST4/0TOP2
cells, assigned to the absorptive lineage (Parikh et al., 2019; Smillie et al., 2019). Like the human
equivalent, zebrafish Best4/Otop2 cells appear enriched in the posterior intestine (Figure 3.2D),
and expressed genes required for ion transport (cftr, ca2, best4) (Bagnat et al., 2010; Lin et al.,
2008), suggesting that they regulate intestinal ion concentrations. Collectively, these data
indicates that IECs from larval zebrafish include a sophisticated organization of absorptive

lineages.
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Figure 3.2 The larval zebrafish intestine possesses regionally specified absorptive cells. A) t-SNE
plot of absorptive cells color coded by cell state. B) Heatmap of cluster markers for absorptive
cells, colored by relative gene expression. Cell types are indicated by colored bars on the left and
top. Several top markers for each cluster relative to other absorptive cell populations are shown
on the right axis of the heatmap. C) Gene ontology enrichment analysis of absorptive cells based
on genetic markers from the conventional single-cell RNA sequencing dataset. Top 5 non-
redundant GO terms are shown for each cell state. Enrichment score is represented by bar length

and p-value is indicated with white circles. D) Heatmap showing relative expression of established
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regional marker genes (Lickwar et al., 2017; Wang et al., 2010b) in each absorptive cell type. BO
= Best4/Otop?2 cells.

3.2.2 Identification of stromal and leukocyte subsets in the larval zebrafish gut

In addition to epithelial cells, | uncovered transcriptionally discrete leukocyte and
mesenchymal populations in the larval intestine. | first characterized two highly distinct larval
leukocyte clusters (Table 3.1 and Figure 3.3A-B). Cluster one was a mixed phagocyte population
that expressed known macrophage and neutrophil markers such as spilb, mpeg1.1, and mpx
(Bennett et al., 2001) (Figure 3.3B-C). This is in alignment with many studies showing
macrophages and neutrophils inhabit the larval intestine by 6 dpf (Brugman, 2016; Flores et al.,
2020; Lépez Nadal et al.,, 2020). In contrast, cluster two cells expressed classical markers of
developing T cells (Ma et al., 2013), such as ikaros (ikzf1), runx3 and ccr9a, as well as the T-cell
receptor alpha/delta variable 14.0 gene segment (tradv14.0) (Figure 3.3B-D). While this could
indicate that T cells seed the intestine by 6 dpf, it is also plausible that these cells originated from
kidney tissue attached to the gut, and the site of hematopoiesis. It is also possible that leukocyte
cluster two cells represent an ILC population, given the transcriptional overlap between T cells
and ILCs (Robinette et al., 2015). In mice, ILCs develop during early embryogenesis, and are
involved in intestinal lymphoid tissue formation (Eberl et al., 2004). Recent work showed that
adult zebrafish also have intestinal ILC subsets (Hernandez et al., 2018), though it is unclear when
these cells develop or migrate to the intestine. Since ILC intestinal localization precedes adaptive
responses in mammals, it may not be surprising if ILCs are present in the intestines of 6 dpf
zebrafish. Thus, future work is required to determine the identity of leukocyte 2 cells, and to
determine if T cells or ILCs have already seeded the larval intestine by day six.

Mesenchymal cells segregated into four distinct clusters (Figure 3.3E), of which cluster one
represented a fibroblast population that expressed extracellular matrix (ECM) components such
as collala and colla2, and the fibroblast marker vimentin (vim) (Farnsworth et al., 2020) (Figure
3.3F). The identity of mesenchymal cluster two is unclear; however, it was marked by expression
of ammonia transporter rhag, and agpla.1 (Figure 3.3F) involved in ammonia, water, and CO;

transport (Horng et al., 2015; Talbot et al., 2015), implicating these cells in regulating gas and ion
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movement. Similar gene expression markers are found in vasculature-derived cells from whole
larval single-cell analysis (Farrell et al., 2018), suggesting these cells could also be vascularly
derived. Cluster three cells were marked by ECM components matrilin 1 (matn1) and several
collagens, as well as fibroblast growth factor binding protein 2b (fgfbp2b), also indicative of
fibroblast identity (Farnsworth et al., 2020) (Figure 3.3F). Finally, mesenchyme cluster four was
marked by expression of soluble pattern recognition receptors from the collectin family (Table
3.1), and vasculature markers angptlé and agtr2 (Figure 3.3F), indicating that cluster four likely
represents perivascular fibroblasts that contribute to blood vessel formation (Rajan et al., 2020).
Collectively, these data indicate that distinct leukocyte and stromal cell subtypes inhabit the larval
gut. Together with the epithelial analysis, our data reveals that the larval zebrafish intestine
contains a complex mixture of functionally and regionally specialized immune, stromal and
epithelial cell types by 6 dpf, and provides unprecedented resolution of cell subsets underpinning

intestinal composition and function in the post-embryonic intestine.
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Figure 3.3 Stromal and leukocyte populations in the larval gut. A) t-SNE plot of leukocytes, color
coded by cell cluster. B) Heatmap of cluster markers for leukocytes, colored by relative gene
expression. Cell types are indicated by colored bars on the left and top. Several top cluster
markers relative to the other leukocyte population are shown on the right axis of the heatmap.
C) t-SNE plots of leukocytes showing cell-specific expression of leukocyte subset markers. D) Violin
plots showing log normalized expression of marker genes for leukocyte 2 cells. E) t-SNE plot of
color-coded mesenchymal clusters. F) Heatmap of cluster markers for mesenchymal cells, colored
by relative gene expression. Cell types are indicated by colored bars on the left and top. Several
top cluster markers relative to the other mesenchymal population are shown on the right axis of

the heatmap.
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3.3 The adult intestine contains a complex population of spatially and functionally specialist
epithelial cells.

Most studies of the zebrafish intestine utilize larvae 5-7 dpf. Accordingly, the adult
zebrafish intestine remains under-characterized relative to larvae, and to mature intestines of
other animal models. To uncover the range of cell states encoded within such a complex structure,
we determined the transcriptomes of single cells purified from healthy adult fish guts. We
successfully generated high-quality expression data for 18,358 cells, where unbiased graph-based
clustering identified 30 cell clusters (Table 3.2) that could be partitioned into 16 unique
transcriptional states (Figure 3.4A). | assigned cellular identities to each state based on expression
of established cell type markers in fish and mammals (Table 3.2 and Figure 3.4B). Among the
transcriptional clusters, | identified leukocytes, differentiated stromal cells, and nine IEC types
that included, as in larvae, a cycling population enriched for the Notch mediator her15.1 (Figure
3.4B), a pan-stem cell marker in zebrafish (Raj et al., 2020; Sigloch et al., 2023; Steiner et al.,
2014). Fluorescence in situ hybridization showed that her15.1+ cells are proliferative residents of
the interfold base (Figure 3.4C), as expected for intestinal stem cells. My transcriptional
identification of a second cluster of «cycling cells (Figure 3.4A-B), alongside our
immunohistochemical characterization of multiple proliferative cells (PCNA+) at each fold base
(Figure 3.4D) indicates that, like mammals, the adult fish intestine contains a population of basal,
undifferentiated, transit amplifying (TA) cells.

| also identified transcriptional profiles for secretory enteroendocrine, goblet, and tuft-like
cells, as well as absorptive enterocytes, lysosome-rich enterocytes (LREs), and Best4/Otop2 cells
(Figure 3.4B). | found that pou2f3+ IECs did not express the endocrine marker neurod1, and lacked
the distinct mucous compartment of goblet cells (Figure 3.4E), confirming the existence of distinct
tuft-like cells in adult fish guts. To fully characterize IEC types, | systematically analyzed gene
expression profiles of all secretory and absorptive lineage for specialist subsets. In this manner, |
resolved the enteroendocrine population (Figure 3.4B) into eight subtypes based on their unique
peptide-hormone expression profiles (Figure 3.4G). For example, | identified two distinct clusters
resembling mammalian L cells that express pyy and proglucagon (Haber et al., 2017), where

cluster 1 exclusively expressed pyyb and cluster 7 expressed glucagon paralogues gcga and gcgb
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(Figure 3.4G). These data suggest that zebrafish EECs are highly specialized for production of
specified hormones in adulthood, in contrast to mouse EEC subtypes that display overlapping
peptide hormone distribution (Haber et al., 2017). | also identified two tuft-like cell subsets
distinguished by expression of alox5a, involved in production of leukotrienes from arachidonic
acid (Brash, 1999), and si:dkey-61f9.1, a C-type lectin domain-containing protein homologous to
human secretory phospholipase A2 receptor PLA2R1, involved in release of arachidonic acid
(Triggiani et al., 2005) (Figure 3.4H). These data indicate that zebrafish tuft-like cells may mediate
type 2 immune responses and leukocyte recruitment through leukotriene biosynthesis,
comparable to mammalian tuft cells (McGinty et al., 2020).

Upon examination of enterocytes, | identified four unique clusters. EC1 was the dominant
EC cluster, expressing classical markers of lipid, carbohydrate, chitin, and small-molecule
metabolism. Cells within cluster two were enriched for expression of the bile acid binding protein
gene fabp6 (Oehlers et al., 2011); cluster three cells expressed high levels of endopeptidases
including meprin subunits; and cluster four cells expressed interferon-response genes (Levraud et
al., 2019), such as ifit14, isg15 and rsad2 (Figure 3.4l), suggesting that zebrafish intestines possess
a dedicated enterocyte population with enhanced immune activity. | also discovered
transcriptionally distinct LRE and Best4+ populations (Figure 3.4J-K), where LRE cluster three and
Best4+ cluster two closely resembled canonical enterocytes, suggesting that these absorptive
subtypes may arise from a common progenitor. In vivo visualization of the Best4/Otop2 cell
marker cftr showed that cftr-positive cells generally resided in the lower half of intestinal folds
(Figure 3.4F), signifying a spatially restricted requirement for Best4/Otop2 cells. In sum, our
imaging and transcriptional data reveal the adult fish gut as an integrated community of spatially

organized specialist cells that act in concert to support animal health and protect from infection.
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Table 3.2 CV adult intestinal scRNA-seq cell identifiers based on unbiased clustering.

Cell Type Captured  Top Gene Expression Markers
Cells
Progenitor 938 her15.1, si:ch211-222121.1, si:ch211-213d14.2, dld, neurllaa
TA 220 mcmb5, si:ch211-156b7.4, mcm6, nasp, ligl
Endocrine 1 494 sytla, pax6b, cbIn8, ccl19a.1, tango?2
Endocrine 2 385 neurodl, plcvd3, scg3, pdyn, egrd
Endocrine 3 249 sstl.1, ins, ppdpfb, dkk3b, gbpcb
Endocrine 4 235 penka, adcyapla, nmbb, hbegfb, adgrgda
Endocrine 5 156 gcga, gegb, pnoca, dkk3b, si:dkey-14d8.6
Goblet 1273 agr2, si:dkey-203a12.9, CABZ01080550.1 (muc2), fabp3, cd63
Goblet-like 303 cuzdl.2, si:ch211-173a9.6.1, si:ch211-173a9.6, pdia2, si:ch211-255i20.3
Tuft-like 635 si:ch211-270g19.5, si:dkey-61f9.1, adgrf3a, pdia2, ckbb, pou2f3
EC1 2275 chia.3, ucpl, rbp2a, chia.1, fabplb.1
EC2 801 cd36, Ict, slc6al9b, enpp7.1, chia.2, fabp2
EC3 1579 slc26a3.2, cd36, si:ch211-196f2.3, zgc:77439, zanl
LRE 1 2000 fabp6, ifi30, ctsl.1, tmigd1, slc10a2
LRE 2 1138 tmigd1l, slc10a2, dabp?2, fabpéb, ctsl.1
LRE 3 184 ctsbb, ctsl.1, slc15a2, Irp2b, slc10a2
Best4/Otop2 1 | 1523 ndrg2, zgc:172079.2, tcnba, Ihfpl2b, metrnla, otop2
Best4/Otop2 2 | 166 fam92a1l, otop2, cftr, cadb, cfd, ca2, notch2
Leukocyte 1 1704 si:dkey-185m8.2, si:ch211-119e14.1, ccl36.1, Igals2b, ccr9a
Leukocyte 2 392 zgc:123107, ms4al7a.10, cxcl19, spilb, sftpbb
Leukocyte 3 319 ccl20a.3, FP236331.1, cebpb, nitr5, sla2
Leukocyte 4 257 si:ch211-152c2.3, spi2, spic, plekho2, si:dkey-56m19.5
Leukocyte 5 153 gata2, nitréa, FP236331.1, si:ch211-231m23.4, il17a/f3
Leukocyte 6 116 ponzr6, ighvl-4, rnaset2l, igiclsl, zgc:153659
Leukocyte 7 44 spilb, npsn, timp2b, cd7al, fcerlgl
Stromal 1 129 podxl, dcn, mmp2, anxala, ifitm1, rbp4, colla2, vim
Stromal 2 63 cdh5, lyvela, mrclb, gas6, prosl
Pancreatic 93 si:dkey-14d8.7, cbast4, cbast3, pglyrp6, dnasel
Epidermal 70 zgC:66473, zgc:101810, tppp3, Isplb, anxala
Unknown 1 217 acsldb, oclnb, ftr83, tmprss13b, sstr5
Unknown 2 129 BX855618.1, zgc:193726, cbinll, pvalb6, noxola
Unknown 3 118 syt10, syt4, oaz2b, tnc, clip2
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Figure 3.4 The intestinal epithelium contains a complex mix of proliferative and mature
specialist epithelial cells. (A) 2D t-SNE projections of 18,358 intestinal cells color coded by cell

type. (B) Heatmap of IEC cluster markers colored by relative gene expression and arranged
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according to cell type. Cell types are indicated by colored bars on the left and top. Prominent
markers for each cluster are shown on the right y-axis of the heatmap. (C) Fluorescence
visualization of EdU-positive cycling cells (cyan), and herl5.1 positive cells (magenta) in an
intestinal fold base. In the merged image all nuclei are labeled in white and a her15.1/EdU double-
positive cell is marked with a yellow arrowhead. Scale bar = 10um. (D) Immunohistochemical
images of a sagittal posterior intestine section stained for PCNA. Scale bar = 50 um. (E)
Fluorescence visualization of neurodi-positive endocrine cells (cyan), and pou2f3-positive tuft
cells (arrowhead, magenta) in an intestinal fold. In the merged image all nuclei are labeled in
white. Scale bar = 25um for left panel and 5um for inset. (F) Fluorescence in situ hybridization
showing expression pattern of the Best4/Otop2 cell marker cftr in three intestinal folds. Scale bar
= 25um. (G) t-SNE plot of enteroendocrine cells color coded by subset type. Bubble plot shows
the relative expression levels for eighteen peptide hormones across all eight cell types (H-K) t-SNE
plots of Tuft (H), Enterocyte (I), Lysosome-Rich Enterocytes (J) and Best4/Otop2 clusters (K) from
original graph-based analysis, re-clustered and color coded by cell type. In each instance,
heatmaps show expression of subset cell markers colored by relative gene expression. Cell types
are indicated by colored bars on the left and top. Markers for each subset are shown on the right

y-axis of each heatmap.

3.4 Identification of stromal and leukocyte subsets in the adult zebrafish gut

Intriguingly, the adult scRNA-seq dataset contained few mesenchymal cells and a large
number of gut-associated leukocytes. Differences between larvae and adults may reflect
population differences across development, where the ratio of IECs and leukocytes to stromal
cells increases over time, or technical disparities during sample preparation. Since we have
limited knowledge of stromal and immune cell populations that support epithelial cells and
mediate humoral immunity in the adult gut, we analyzed these cells more closely. Unbiased
clustering revealed two small stromal clusters (Table 3.2 and Figure 3.5A), where stromal 1 cells
were marked by expression of collagen proteins, and fibroblast markers rbp4 and vim (Table 3.2).
A subset of stromal 1 cells also highly expressed cytokine and complement genes (supplementary

spreadsheet: conventional adult scRNA-seq unbiased cluster markers), indicating that stromal
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cluster 1 contains a mixed fibroblast population, with some specialist immune activators. Stromal
cluster 2 was marked by expression of vasculature genes cdh5 and kdrl (Sumanas et al., 2005),
alongside lymphatic vessel marker lyvela (Chen et al. 2013) (Table 3.2) indicating that stromal 2
cells likely represents a mixture of vascular and lymphatic vessel-derived cells.

Initial unbiased clustering also revealed seven leukocyte clusters (Table 3.2). Through
manual analysis, we re-classified these into five cell types based on known expression markers: a
dominant population of T cells (leukocytes 1-3), alongside B cells (leukocyte 6), macrophages
(leukocyte 4), granulocytes (leukocyte 7) and dendritic cells (leukocyte 5) (Figure 3.5A-B). Each
cluster had a unique gene expression profile (Figure 3.5B) that implicate specialist, cell type-
specific contributions to intestinal innate and adaptive defenses. Collectively, this data indicates
that the adult intestine contains complex mixtures of stromal and leukocyte cells that support

epithelial function and protect the epithelial barrier.

[ ——

- dusp2
A n=2085 B i§3 i ‘ ' W | ! ‘
L]0 | I | T Cell

02551 \I‘\ “HHH‘:‘/HH ‘HH‘H HI h] ‘H\H] \H \‘H i H H\‘\‘ “/\”\H‘\H“:H‘\}\l I /l ‘

|ga|s§g§'b ” i
5 ng{‘]sg | i H " | Macrophage
\HI \M I

10

09

i:ch73-343 l?s? 2
SI:Cl - K
chia 6 2.0

y nme2b.2 iti
0 2 | Dendritic Cell

tSNE 2

s leca | 15
iglcisi
' 1ghv1-4 ” ‘N
-5 ®
"ccl35.1

1|%ct21| TR e

mm a.
10 Ryo7 2 m

B Cell 10

0.5

Granulocyte 0.0

Relative Expression

tSNE 1
T Cell @B Cell

Macrophage ) Granulocyte
® Dendritic Cell

Figure 3.5 The adult intestine contains protective lymphoid and myeloid cells. A) 2D t-SNE
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markers colored by relative gene expression and arranged according to cell type. Cell types are
indicated by colored bars on the right and top. Markers for each cluster are labeled on the y-axis

of the heatmap.
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3.5 Larval and adult intestines are genetically comparable

Single cell profiling of larval and adult intestines revealed that numerous cell types and
genetic markers are shared across intestinal development, though the extent of compositional
and genetic overlap is unclear. To assess compositional and genetic similarity between
conventional larval and adult digestive tracts, | spatially aligned cell gene expression profiles
through dataset integration (Figure 3.6). A majority of cells were aligned across datasets (Figure
3.6A), especially between IECs (Figure 3.6A-B), suggesting that zebrafish |IECs generally possess
highly similar transcriptional states throughout development. Notable disparities in IEC
populations include limited goblet cell, goblet-like 2, LRE3, and tuft-like cell representation in the
larval intestinal dataset, and the emergence of interferon-enriched ECs (IFN-ECs), and clearer TA
cell population in larvae. This likely indicates that IFN-ECs and TA cells are present in larvae, but
that low cell abundance precluded detection during independent analysis of the larval dataset.
Future work will be necessary to validate cell populations in vivo and to determine the significance
of population variability, as differences here may reflect technical discrepancies related to cell
isolation from larval versus adult tissue. Intriguingly, a significant fraction of larval tuft cells
clustered near epidermal cells in the integrated dataset, in contrast to adult tuft cells that cluster
with intestinal progenitors, suggesting that a subset of larval tuft cells originated from the
epidermis, not the intestine. Future investigation may therefore yield insight into genetic
distinctions across tuft cells from different tissues, and between comparable cell types of mature

and immature intestines.
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Figure 3.6 Alignment of larval and adult single cell profiles. A) Overlapping 2D UMAP
projections of integrated cells from larval and adult conventional scRNA-seq datasets, colored
by origin. B) 2D UMAP projections of integrated cells split across larval and adult conventional

scRNA-seq datasets, color coded according to cell type and annotated according to markers in

Tables 3.1 and 3.2.
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3.6 Conclusions

The molecular and genetic networks that determine intestinal development are highly
similar between zebrafish and mammals (Davison et al., 2017; Heppert et al., 2021; Lickwar et al.,
2017). Thus, discoveries made with fish have the potential to reveal foundational aspects of
intestinal development and function across vertebrates. However, important knowledge gaps
prevent us from maximizing the value of the zebrafish model. In particular, we know less about
cellular composition within the zebrafish intestinal epithelium compared to mice and humans,
and we lack genetic markers that allow us to identify or isolate defined cell populations for
experimental characterization. To bridge these deficits, we prepared single cell atlases of the
larval and adult intestines raised under conventional conditions. We identified transcriptionally
distinct cells in the gut and associated tissue that are conserved across development, including
cell types that have not been described to date. We believe these findings constitute a valuable
resource, and | have made our datasets publicly accessible for user-friendly visualization on the
Broad Single Cell Portal, a web-based resource (see Chapter 2: Materials and Methods).

Looking at the intestinal epithelium, | identified progenitor cell subsets, including cells in
both larvae and adults that express classical intestinal stem cell markers, such as the Delta-like
ligand did, Notch pathway components asc/la and atohlb (Crosnier et al., 2005; Flasse et al.,
2013; Reuter et al., 2022; Roach et al., 2013), and Notch-responsive hes-related transcription
factor family members, such as her2 and her15.1 (Rodriguez-Fraticelli et al., 2015). These data
raise the possibility that | have uncovered ISC markers in the zebrafish intestine. In the future, it
will be of interest to perform lineage tracing with candidate progenitor cells identified in this
study, as well as cells that express the stemness marker sox9b (Peron et al., 2020), to test their
ability to generate a mature epithelium. In addition to candidate stem cells, | uncovered basally
localized proliferative cells marked by cell cycle regulators such as pcna, mecm5, and mki67,
comparable to mammalian TA cells (Haber et al., 2017). Collectively, these data argue that
zebrafish possess interfold base-localized I1SCs that generate differentiated progeny through TA
cell intermediaries.

Separate to transit amplifying and Notch-positive cells, | identified transcriptional markers

for secretory cell subsets, including enteroendocrine cells, mucin-producing goblet cells, and a
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novel cell type comparable to mammalian tuft cells. Examination of endocrine populations in
both larvae and adults revealed a spatially complex pattern of hormone production within the
intestinal epithelium. This was especially apparent in adults, where | resolved eight distinct
patterns of peptide hormone expression in endocrine cells. In addition, | observed
transcriptionally distinct mucin-producing lineages across development, perhaps reflecting
functional or regional disparities in goblet cell function. This observation of transcriptionally
distinct goblet cell subtypes in the adult aligns with observations of regionally distinct goblet cell
subtypes in the fish epithelium (Crosnier et al., 2005). Additional work is needed to understand
functional and regional differences between goblet-related cell populations. Perhaps most
intriguing, | also uncovered cells that are enriched for expression of markers highly associated
with mammalian intestinal tuft cells, including the pou2f3 master regulator, and regulators of
leukotriene biosynthesis, important for recruitment and activation of immune cells (Jo-Watanabe
et al., 2019; McGinty et al., 2020). Tuft cells are a relatively under-characterized cell type thought
to activate mucosal type Il immune responses, and believed to share developmental trajectories
with secretory lineages. At present, it is unclear if zebrafish tuft-like cells are involved in mucosal
defenses, or arise through the IEC secretory lineage, though these will be important lines of
inquiry given the frequent contact of aquatic vertebrates to parasitic pathogens.

Absorptive cell subsets comprised the bulk of our scRNA-seq datasets, where | identified
ECs with distinct regional and functional gene expression profiles, as well as extensive gene
expression profiles for LRE subsets thought to mediate protein absorption and metabolism (Park
et al., 2019). To my surprise, | also uncovered a population of Best4/Otop2 cells previously
unknown in zebrafish. Best4/Otop2 cells are a minimally characterized cell type only recently
discovered in the human gut and thought to regulate ion transport, though their function(s)
remains speculative (Parikh et al., 2019; Smillie et al., 2019). Given the utility of zebrafish for
examination of gut development, particularly in the context of host-microbe interactions, fish will
be of considerable value for in vivo characterization of Best4 and Otop2 positive cells. Moreover,
identification of Best4/Otop2 and tuft-like cells within the zebrafish intestinal epithelium

underscores the similarities between fish and mammalian intestines.
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Since | analyzed intestines from immature 6 dpf fish and mature adult fish, our
transcriptional profiles further enabled comparisons between two distinct stages of intestinal
development. Overall, this analysis revealed that IEC composition is highly preserved from early
intestinal growth stages through intestinal maturation. In the future, it will be of interest to assess
all stages of intestinal development simultaneously (including those not considered here) to avoid
technical discrepancies and enable accurate assessment of differentially expressed genes
between developmentally shared cell types. Such analysis would likely reveal stage-specific

regulators of intestinal morphogenesis and growth.
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Chapter 4: Microbe-responsive processes in the zebrafish intestine

This chapter contains content from the following sources:

o Willms RJ, Jones LO, Hocking JC, and Foley E. (2022). A cell atlas of microbe-responsive
processes in the zebrafish intestine. Cell Reports.

o Jones LO, Willms RJ, Shin M, Xu X, Graham RDV, Eklund M, Foley E. (2023). Single cell
resolution of the adult zebrafish intestine under conventional conditions, and in

response to an acute, natural infection. bioRxiv.

65



4.1 Summary

Microbe-dependent processes have been assessed at the level of whole intestinal tissue
in a variety of animal models, demonstrating that gut microbial products influence a medley of
developmental and functional processes including growth, differentiation, and nutrient
metabolism (Bates et al., 2006; Camp et al., 2014; Hooper et al., 2001; Rawls et al., 2004; Reikvam
et al., 2011; Sekirov et al., 2010). However, we lack system-wide understanding of both cell-
specific responses to the microbiome, and molecular mechanisms underpinning inflammation
and infection responses that accompany pathogen colonization. Zebrafish have emerged as a
valuable tool to identify key regulators of host-microbe interactions (Brugman, 2016; Flores et al.,
2020; Lépez Nadal et al., 2020). Zebrafish embryos develop within a protective chorion that
shields them from environmental microbes up to forty-eight hours post fertilization (hpf). Once
larvae exit the chorion, water-borne microbes colonize the gut lumen (Bates et al.,, 2006;
Stephens et al., 2016; Wallace et al., 2005), where they influence host development and organ
function (Bates et al., 2006; Cheesman et al.,, 2011; Kanther et al., 2011; Koch et al., 2018).
Additionally, researchers have simple protocols to generate large numbers of germ-free larvae, or
larvae associated with defined microbial communities (Melancon et al., 2017; Pham et al., 2008),
allowing expedient investigations of microbial impact on physiology in a relevant vertebrate
model. Moreover, zebrafish and mammals exposed to pathogenic microbes often exhibit
comparable responses to intestinal infection (Flores et al., 2020), making zebrafish an ideal tool
to uncover host responses to pathogen challenge.

In this chapter, | first profiled cell transcriptomes from the intestine, and associated tissue,
of zebrafish larvae raised in the absence of a microbiome, and compared these to profiles from
conventionally reared siblings of the same embryo clutch (characterized in Chapter 3). By
comparing conventional to germ-free profiles, | mapped the IEC transcriptional response to
commensal microbes at cellular resolution. | revealed intricate degrees of cellular specificity in
host responses to the microbiome that included regulatory effects on patterning, metabolic and
immune activity. For example, | showed that the absence of microbes hindered pro-angiogenic

signals in the developing vasculature, causing impaired intestinal vascularization.
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Next, | compared transcriptional profiles from conventional adult intestines (characterized
in Chapter 3) to profiles from siblings infected with the aquatic bacterium and natural zebrafish
pathogen Vibrio cholerae (Vc) (Mitchell et al., 2017; Mitchell and Withey, 2018; Nag et al., 2018;
Runft et al., 2014). Vc is the causative agent of the severe diarrheal disease, cholera, that claims
approximately 100,000 lives per year, predominantly in areas with limited access to clean drinking
water (Ali et al., 2015; Camacho et al., 2018; Piarroux et al., 2022). However, our understanding
of the host intestinal response to Vc challenge, including molecular and cell-specific responses,
remains incomplete.

Vc infections are commonly modeled in organisms such as Drosophila, rabbits, and mice.
While Drosophila are useful for understanding commensal-pathogen interactions during disease
(Davoodi and Foley, 2019; Fast et al., 2018; Fast et al., 2020; Jugder et al., 2021; Jugder et al.,
2022), they are limited by differences in intestinal structure and cell composition relative to
humans. The guts of rabbits and mice exhibit greater similarity to human intestines, but Vc
infection is difficult to achieve in mature animals, requiring arduous experimental manipulation
to drive host disease (Herrington et al., 1988; Klose, 2000; Olivier et al., 2009; Spira et al., 1981).
In recent years, zebrafish have emerged as an alternate model for Vc infection. Zebrafish are
natural hosts for a variety of Vibrio strains and may be vectors of transmission for pathogenic Vc
in endemic regions (Halpern and Izhaki, 2017; Senderovich et al., 2010). Moreover, zebrafish
intestines are easily colonized by Vc through animal immersion in Vc-laden fish water (Mitchell et
al., 2017; Mitchell and Withey, 2018; Nag et al., 2018), leading to host disease marked by diarrhea
and mild intestinal inflammation akin to humans (Mitchell et al., 2017; Mitchell and Withey, 2018;
Nag et al., 2018; Runft et al., 2014). Thus, zebrafish provide an excellent opportunity to assess
molecular responses to Vc infection in a natural host. By comparing single cell profiles of
challenged and unchallenged zebrafish, | determined the host IEC response to primary Vc
infection at the molecular level, which included globally suppressed interferon signaling and

increased antigen capture by host IECs.
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4.2 Cell type-specific effects of gut microbes on host gene expression

Despite critical roles for microbial factors in regulating host physiology, we have made
sporadic progress charting cell type-specific responses to the microbiome. To address this
disparity, | performed single cell profiling of GF larval zebrafish digestive tracts alongside CV
counterparts from the same embryo clutch. Zebrafish embryos were derived GF using established
protocols, where | tested for bacteria by plating on tryptic soy agar plates, as well as PCR against
bacterial 16S rDNA (Melancon et al., 2017). After filtering for dead cells and doublets, |
determined gene expression profiles for 10,309 individual GF cells, where clustering analysis
revealed subsets of progenitor-like, secretory, and absorptive IECs, as well as stromal, immune,
and extra-intestinal cells conserved across CV and GF datasets (Tables 3.1 and 4.1). Notably, our
fish primarily host gamma- and alpha-proteobacteria (Tables 4.2 and 4.3), akin to zebrafish from
other facilities (Roeselers et al., 2011). Therefore, | believe that comparisons between our GF and

CV data may uncover relevant cell-specific responses to the microbiome.

Table 4.1 GF larval intestinal scRNA-seq cell identifiers based on unbiased clustering.

Cell Type Captured Top Gene Expression Markers
Cells
Progenitor-like 1 | 154 dld, her15.2, gig2h, her15.1, dla
Progenitor-like 2 | 149 si:dkey-96g2.1, zgc:193726, zgc:113142, stm, si:rp71-17i16.6
Endocrine 1 254 ccka, egré, insl5a, scg3, si:ch73-359m17.9
Endocrine 2 85 pnoca, scgn, scg3, scg5, pax6b
Tuft-like 68 gngl3a, calb2a, ponzr6, gnb3a, rgsl
Goblet 1 785 si:ch211-153b23.5, malb, si:ch211-139a5.9, cldnh, ponzrl
Goblet 2 414 si:ch211-153b23.5, cldnh, si:ch211-139a5.9, krt92, cnfn
Goblet-like 248 tcnba, cnfn, zgc:92380, CABZ01068499.1, s100a10b
EC1 841 apoala, chia.2, fabp2, rbp2a, fabplb.1
EC2 470 chia.1, chia.2, fabplb.1, apoa4db.2.1, fabp2
EC3 568 si:ch211-142d6.2, elovl2, mogat2, ltadh, sultlst3
EC4 660 anpepb, meplb, mepla.l, si:dkey-219e21.2, clcal
EC5 134 tmprss15, neu3.3, si:ch211-113d11.6, pdx1, meisla
LRE 1 67 Irp2a, slc5al12, mfsd4ab, slc22a7b.1, slc13a3
LRE 2 55 ctsbb, dab2, fabp6, slc15a2, si:ch211-214j8.1
Best4/Otop2 106 otop2, cftr, ptgerdc, tacr2, best4
Mesenchymal 1 311 zgc:153704, si:ch211-106h4.12, si:ch211-251b21.1, collala, pmp22a
Mesenchymal 2 285 agpla.l, podxl, cavin2b, cavinlb, rhag
Mesenchymal 3 50 fgfbp2b, col2ala, matnl, cnmd, col9a2
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Mesenchymal 4 41 colec10, colecl1, agtr2, angptl6, |hx9

Muscle 54 mylpfa, nme2b.2, tnnt3b, mylz3, tnni2a.1

Vasc. Sm. Muscle | 232 tagln, acta2, BX088707.3, mylkb, desmb

Vasc. Endothelial | 134 cdh5, plvapb, kdrl, fgd5a, clecl4a

Leukocyte 1 146 fcerlgl, si:dkey-5n18.1, si:ch211-147mé6.1, si:ch211-194m7.3, spilb
Leukocyte 2 114 ccl36.1, ccl38.6, ccr9a, corola, CR753876.1

Neuronal 51 elavl4, elavl3, sncb, phox2a, phox2bb

Hepatocytes 1 497 hamp, ces2, serpinall, si:dkeyp-73d8.9, fgg

Hepatocytes 2 558 hpda, si:dkey-86118.10, ambp, zgc:112265, c3a.1
Hepatocytes 3 994 gc, serpinal, tfa, zgc:123103, serpinall

Acinar 1 802 prssi, ctrbl, prss59.2, CELA1 (1 of many), prss59.1

Acinar 2 316 si:ch211-240119.5, cel.2, CELA1 (1 of many).5, pdia2, c6ast3
Acinar 3 289 pla2glb, si:ch211-240I119.5, cpa4, si:dkey-14d8.7, cel.2
Epidermis 1 111 krt1-19d, ponzr5, zgc:165423, icn2, anxalc

Epidermis 2 117 cldni, agp3a, cxI34b.11, col4as, si:rp71-7711.1

Epidermis 3 119 cytll, krt17, zgc:111983, cytl, si:dkey-247k7.2

Table 4.2 Classification of 16S rRNA gene sequence datasets. Relative abundance is shown after
removal of taxa that were <1% abundant.

Phylum Firmicutes Proteobacteria
Class Bacilli Alpha- Beta- Gammaproteobacteria
proteobacteria proteobacteria
Order Baci- Lacto- | Acetoba- | Rhizo- | Burkho- | Neiss- | Altero- | Aero- | Pseudo- | Vibrio-
llales | Bacill- | cterales biales | Ideriales | eriales | mona- | mona- | mona- nales
ales dales dales dales

Ccvi 0.78 6.20 491 0.25 0.58 0.26 0.46 0.72 1.64 84.21
Cv2 1.07 22.25 | 6.26 2.90 1.56 2.53 2.71 12.32 | 12.37 36.03
Ccv3 0.56 35.06 | 2.76 1.18 1.18 3.09 2.28 3.75 6.06 43.69

Table 4.3 Description of 16s rRNA gene sequencing datasets used in this study and associated
metadata.

Sample | #Input | Reads Target 515F-Primer 816R-Primer Barcode-F Barcode-R
Name Reads post-

filtration
cv1 174987 | 153739 165-V4 | GTGCCAGCM GGACTACHVG CCAACA CGATGT
cv2 163143 | 148080 GCCGCGGTAA GGTWTCTAAT | CCAACA TGACCA
cv3 172703 | 139893 CCAACA GCCAAT
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| first confirmed that our data reproduce known effects of GF growth on host gene
expression by comparing aggregated cell gene expression profiles across samples. Among the top
globally differentially expressed genes in GF fish relative to CV controls, | identified microbe-
dependent effects on expression of host genes previously identified by whole-gut RNA
sequencing of CV and GF zebrafish intestines (Rawls et al., 2004), including gpx1b, socs3a, minl,
and cfd (Figure 4.1A). In addition to previously uncovered genes with microbe-dependent
expression changes, | uncovered changes to a range of host genes in GF fish, such as decreased
expression of plac8.1 and tmem176l/.2, both thought to modulate ERK/MAPK signaling (Li et al.,
2014; Li et al., 2018), and drastically increased expression of numerous endopeptidases in GF fish
such as ela2 and prss59.1. To independently validate effects of the microbiome on expression of
host genes observed in our single-cell data, | used Nanostring quantitative analysis. Consistent
with our single-cell analysis (Figure 4.1A), plac8.1, tmem176l.2, mucli3b and tcnba were
significantly downregulated, while prss59.1 and ela2 showed moderately increased expression
under GF growth conditions (Figure 4.1B). Increased expression of digestive enzymes is an
intriguing finding given that such gene products are largely generated by the exocrine pancreas,
packaged into vesicles, and delivered to the intestinal lumen; however, follow-up work on whole-
larvae has since corroborated this finding, showing that microbes stimulate production of
digestive enzymes, at least in the pancreas (Massaquoi et al., 2023). It is plausible that increased
production of digestive enzymes signifies increased reliance on protein catabolism in the absence
of a microbiome. Collectively, these observations argue that our gene expression data accurately

report effects of the microbiome on gut function.
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Figure 4.1 Microbial control of host gene expression. A) Volcano plot of differentially expressed
genes in GF relative to CV cells, treated in aggregate. Significance (adjusted P-value) was
determined in Seurat using the non-parametric Wilcoxon rank sum test with Bonferroni
correction. B) Quantitative gene expression analysis from dissected whole guts. Four replicates
(n=15 guts per replicate) were analyzed per condition. Qutliers are indicated with red dots.

Significance was determined using a Student’s t-test.

4.2.1 Microbes stimulate specialized processes in progenitor-like cell subsets

Single cell profiling of larval and adult IECs revealed a cell subset with progenitor-like
properties, including expression of cell cycle regulators and Notch pathway components. While |
identified and analyzed several progenitor-like subsets, | believe progenitor-like cluster 2 is
intestinally derived, and most likely to represent an ISC population (see section 3.2). To begin
exploring cell-type specific microbiome responses, | first characterized the transcriptional
programs of progenitor-like cells (Figure 3.1C,D) raised under CV and GF conditions. | selected
progenitors, as microbes are established modifiers of proliferation and differentiation, including
Notch pathway components (Crosnier et al., 2005; Flasse et al., 2013; Roach et al., 2013; Troll et
al., 2018; Yang et al., 2009). | observed remarkable cellular specificity in the responses of putative
progenitor clusters to GF growth (Figure 4.2). For example, cells from progenitor-like cluster two
downregulated Notch-responsive transcription factors atohlb and herl5.1, as well as the

intestinal Notch ligand delta D (dld) when grown in the absence of a microbiome (Figure 4.2B,D).
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This result is particularly intriguing since the zebrafish microbiome is a known promoter of
secretory cell differentiation through Notch inhibition (Troll et al.,, 2018), though specific
regulators of this process have not been identified. Therefore, reduced expression of did and
atoh1b, known regulators of secretory IEC development, implicates these genes in microbe-
dependent secretory cell differentiation. Microbes are also established modifiers of intestinal
proliferation in zebrafish, through MyD88-dependent TLR signals. Intriguingly, | observed
decreased expression of interferon-related developmental regulator 1 (ifrd1) in progenitor-like
cluster two (Figure 4.2D), an immune response gene that regulates gut epithelial proliferation (Yu
et al., 2010), suggesting that ifrd1 may mediate microbe-dependent proliferation changes in
zebrafish intestinal progenitors downstream of MyD88. Taken together, my data indicate that a
specific subset of candidate progenitors are particularly sensitive to the impacts of microbial
factors on Notch activity and growth regulators. Moreover, my results align with studies
demonstrating that microbes alter intestinal stem cell proliferation and differentiation dynamics
throughout the animals kingdom (Bates et al., 2006; Broderick et al., 2014; Buchon et al., 20133;
Ferguson and Foley, 2022; Kandori et al., 1996; Sommer and Backhed, 2013; Troll et al., 2018),

and provide specific mediators of these processes in a vertebrate model.

4.2.2 Microbes alter immune gene expression across intestinal cell types

To test the utility of our data for cell-specific mapping of signaling pathway activity in the
presence or absence of microbes, | visualized relative expression of microbial sensors, NF-kB
pathway components, cytokines and chemokines in CV and GF fish. In CV larvae, | detected cell-
restricted expression of key immune sensors and effectors (Figure 4.3). For example, leukocytes
expressed immune-regulatory cytokines such as cxcl/8a, il1b, and tnfa (Secombes et al., 2001),
whereas the vasculature was characterized by enriched expression of microbial sensor tirdba
(Meijer et al., 2004), cytokine tgfb1b (Maehr et al., 2013) and the inflammation regulator ahr2
(Hennig et al., 2002). Like mammals, CV hepatocytes expressed the hamp antimicrobial peptide
(Shike et al., 2004), while mesenchymal cells were characterized by enriched expression of cxc/8b
isoforms, cxcl12, and the tgfbla, tgfb2 and tgfb3 cytokines. Within the intestinal epithelium, most

enterocyte subtypes produced alpi.2, a phosphatase required for detoxification of bacterial
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lipopolysaccharide (Bates et al., 2007), whereas enteroendocrine cells expressed il22, a cytokine
that activates epithelial innate defenses (Dudakov et al., 2015). In agreement with previous
reports (Kanther et al., 2011), serum amyloid A (saa) was expressed in mid-intestinal LREs and
goblet cells. Intriguingly, | also saw enhanced nod1, nod2 and myd88 expression in CV tuft-like
cells, consistent with proposed roles for Nod1l and Nod2 in type 2 immunity in tuft cells
(Magalhaes et al.,, 2011). Removal of the microbiome significantly impacted organization of
immune pathways in developing larvae. In particular, | noted greatly diminished expression of i[22
from endocrine cells and leukocytes; nod1 from progenitors, mesenchyme, and vasculature; tgf
isoforms from mesenchymal cells, vasculature, and leukocytes; ifit14 and ifit15 (IFIT1
orthologues) from enterocytes; and stat2 across IECs. Decreased IFN signals in GF absorptive cells
is highly intriguing given that | observed IFN-enriched ECs in conventional single-cell datasets
(Chapter 3). It is tempting to speculate that microbes encourage differentiation of these candidate
immune-involved cells. Combined, my data uncovered a sophisticated partitioning of immune
gene expression patterns across CV cell types, many of which indicate shared microbe-response

pathways in zebrafish and mammals.
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Figure 4.2 Microbes stimulate specialized processes in progenitor-like cell subsets. Heatmaps of
differentially expressed genes (GF vs. CV, p<0.05) involved in metabolism (A), transcription (B),
immunity (C) and growth (D), in progenitor-like subsets 0-3 (from Figure 3.1C,D), color coded
according to Log(FC). All non-zero value expression changes are significant (p<0.05) as

determined with a non-parametric Wilcoxon rank sum test.
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4.2.3 Microbes drive lineage-dependent processes in the larval intestine

| next investigated the mature IEC response to microbial encounter. Since mature IECs

directly contact the luminal environment, | expected to uncover significant transcriptional

differences across cell types. To understand how endocrine cells interact with a conventional
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microbiome, | generated a transcriptional atlas of secretory cells from CV and GF fish (Figure 4.4).
Among the enteroendocrine population, | uncovered six distinct transcriptional cell states, each
marked by a unique pattern of peptide hormone production (Figure 4.4A-B). For example, CV
enteroendocrine cluster five cells were characterized by production of ccka and cckb, regulators
of gut motility, satiety, and lipid and protein digestion (Le et al., 2019; Rehfeld, 2017). By contrast,
enteroendocrine cluster three cells were the predominant source of the motility regulator vipb,
and the multifunctional peptide galn. Larval peptide hormone distributions across cell subsets
were therefore distinct from adult EECs (Figure 3.4G), suggesting zebrafish modify intestinal
secretion profiles with age, perhaps to accommodate dietary and metabolic changes. | observed
modest effects of GF growth on expression of most peptide hormones (Figure 4.4B), suggesting
that enteroendocrine lineage specification is broadly insensitive to microbial exposure. However,
| detected instances where microbial presence affected hormone expression profiles of distinct
enteroendocrine lineages. In particular, | observed moderately diminished expression of gip and
gcgb within cluster four enteroendocrine cells (Figure 4.4B), supporting a role for microbes in
modifying levels of gip and glucagon, incretin hormones that regulate glucose metabolism and
insulin secretion (Gribble and Reimann, 2016). These results also align with a study in mice
showing that microbes modify the transcriptomic profiles of glucagon and peptide YY producing
L cells (Arora et al., 2018).

| was intrigued by apparent changes to immunity in GF goblet and absorptive cells relative
to CV counterparts (Figure 4.3), so | further examined immune gene expression within these
subsets. Re-clustering of integrated GF and CV data revealed three goblet cell subsets
differentiated by agr2 and muc5.3 expression levels (Figure 4.4D), consistent with the presence
of distinct mucus-producing cells throughout the gut (Crosnier et al., 2005), and described in
chapter 3). Notably, removal of the microbiome had cluster-specific impacts on several immune
regulators in goblet-related cells. For example, microbiome elimination resulted in significantly
diminished expression of the putative LPS-binding molecule and anti-microbial peptide ly97.2 (Liu
et al.,, 2017; Wang et al., 2016) in goblet cell clusters 1 and 2, as well as the inflammation
mediators irg1/ (Hall et al., 2014; van Soest et al., 2011) and lect2/ (Gongalves et al., 2012) in

goblet cell cluster 1 (Figure 4.4E). In contrast, GF growth led to diminished expression of interferon
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alpha inducible protein 27 (IFI27) orthologues across all goblet cells, whereas absence of the
microbiome exclusively attenuated expression of CCL19 orthologues in cluster one cells (Figure
4.4E). These data suggest that a subset of zebrafish intestinal goblet cells mediates aspects of
innate immune function in response to microbes. Since zebrafish do not possess a clear Paneth
cell population, this could further indicate that microbe-responsive goblet cells sense bacteria
and protect vulnerable cells at the fold base, akin to sentinel goblet cells in mice (Birchenough et
al., 2016).

Within absorptive cells, enterocyte clusters one to five (Figure 3.2) had similar
transcriptional responses to GF growth, including downregulation of plac8.1 and cathepsin La
(ctsla), while ECs 2-4 also showed downregulation of the interferon pathway element socs3a, and
elf3 (Figure 4.4F). While these genes have putative innate immune function, the significance of
these gene expression changes in enterocytes is not entirely clear. It is plausible that diminished
immune signals in ECs contribute to previously described reductions in immune cell recruitment
and inflammation of GF intestines (Kanther et al., 2011; Murdoch et al., 2019; Rolig et al., 2015).
LRE1 cells did not display significant changes in GF fish, consistent with localization in the kidney
and reduced exposure to microbial metabolites. However, intestinal LRE2 cells exhibited dramatic
changes following microbial elimination, including significant downregulation of prdx1, lect2l,
saa, and numerous interferon-stimulated genes (Figure 4.4F). Remarkably, these and other gene
expression differences in GF LRE2 cells were highly similar to the GF response of cluster one goblet
cells, suggesting that intestinal LRE2 and goblet one clusters have overlapping immune responses
to microbial encounters, and may therefore cooperate in the bacterial response. Given regional
specializations across the gut tube, | feel it is likely that LRE2 and goblet one clusters cell co-
localize within an intestinal region. In line with this, intestinal saa is specifically expressed in the
distal mid-intestine (Kanther et al., 2011), and mediates neutrophil activation and bacterial killing
following microbial colonization (Kanther et al., 2011). Since saa is downregulated in both LRE2
and goblet cells, it is likely that these cells mediate decreased neutrophil recruitment and
activation from the distal midgut. In addition to my single-cell analysis, | validated microbiome-
dependent expression changes to several gene expression changes observed in goblet and

absorptive cell subsets by whole-tissue quantitative gene expression analysis, including IFI27
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orthologues, irg1l, and cc/19b (Figure 4.4G), further supporting a role for goblet and absorptive
cell-mediated IFN and inflammatory signaling in response to commensal microbes. Collectively,
these data indicate that mature zebrafish IEC types collaborate to support specialized immune

responses to gut microbes.
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Figure 4.4 Germ-free growth alters peptide hormone expression in enteroendocrine cells and

immune signaling in goblet and absorptive cells. (A) t-SNE plot of enteroendocrine cells after re-

clustering, color coded by cell type. (B) Violin plots for expression of zebrafish peptide hormones,

as expressed in enteroendocrine clusters 0-5. (C) t-SNE plot of goblet and goblet-like cell clusters
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color coded by cell type. D) Violin plots for agr2 and muc5.3 expression in goblet and goblet-like
clusters. E-F) Heatmaps of differentially expressed immune related genes in GF relative to CV
goblet-related cells (E) or absorptive cell subsets (F), color coded according to Logz(FC). All non-
zero value expression changes are significant (adjusted p-value <0.05) as determined with a non-
parametric Wilcoxon rank sum test with Bonferroni correction. LRE 1 showed no significant
differential immune gene expression and was therefore not included. BO = Best4/Otop2 cells. G)
Boxplots of Nanostring gene expression analysis from dissected whole guts. Four replicates (n=15
guts per replicate) were analyzed per condition. Outliers are indicated with red dots. Significance

was determined using a Student’s t-test.

4.2.4 Cell-specific effects of microbial exposure on leukocyte and stromal activity

As my data included non-epithelial lineages, | expanded my study to map relationships
between microbiome colonization and gene activity in leukocytes and stromal cells, critical
regulators of host-microbe interactions. | uncovered two highly distinct larval leukocyte clusters,
including a mixed phagocyte population (leukocyte 1) and a putative T cell or ILC subset (leukocyte
2) (Figure 3.3A-D). The microbiome primarily impacted gene expression within phagocytes, where
GF growth led to significantly diminished expression of interferon and cytoskeletal components
relative to CV controls (Figure 4.5A), and attenuated production of key immune regulators such
as statla and stat2, and the pro-inflammatory cytokines il1b, tnfa and tnfb (Figure 4.5C). While
previous work has demonstrated increased intestinal myeloid cell recruitment and activation in
response to microbiota colonization (Kanther et al., 2011; Koch et al., 2018; Murdoch et al., 2019;
Rolig et al., 2015), these data provide candidate immune genes and regulators likely to regulate
myeloid cell recruitment and activation following microbial colonization. Intriguingly, | also
observed decreased expression of neutrophil marker mpx in GF zebrafish, which could represent
a shift to a macrophage-dominated myeloid cell population, or decreased redox regulation in
myeloid cells in the absence of microbes. Significantly decreased mpx expression is notable, since
this is the dominant marker used to identify neutrophils, including in GF zebrafish.

Among the mesenchymal clusters, removal of the microbiome primarily attenuated

expression of genes associated with metabolism (Figure 4.5A). In contrast, GF growth had sizable
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effects on gene expression in vascular smooth muscle and endothelial cells. Relative to CV
controls, GF vascular cells expressed significantly lower amounts of genes that regulate leukocyte
migration, cell proliferation, and sprouting angiogenesis. (Figure 4.5A). Furthermore, unlike
mesenchymal cell-types, vascular smooth muscle cells exhibited significantly decreased
chemokine expression under GF growth conditions (Figure 4.5B,C), implicating vascular cells as
an intermediary in microbe-dependent leukocyte recruitment. Consistent with a role for vascular
cells in mediating microbial recruitment of leukocytes, | found that, compared to CV controls,
vascular smooth muscle cells from GF fish downregulated expression of the lymphocyte
chemotactic regulator cxc/12b (Glass et al., 2011), and the granulocyte chemotaxis regulator
cxcl18b (Torraca et al., 2017), while vascular endothelial cells downregulated cd99 (Figure 4.5C),
a promoter of trans-endothelial leukocyte migration (Schenkel et al., 2002). In summary, larval
intestinal leukocyte and stromal cell subtypes exhibit differential degrees of microbial sensitivity,

where vascular cells are probable agents of microbe-responsive leukocyte migration.
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Figure 4.5 Stromal and leukocyte populations have subtype-specific responses to commensal
microbes. A) GO enrichment analysis of downregulated genes in GF relative to CV stromal and
leukocyte populations. Enrichment score is represented by bar length and p-value is indicated
with white circles. B) Heatmap showing relative expression of chemokines in CV or GF stromal
subsets. C) Heatmap of differentially expressed immune related genes in GF relative to CV
leukocyte and stromal cell populations, color coded according to Logz(FC). All non-zero value
expression changes are significant (p<0.05) as determined with a non-parametric Wilcoxon rank

sum test.

4.2.5 The microbiome is essential for intestinal vascularization.

Integrated analysis of CV and GF data revealed microbe-dependent gene expression
changes in vascular endothelial and smooth muscle populations, including significantly
diminished expression of vasculature developmental regulators (Figure 4.5). Thus, | reasoned
that, like mice (Reinhardt et al., 2012; Stappenbeck et al., 2002), microbes may promote zebrafish
intestinal angiogenesis. A closer look at vascular cells showed that larvae raised in GF conditions
expressed lower amounts of pro-angiogenic factors such as moesin a (msna) and cdh5 (Wang et
al., 2010a), as well as BMP regulators involved in vascular morphogenesis (He and Chen, 2005;
Mouillesseaux et al., 2016), such as smad5 and smad6a (Figure 4.6A). Likewise, | detected
significant drops in expression of angptl4 and transcriptional regulators pre-B-cell leukemia
homeobox 1a (pbxl1a) and pbx4 in vascular smooth muscle (Figure 4.6A), known regulators of
vascular development (Cvejic et al.,, 2011; Kao et al.,, 2015). Combined, these data raise the
possibility that GF growth has detrimental consequences for formation of gut-associated vascular
tissue. Intestinal vasculogenesis commences approximately three days after fertilization (Isogai et
al., 2001), a time that matches microbial colonization of the lumen. At this stage, angioblasts
migrate ventrally from the posterior cardinal vein, establishing the supra-intestinal artery, and a
vascular plexus that gradually resolves into a parallel series of vertical vessels and the sub-
intestinal vein (Goi and Childs, 2016; Lenard et al., 2015; Nicenboim et al.,, 2015). The gut
vasculature delivers nutrients from the intestine to the hepatic portal vein, supporting growth

and development. To determine if the microbiome affects intestinal vasculogenesis, | used

83



kdrl:mCherry larvae to visualize the vasculature of fish raised in the presence, or absence of a
conventional microbiome for six days (Figure 4.6B,C). | did not observe effects of the microbiome
on formation or spacing of the supra-intestinal artery and the sub-intestinal vein, VEGF-
independent processes. In both groups, the artery and vein effectively delineated the dorsal and
ventral margins of the intestine (Figure 4.6B,C). In contrast, removal of the microbiome had
significant effects on development of connecting vessels, a VEGF-dependent event. Consistent
with this, | observed a near 50% reduction of intestinal kdrl:mCherry signal in GF larvae compared
to CV counterparts (Figure 4.6D). Thus, | conclude that microbial factors are essential for proper

development of intestinal vasculature in larval zebrafish.
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Figure 4.6 Microbes promote pro-angiogenic factor expression and intestinal vasculogenesis. A)
Downregulated expression of pro-angiogenic factors in GF relative to CV vascular endothelial and
vascular smooth muscle populations (p<0.05). Significance was determined with a non-
parametric Wilcoxon rank sum test. B-C) Expression of kdrl:mCherry in zebrafish 6 dpf raised
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intestine, outlined in blue. Bottom panels in B and C show enlarged region of middle to posterior
intestine within yellow boxes of respective upper panels. PCV- posterior cardinal vein; SIA- supra-
intestinal artery; SIV- sub-intestinal vein. Scale bars = 100 um. D) Box and whisker plot showing
the area of intestinal kdrl:mCherry signal relative to total intestinal area. n=14 and n=13 for CV
and GF fish respectively. Outlier is indicated with red dot. Significance was determined via

Student’s t test.

4.3 Vibrio cholerae infection drives inflammatory and protective responses from adult IECs

Alongside the analysis of conventional adult intestines, | analyzed IEC responses to
overnight immersion with the damaging enteric pathogen Vibrio cholerae. Environmental Vc
exposure resulted in stable colonization of all intestinal regions (Figure 4.7A-C), where challenged
fish experienced disrupted epithelial integrity, shedding of intestinal cells into the lumen,
breached epithelial barriers, and internalization of microbial cells with Vc-like morphology (Figure
4.7D-H). Thus, in our hands, Vc infected zebrafish exhibit equivalent disease outcomes to
mammalian models and humans (Mitchell et al., 2017; Mitchell and Withey, 2018; Nag et al.,
2018; Runft et al., 2014). Given comparable Vc-mediated disease states across vertebrates, |
believe zebrafish will be a valuable model to decipher previously unknown molecular responses
to Vc infection at the intestinal mucosa. In this way, we may establish relevant disease markers
and identify targets for therapeutic intervention.

Intestinal cells from Vc infected fish possessed comparable gene expression profiles to
conventional adult controls (Figure 4.71, Tables 3.2 and 4.4), allowing differentially gene
expression analysis between IECs of challenged and unchallenged fish. The global IEC immune
response was characterized by increased expression of proinflammatory genes like grn1, thought
to be a pro-survival gene in response to colonization by other Vibrio pathogens (Wu et al., 2018),
as well as suppression of interferon-stimulated genes (ISGs) like isg15, ifit15, rsad2 (Figure 4.7)).
While ISGs were downregulated across mature IECs in Vc infected fish (Figure 4.7K), expression
of ISGs were enriched in immune-dedicated ECs of the uninfected fish (Figure 3.41), where this

cell population largely disappeared upon Vc infection (Figure 4.8). These data suggest that
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reduced IFN signaling is a hallmark of Vc disease, where therapeutic IFN stimulation may provide
an avenue for reducing disease severity (discussed further in Chapter 6).

Cell type-specific analysis further revealed that Vc moderately upregulated genes with
putative roles in zebrafish antigen-presentation (Figure 4.7M), while suppressing expression of
genes involved in leukocyte recruitment, most notably in Best4/Otop2 cells (Figure 4.7L).
Specifically, Best4/Otop2 cells are high-expressors of cc/l25a under homeostatic conditions (Broad
SCP2141), where ccl25a is downregulated during Vc infection. Interestingly, the chemokine
encoded by cc/25a is involved in zebrafish hematopoiesis and lymphocyte migration downstream
of CFTR (Lin et al., 2021), where CFTR is known to increase susceptibility to severe cholera
(Rodman and Zamudio, 1991). This could suggest that aberrant leukocyte recruitment and
inflammation during Vc infection is secondary to dysregulated CFTR. In line with this, whole
dataset analysis and independent analysis of Best4/Otop2 cells revealed cftr to be among the
most downregulated of all genes following Vc infection (Figure 4.7J,N). This is notable both
because Best4/Otop2 cells are localized high-expressors of cftr (Figure 3.4), and because cholera
toxin indirectly activates CFTR, leading to epithelial chloride expulsion and massive water loss
that culminates in severe diarrhea (Thiagarajah et al., 2015). Taken together, these findings
indicate that in response to substantial chloride imbalance, mediated by CFTR activation during
Vc infection, Best4/Otop2 cells specifically downregulate cftr to decrease membrane
permeability and re-establish ion homeostasis. This may secondarily lead to decreased
chemokine expression and attenuated inflammation. To support this natural response, it is
possible that therapeutic CFTR inactivation in Best4/Otop2 cells could alleviate severe diarrhea
and mild inflammation associated with Vc infection. Consistent with this notion, a recent study
demonstrated that administration of a CFTR small molecule inhibitor blocked acute diarrhea in a
suckling mouse Vc model (Rivera-Chavez et al., 2022). Given that mice do not possess
Best4/Otop?2 cells and therefore do not exhibit localized cftr expression, it remains unclear if this
strategy will also be effective in humans, or a zebrafish model. One study showing that ion
channels are the subject of natural selection in areas where cholera is endemic (Karlsson et al.,
2013), supports the notion that ion channels (specifically CFTR) may be valid therapeutic targets

for cholera. However, further work will be necessary to elucidate the role of Best4/Otop2 cells
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and cell-specific cftr expression during Vc infection, and to determine the efficacy of therapeutic
approaches that target these cells (or ion channels) during human infection. Of note, | also
observed diminished expression of genes linked with mucin production in enterocytes, including
decreased chloride channel accessory (clcal) expression. While the role of c/lcal during Vc
infection is unclear, it is possible that this gene may also serve as a point of therapeutic
intervention for cholera.

Overall, the most prominent epithelial response to infection was a suppression of genes
associated with the interferon response in mature, differentiation IECs, as well as decreased
expression of ion conductors and leukocyte recruitment factors in absorptive cell subsets.
Alterations to these pathways during Vc infection may therefore be relevant biomarkers of
disease as well as candidate targets for therapeutic intervention. Future work will be necessary
to translate these findings in vivo, and investigate related avenues for cholera treatment and

prevention.
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Figure 4.7 Vibrio cholerae activates inflammatory responses while suppressing interferon

signaling in IECs. A-C) CFU Counts of gut-associated Vc in anterior, middle, and posterior
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intestinal sections of infected fish, 16h (A), 40h (B) and 64h post-infection (h.p.i.). D-G) H&E stains
of sagittal posterior intestinal sections from uninfected (D-E) and infected adult zebrafish (F-G).
Scale bars are indicated in all panels. H) Transmission Electron Microscopy image from a
sectioned, infected adult intestine. An internalized microbe with a Vc-like morphology is
indicated with a red arrowhead. 1) t-SNE projections of profiled cells from an integrated data set
generated from uninfected and infected IECs color-coded by cell type. The left panel shows
uninfected IECs and the right panel shows infected IECs. J) Volcano plot of differentially expressed
genes in infected epithelial relative to uninfected controls. Y-axis shows the relative expression
changes on a log2 scale, and x-axis shows significance values as a -log10 value. K-N) Heatmaps
showing differentially expressed genes related to interferon signaling (K), leukocyte recruitment
(L), antigen presentation (M), and mucin production (N) in infected cells relative to uninfected

counterparts.

Table 4.4 Vc infected adult intestinal scRNA-seq cell identifiers based on unbiased clustering.

Cell Type Captured Top Gene Expression Markers
Cells
Progenitor 455 her6, si:ch211-222121.1, si:ch211-213d14.2, dId, gig2h, her15.1
TA 190 aspm, cdkl, top2a, aurkb, zgc:110540
Endocrine 1 282 etvl, neurodl, cabp2a, rims2a, isll
Endocrine 2 267 neurodl, plcvd3, scg3, pdyn, egrd
Endocrine 3 20 sstl.1, ins, ppdpfb, dkk3b, gbpcb
Endocrine 4 173 adcyapla, trpalb, mfge8a, grhprb, scg3
Endocrine 5 16 gbpcb, ndufadl2a, c9, gpr158a, mnx1
Goblet 1338 agr2, si:dkey-203a12.9, CABZ01080550.1 (muc2), fabp3, cd63
Goblet-like 267 cuzdl.2, si:ch211-173a9.6.1, si:ch211-173a9.6, pdia2, si:ch211-255i20.3
Tuft-like 474 calmlb, pou2f3, anxad4, hmx3a, hes2.2, alox5a
EC1 1292 chia.3, ucpl, rbp2a, chia.1, fabplb.1
EC2 223 apobb.1, apoala, apoadb.2.1, chia.3, apoea
EC3 896 slc6al9b, chia.2, cd36, fabp2, enpp7.1
LRE 1 1412 fabp6, slc15a2, ctsl.1, tmigdl, slc10a2
LRE 2 553 ifi30, ctsl.1, ctsz, fabp6, ctsh
LRE 3 515 fabp6, si:ch211-139a5.9, cxcl8b.1, slc10a2, tmigdl
Best4/Otop2 1 | 719 tcnba, cfd, cadb, fam92al, id2a
Best4/Otop2 2 | 88 tcnba, cadb, cfd, fam92al, chia.1
Leukocyte 1 282 dusp2, pfnl, tmsh4x, wasb, ccr9a, cd74a
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Leukocyte 2 99 ms4al7a.10, tmsbd4x, fcerlgl, clqga, cd74a
Leukocyte 3 94 ccl20a.3, FP236331.1, pfnl, nitr5, sla2
Leukocyte 4 208 si:ch211-152c2.3, spi2, spic, plekho2, si:dkey-56m19.5
Leukocyte 5 153 il1fma, spila, crfbl5, ly86, il12bb
Leukocyte 6 157 igl3v5, rnaset2l, swap70a, ebf3a, hix1
Stromal 182 rbp4, fnlb, sparc, aoc2, c4b
Pancreatic 42 si:dkey-14d8.7, cbast4, cbast3, pglyrp6, dnasel
Epidermal 115 cnfn, agrl, etfla, sptssb, oclnb
Unknown 1 109 acsldb, oclnb, ftr83, tmprss13b, sstr5
Unknown 2 43 BX855618.1, zgc:193726, cbinl11, pvalb6, noxola
rsad2
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Figure 4.8 Vcinfected fish have fewer ISG-enriched ECs. Feature plot showing relative expression
of EC subset 4 marker rsad2 (Figure 3.41) across datasets. Immune-dedicated/ interferon-

enriched ECs (based on the uninfected dataset) are encircled in blue.
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4.4 Conclusions

Gut microbial factors are critical determinants of animal development (Sekirov et al.,
2010). Comparative studies with CV and GF zebrafish larvae uncovered numerous microbial
effects on the host, including impacts on proliferation, cell fate specification, and metabolism
(Bates et al., 2006; Hooper et al., 2001; Rawls et al., 2004; Reikvam et al., 2011). Importantly, the
molecular and genetic networks that determine intestinal development are highly similar
between zebrafish and mammals (Davison et al., 2017; Heppert et al., 2021; Lickwar et al., 2017).
Thus, discoveries made with fish have the potential to reveal foundational aspects of host-
microbe relationships.

To determine host responses to microbial colonization at cellular resolution, | first
prepared single-cell atlases of intestines from larval zebrafish raised under conventional or germ-
free conditions. Comparisons between datasets allowed me to delineate impacts of the
microbiome on growth, patterning, immune, and metabolic processes in each cell type. While it
is possible that some of the cell-specific changes observed result from GF derivation, my
recapitulation of known microbe-responsive processes makes this unlikely to be a major
confounding factor. Moreover, recent whole-larvae scRNA-seq comparison of CV and GF animals
corroborated many gene expression changes reported herein (Massaquoi et al., 2023).
Importantly, the resolution provided by single-cell approaches allowed us to uncover a large
number of unknown microbe-driven processes in the host, and resolve each process to the level
of distinct cell types. Our work shows that microbiota-dependent control of growth,
developmental, metabolic and immune processes display remarkable cellular specificity. To
provide one example, | will discuss effects of the microbiota on host immune activity; however, |
note our data permit identification of microbial impacts on many physiological processes.

This work revealed a hitherto unknown complexity of germline-encoded immune gene
expression patterns in CV fish, suggesting a refined partitioning of immune functions among
intestinal epithelial cell types. Absorptive intestinal epithelial cells expressed enriched amounts
of detoxifying alkaline phosphatases (Bates et al., 2006), and myeloid-activating serum amyloid A
(Kanther et al., 2011; Murdoch et al., 2019). In contrast, progenitor and tuft-like cells expressed

elevated levels of the bacterial peptidoglycan sensor nod2 and core NF-kB pathway elements,
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whereas enteroendocrine cells and leukocytes expressed larger amounts of /22, a cytokine that
activates epithelial defenses (Dudakov et al., 2015). Phagocytes were characterized by elevated
expression of pro-inflammatory cytokines such as il1b, tnfa and tnfb, whereas mesenchymal cells
were prominent sources of immune-regulatory TGF-beta class cytokines. Comparisons between
CV and GF fish uncovered a remarkable input from the microbiome on all these processes, with
cell-specific expression of many immune effectors and mediators declining, relocating, or
disappearing almost entirely in GF fish. Future work will be needed to elucidate impacts of cell-
specific immune signals on intestinal homeostasis.

To test developmental consequences of microbial removal on larvae, | focused on
intestinal vasculogenesis. In fish, the intestinal vasculature arises from angioblasts that migrate
ventrally from the posterior cardinal vein, and establish a plexus that gradually resolves into the
dorsal supra-intestinal artery, the ventral sub-intestinal vein, and a series of parallel vessels that
connect artery and vein (Goi and Childs, 2016; Isogai et al., 2001; Lenard et al., 2015; Nicenboim
et al.,, 2015). | noted diminished expression of key angiogenesis regulators in GF larvae,
particularly VEGF-class receptors with established roles in formation of connecting vessels (Goi
and Childs, 2016). Examination of GF fish showed that the microbiota is dispensable for
positioning and spacing of the artery and vein. In contrast, removal of the microbiota had
deleterious effects on connecting vessels, confirming a role for the microbiome in establishing
the intestinal vasculature. These results match observations from mice, where germ-free growth
also diminishes villus angiogenesis (Reinhardt et al., 2012; Stappenbeck et al., 2002), suggesting
a shared requirement for microbial cues to direct intestinal angiogenesis in vertebrates. | believe
the advances made in this study will allow us to trace the molecular, and cellular networks that
control intestinal vasculogenesis in a developing vertebrate.

Next, | assessed IEC responses to the pathogenic bacteria Vc. Members of the Vibrio genus
are common members of the zebrafish gut microbiota, and zebrafish are a natural host for the
aquatic pathogen Vibrio cholerae, allowing us to determine primary host responses to Vc
challenge at cellular resolution, and therefore identify possible disease biomarkers and
therapeutic targets. In our hands, Vc infection caused predictable disease, including disrupted

barrier integrity and increased cell shedding into the lumen. In response to Vc challenge, mature
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IECs exhibited overlapping transcriptional responses dominated by suppressed ISG expression,
increased expression of genes associated with antigen capture, and suppressed expression of
leukocyte recruitment factors and ion channels. Type | IFNs are important inhibitors of
proliferation that also prevent apoptosis, thereby sustaining the epithelial barrier (Katlinskaya et
al., 2016; Mirpuri et al., 2010). Accordingly, diminished IFN in IECs upon Vc challenge may be an
important mechanism for Vc-mediated barrier disruption that drives disease associated with Vc
infection. Secondarily, | observed decreased expression of several ion channels (c/cal in ECs, and
cftr in Best4/Otop2 cells) in Vc infected intestines. Given that ion channels are exploited host
factors during Vc infection, and that the natural host response to infection includes
downregulation of these channels, it is possible that ion channel targeting could be an effective
approach to cholera intervention. While additional work will be necessary to understand the
consequences of IFN pathway and ion channel suppression during host infection, this study sheds
light on the involvement of each IEC type in the mucosal response to Vc, and identifies key

molecular factors modulated by Vc infection.

94



Chapter 5: RANK drives tuft-like cell development

This chapter contains content from the following sources:

o Willms RJ, Jones LO, Hocking JC, and Foley E. (2022). A cell atlas of microbe-responsive

processes in the zebrafish intestine. Cell Reports.
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5.1 Summary

Single cell profiling of larval and adult IECs revealed a cell subset with progenitor-like
properties, including expression of cell cycle regulators and Notch pathway components (Chapter
3). Intriguingly, this progenitor-like cell population highly expressed tnfrsfila, encoding RANK
(Chapter 3), a TNF receptor superfamily member involved in a broad spectrum of host
developmental processes, including bone homeostasis (Li et al., 2022), immune cell
differentiation (Li et al., 2022), mammary gland epithelial development (Fata et al., 2000) and
medullary thymic epithelial development (Rossi et al., 2007) (For the sake of simplicity and
continuity, | refer to the tnfrsf1la gene as rank throughout this thesis). Within the mammalian
intestine, RANK-dependent activation of the NF-kB signaling pathway promotes antigen-
capturing M cell development from progenitor compartments adjacent to lymphoid follicles
(Debard et al., 2001; Dejardin et al., 2002; Kanaya et al., 2012; Kanaya et al., 2018; Knoop et al.,
2009). Because RANK is a critical developmental regulator in numerous contexts, and RANK
transcripts are abundant in a zebrafish intestinal progenitor cell subset, | surmised that RANK has
an additional role in zebrafish intestinal epithelial development. RANK function in non-lymphoid
intestinal tissue has not been described under homeostatic conditions in vertebrates. However,
given shared regulatory infrastructure underlying intestinal development, zebrafish may be useful
to uncover the role of RANK in vertebrate IEC development.

To investigate RANK function in the gut epithelium, | first performed lineage trajectory
analysis of our conventional adult single cell data, where | determined that RANK is upregulated
in the tuft-like IEC lineage. | validated expression of RANK in tuft-like cells using a combination of
fluorescent in situ hybridization (FISH) and genetic reporter analyses, which further supported a
role for RANK in tuft-like cell formation. Next, | generated and analyzed rank mutants, and
determined that RANK is critical for the generation of the zebrafish tuft-like cell lineage. My results
therefore identify a novel role for RANK signals in IEC development, which may have broader
implications for IEC development in mammals. Given that tuft cells are crucial regulators of
mammalian type 2 immune responses, identification of factors involved in tuft cell specification
may provide a more comprehensive understanding of the role tuft cells play in intestinal

homeostasis and disease.
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5.2 rank is upregulated in the tuft-like cell lineage

Single cell analysis of conventional larval and adult zebrafish IECs revealed candidate
progenitor cells highly expressing the developmental regulator rank (Figures 3.1 and 3.4).
Accordingly, | surmised that RANK mediates aspects of zebrafish intestinal epithelial
development. To test this assertion, | first performed lineage trajectory analysis of IECs from our
conventional adult scRNA-seq dataset, where we captured a significant number of rank+
progenitors (Figure 5.2A). Because scRNA-seq allows unbiased capture of cells likely to be at
different states of the differentiation process within a cell type, where these cells are
distinguished by transcriptional changes, single-cell trajectory analysis can order cells in various
states within a developmental lineage over “pseudotime”, based on their relative gene expression
profiles. Gene expression analysis over pseudotime showed two transcriptionally divergent tuft-
like cell subsets derived from Notch-positive progenitors (her15.1+), and revealed increased rank
expression during development of pou2f3+ tuft-like cells (Figure 5.1A,B). To validate lineage
analysis, | first performed FISH against pou2f3, rank, and progenitor-like cell marker her15.1 on
whole-mounted larval intestines. | observed both her15.1+ rank+ cells and rank+ pou2f3+ cells
(Figure 5.1C), consistent with rank expression in progenitor and tuft-like IECs. | further validated
gene expression data by quantifying pou2f3+ cells in rank:GFP larvae (Figure 5.1D-F), where a
greater number of pou2f3 or rank:GFP positive cells expressed both markers (Figure 5.1E).
Notably, | observed few pou2f3 single-positive cells (Figure 5.1E), though trajectory analysis
predicted this as a significant cell fraction (Figure 5.1A). Despite this anomaly, FISH and rank
reporter data largely aligned with trajectory analysis, supporting increased rank expression along
the progenitor to tuft-like cell axis. Intriguingly, supplementary visualization of f-actin revealed a
fraction of pou2f3+ rank:GFP+ cells with prominent cortical actin and distinct pear-shaped
morphology (Figure 5.1F), suggesting that tuft-like cells exhibit variable morphology, perhaps in
alignment with earlier-described transcriptionally divergent tuft-like populations (Figures 3.4H,
5.1A). Notably, one tuft-like cell subset was marked by expression of ENSDART00000020282.6
(CU929145.1; Broad SCP2141), with homology to Myeloid-associated differentiation marker-like
proteins that regulates the cortical cytoskeleton and controls inflammatory responses (Aranda et

al., 2013). Furthermore, it is intriguing that intestinal rodlet cells have been described as actin-
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rich, pear-shaped cells (Dalum et al., 2021; Sayyaf Dezfuli et al., 2022), which could indicate that
tuft-like cells and rodlet cells are an equivalent cell type. Visualization of adult anterior intestinal
tissue sections aligned with larval analysis, revealing cells of variable morphology co-expressing
pou2f3 and rank (Figure 5.1G,H). While my FISH protocol precluded actin visualization in adult
tissue sections (and therefore f-actin and pou2f3 co-labeling), f-actin+ rank:GFP+ cells were also
evident in adults (see Figure 5.4). Taken together, these data indicate that tuft-like cells exhibit
variable morphologies, perhaps representing transcriptionally distinct subsets, and further

establish rank as a marker of the tuft-like cell lineage across development.
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Figure 5.1 rank positive cells have variable morphology and express pou2f3. A) Monocle lineage
trajectory analysis of adult progenitor and tuft-like cells from conventional adult fish (Chapter 3)
over pseudotime. B) Relative expression of Notch effector her15.1, rank, and pou2f3 in the
progenitor to tuft-like cell lineage. C) Visualization of her15.1, rank, and pou2f3 mRNA in whole-
mounted 6 dpf larval intestines via FISH. Yellow arrowheads point to pou2f3+ rank+ cells. The
blue arrowhead points to a rank+ her15.1+ cell. Scale bar = 15 um. D-F) FISH of pou2f3 in whole-
mounted 6 dpf larval intestines from rank:GFP zebrafish. (D) Yellow arrowheads point to pou2f3+
rank:GFP+ cells. Blue arrowheads point to pou2f3- rank:GFP+ cells. Scale bar = 20 um. (E)
Quantification of pou2f3+ and rank:GFP+ single positive and double positive cells within a
100x100 um area in the anterior-middle intestinal region (n=23 guts). F) A pou2f3+ rank:GFP+
cell. Scale bar = 15 um. G) FISH of pou2f3 and rank on a sagittal section of the anterior adult
intestine. Yellow arrowhead points to pou2f3+ rank:GFP+ cell; blue arrowhead points to a pou2f3-
rank:GFP+ cell. Scale bar = 15 um. H) FISH of pou2f3 on a sagittal section of a rank:GFP adult
intestine showing pou2f3+ rank:GFP+ cells of variable morphology. Yellow arrowheads point to

pou2f3+ rank:GFP+ cells. Scale bar = 15 um.

5.3 RANK-deficient zebrafish exhibit defective NF-kB signaling and bone development

RANK regulates a broad spectrum of developmental processes, including bone
homeostasis (Li et al., 2022), immune cell differentiation (Li et al., 2022), mammary gland
epithelial development (Fata et al., 2000), medullary thymic epithelial development (Rossi et al.,
2007), and specification of antigen transporting M cells in the intestinal FAE through activation of
its effector pathway NF-kB (Knoop et al., 2009; Nakashima et al., 2012). To test RANK function in
the gut, | performed a preliminary CRISPR experiment by directly analyzing FO zebrafish injected
with synthetic duplex guide ribonucleoprotein (dgRNP) complexes (Hoshijima et al., 2019; Jacobi
et al., 2017) targeting rank at the single-cell stage to generate RANK-deficient zebrafish
(crispants). With this method, biallelic indel mutations of specified genomic sequences can be
achieved at extremely high efficiency (often >90%), where mutagenized FO crispants are often
comparable to true null mutants (Hoshijima et al., 2019). Here, | generated and analyzed rank

crispant NF-KB reporter fish, where NF-KB:GFP labels an unknown IEC subset (Kanther et al.,
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2011). FO rank crispant embryos injected at the single-cell stage exhibited 95% biallelic
mutagenesis and 5% monoallelic mutagenesis of the rank gene (Table 5.1), indicating that most
FO fish likely possess indel mutations, and that rank crispants probably report major phenotypes
associated with loss of RANK function. Collectively, rank crispants possessed a near 4-fold
reduction in cells with active NF-kB (Figure 5.2), supporting a shared role for RANK in NF-kB
pathway activation across vertebrates and demonstrating that RANK is a prominent driver of
intestinal NF-kB signals in zebrafish. Next, | used the same CRISPR-Cas9 mediated mutagenesis
approach to generate stable rank mutants by outcrossing dgRNP injected FO fish, and in-crossing
F1 heterozygous progeny from a single FO parent. In this way, | achieved a stable 5 base pair
deletion leading to a frameshift and premature stop codon in the third exon of rank (Figure 5.3A)
(hereafter referred to as rank mutants). The mutated rank gene is predicted to produce a
truncated protein (residues 1-58 of 574) possessing a small portion of the ligand binding domain,
where most of the ligand binding domain and the whole transmembrane domain are absent,
rendering the protein non-functional. While mutant development proceeded normally until the
juvenile period, rank mutants presented with spinal curvature beginning at 12 wpf, where 100%
of mutant zebrafish developed scoliosis in adulthood (Figure 5.3B). Abnormal skeletal
development in rank mutants is consistent with RANK function in mammalian bone formation (Li
et al., 2022), though the underlying cause and type of scoliosis engendered by rank mutations
requires further assessment. Taken together, loss of intestinal NF-kB activation and skeletal
defects in RANK-deficient zebrafish indicate that CRISPR-Cas9 editing of the rank gene resulted in
loss-of-function mutations, and suggest RANK function in NF-kB pathway activation and bone

development is shared across vertebrates.

Table 5.1 Cutting efficiencies of rank dgRNP in single embryos

Total Biallelic Monoallelic
mutation mutation
Embryos (n) | 40 38 2
% - 95 5
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Figure 5.2 RANK drives intestinal NF-kB activity. A) 6 dpf NF-kB:GFP reporter fish (crispants)
injected with Cas9 alone (control) or rank sgRNA and Cas9. Scale bars = 100 um. B) Quantification
of GFP+ cells in the whole intestines of control and RANK-depleted NF-KB:GFP zebrafish.
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Figure 5.3 rank mutants develop scoliosis. A) Schematic for the mutation generated in the
zebrafish rank gene by CRISPR-Cas9. A 5 bp deletion resulting in a frame shift was confirmed by
sanger sequencing, predicted to cause a premature stop codon in the third exon. B) Image of age-

matched homozygous rank wild-type and mutant siblings (rank:GFP background) at 14 wpf.
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5.4 rank mutants exhibit IEC differentiation defects

Expression of rank in the tuft-like lineage implicated RANK in tuft-like cell development.
To test this, | first analyzed rank mutant larvae for expression of tuft-like cell markers, including
pou2f3. Quantification of pou2f3-expressing cells via FISH revealed a substantial decrease in
pou2f3+ cells in rank mutants (Figure 5.4A), suggesting that RANK acts upstream of pou2f3
expression. Since rank mutants also expressed rank:GFP, which reports tuft-like cell localization,
| quantified intestinal rank:GFP+ cells in larval intestines. Wild-type age-matched siblings
possessed >20 GFP+ cells per intestine on average, while rank mutant larvae averaged fewer than
5 GFP+ cells (Figure 5.4B). This result reveals that rank signals may be required for tuft-like cell
production, though the exact mechanism requires clarification. Moreover, given that loss of RANK
activity could be expected to increase rank gene activation as a compensatory mechanism, loss
of rank:GFP may signify that RANK regulates survival of rank-expressing cells. Next, | assessed cell
proliferation levels in 6 dpf larvae via an 8-hour EdU pulse, since loss of tuft-like cells could reflect
deficiencies in intestinal proliferation (Figure 5.4C). However, proliferation levels were only
slightly decreased in rank mutant intestines (Figure 5.4C), which might indicate that loss of
pou2f3+ and rank:GFP+ |ECs in rank mutants is caused by aberrant cell differentiation, rather than
intestinal growth defects, though additional follow-up is required.

Next, | sought to corroborate larval tuft-cell deficiency by assessing morphology and gene
expression dynamics in adult rank mutants. Consistent with larval analysis, | observed decreased
numbers of cells expressing pou2f3 and rank in mutant adults (Figure 5.5D,E). Structurally, mutant
intestines appeared comparable to WT age-matched sibling controls (Figure 5.4F), with a slight
decrease in fold length (Figure 5.4G) consistent with reduced proliferation in mutant guts (Figure
5.4C). Alcian blue staining revealed fewer mucous-producing cells per fold length in rank mutants
relative to controls (Figure 5.4FH), suggesting that rank mutants generate fewer goblet cells.
Analysis of the rank:GFP reporter in WT fish revealed GFP expression in rounded cells at the fold
base (putative progenitors), cells with apparent mucous compartments (putative goblet cells), as
well as cells with processes extending to the lumen and cells enriched for cortical actin (tuft-like
cell subsets) (Figure 5.41). Subsequent quantification of rank:GFP and f-actin positive cells in WT

versus rank depleted intestines, normalized to fold length, showed 100% loss of f-actin-enriched
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IECs (Figure 5.4)), and near-complete ablation of rank:GFP expressing cells in rank depleted
intestines (Figure 5.4K). Taken together, these results align with larval data and suggest that RANK
is necessary for tuft-like cell generation across development. Since rank and pou2f3 mRNA, as
well as rank:GFP signals are diminished in rank mutants, it is possible that RANK mediates
development or survival of rank and pou2f3-expressing cells. Moreover, given that rank:GFP was
evident in adult goblet cells, and that rank mutants possessed fewer goblet cells, it is also possible
that a goblet cell subset is also derived from rank+ progenitors. However, given that alcian blue
positive cells are still observed in adult mutant intestines (Figure 5.4FH), | conclude that rank is

not essential for goblet cell differentiation.
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Figure 5.4 Growth and differentiation defects in rank mutant intestines. A) Quantification of

pou2f3-expressing cells per 6 dpf larval gut by FISH on dissected intestines. B) Quantification of
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rank:GFP+ cells per intestine in 6 dpf larvae. C) Quantification of EdU+ cells per whole intestine
following 8-hour EdU pulse (no chase). D) Quantification of pou2f3-expressing cells by FISH,
normalized to fold length. n=4 per condition, where 10 folds per anterior middle intestine were
guantified. E) Quantification of rank-expressing cells by FISH, normalized to fold length. n=4 per
condition, where 10 folds per anterior middle intestine were quantified. F) Representative images
of intestinal sections stained with hematoxylin, eosin, and alcian blue. G) Quantification of fold
length in WT and rank mutant adult intestines, based on H&E + alcian blue images. n=4 per
condition, where 10 folds per anterior middle intestine were quantified. H) Quantification of
alcian blue positive cells (goblets) per 100 um fold length. 1) Representative confocal images of
rank:GFP and f-actin (phalloidin Alexa Fluor 647) in WT and rank mutant intestinal sections. Yellow
arrowheads indicate rank:GFP and f-actin positive cells. Scale bars = 25 um. n=5 per condition,
where 5 folds per anterior middle intestine were quantified. J) Quantification of f-actin+ IECs
normalized to fold length. K) Quantification of rank:GFP+ IECs normalized to fold length.
Significance determined with Student’s t-test. *=p<0.01; ** = p<0.001; *** p<0.0001.

To further evaluate tuft-like cell numbers in rank mutant intestines, | assessed our adult
scRNA-seq dataset for additional tuft-like cell markers that might be useful for visualizing tuft-like
cells. To that end, | determined that annexin A4 (anxa4) is most highly expressed in the tuft-like
lineage relative to other IEC types (Figure 5.5A), where Anxa4 is a member of the annexin family
of calcium-dependent phospholipid binding proteins thought to be involved in endocytosis and
exocytosis (Gerke and Moss, 2002). Furthermore, zebrafish Anxa4 is recognized by the
monoclonal antibody and putative pan-secretory cell marker 2F11 (Crosnier et al., 2005; Zhang
et al., 2014), though | determined that anxa4 transcripts are also abundant in Best4/Otop2 cells
(Figure 5.5A) likely members of the absorptive lineage. Future work will be needed to confirm
that Best4/Otop2 cells express anxa4 and to revisit past conclusions made using the 2F11
antibody, considering this possibility. Notably, a recent study identified 2F11+ cells localized to
the adult intestinal fold base (Li et al., 2020), consistent with Best4/Otop2 cell localization as

determined by cftr mRNA visualization (Figure 3.4).
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Anxa4 labeling in controls revealed regular distribution of Anxa4+ cells in the adult fish
intestine, where rank:GFP was also detected in a subset of Anxa4+ cells (Figure 5.5B). Anxa4 was
often irregularly localized or localized in the apical region of tuft-like cells (eg. Figure 5.6), such
that quantification of rank:GFP and Anxa4 co-expressing cells was challenging. Nevertheless,
analysis of rank mutant intestines revealed reduced abundance of Anxa4+ cells relative to WT
controls (Figure 5.5B,C), consistent with the loss of an anxa4-expressing cell subset. Taken
together with gene expression, f-actin, and reporter analysis, these data suggest that Anxa4+ tuft-
like cells are depleted from rank mutants. Moreover, the presence of some Anxa4+ |IECs further
implicates RANK as an essential and specific mediator of tuft-like lineage development in the
zebrafish intestine. Follow-up work will be needed to confirm the presence (or absence) of

alternate secretory and absorptive IEC types in rank mutant guts.
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Figure 5.5 Anxa4+ tuft-like cells are diminished in rank mutant adult intestines. A) Adult scRNA-
seq analysis of anxa4 expression (putative secretory cell marker) in major IEC types. B)
Representative confocal images of Anxa4 immunofluorescence in WT and rank mutant intestinal
sections. Inset (rotated 90 degrees) showing overlapping rank:GFP and anxa4 signal in WT
intestine. Scale bars =25 um. n=5 per condition, where 5 folds per anterior middle intestine were
guantified. C) Quantification of anxa4+ cells normalized to fold length. Significance determined

with Student’s t-test. *** p<0.0001.
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5.5 Morphological analysis of tuft-like cells

Mammalian tuft cells (alternately called Brush cells) have long been characterized by an
apical “tuft” of microvilli that extends into the lumen (Rhodin and Dalhman, 1956). Additional
morphological features of tuft cells include vesicles and caveolae that comprise a tubulovesicular
network (Sato et al., 2002), and lateral cytoplasmic projections of unknown function (Hoover et
al., 2017; Luciano and Reale, 1979; Sato et al., 2002). Given these distinct cellular traits, |
wondered if | might observe parallel features in zebrafish tuft-like cells. Cytosolic labeling with
rank:GFP, alongside Anxa4, revealed that Anxa4 is apically-localized in a tuft-like cell subset
(Figure 5.6A). Moreover, | observed an apical cell bottleneck with a GFP+ Anxad+ punctum
protruding into the lumen, as well as a lateral cytoplasmic projection interacting with extranuclear
DNA in an adjacent cell (Figure 5.6A). While the origin of this extranuclear DNA is uncertain, it
could be derived from an internalized protist, consistent with the known role of tuft cells in
responding to parasitic protozoans (McGinty et al., 2020). Alternatively, it could represent a viral
factory, since some viruses directly target tuft cells to exploit immunomodulatory tuft cell
function (Baldridge et al., 2015; Strine and Wilen, 2022; Tomov et al., 2017; Wilen et al., 2018),
and zebrafish intestinal epithelia are commonly infected with picornaviruses (Altan et al., 2019;
Balla et al., 2020). It will be of great interest to determine the source of such DNA, which may
provide insight into the function of zebrafish intestinal tuft-like cells.

To better resolve the structure of the distinct pear shaped tuft-like cell subset, | performed
TEM, where | observed similarly shaped, electron dense cells with a thick cell cortex and an apical
microvillar tuft (Figure 5.6B), consistent with the punctum observed by confocal imaging (Figure
5.6A). This cell also contained an apical tubular network and large secretory sacs with an electron
dense core (Figure 5.6B), consistent with tuft-like cell secretory function. These unique secretory
granules are highly similar to rodlets that define teleost rodlet cells (Abd-Elhafeez et al., 2020b;
Sayyaf Dezfuli et al., 2022), further substantiating the shared identity of rodlet cells and tuft-like
cells. As far as | am aware, this electron micrograph is the first to demonstrate an apical microvillar
tuft on a rodlet/ tuft-like cell. Since rodlet cells are thought to exhibit distinct morphological
characteristics corresponding to various developmental stages (Abd-Elhafeez et al., 2020b), it is

possible that microvillar-possessing tuft-like cells represent a transitory rodlet cell state.
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Alternatively, zebrafish intestinal tuft-like cells may be related but distinct from rodlet cells
described in other fish species and non-intestinal tissues. Additional work is needed to reconcile
the developmental and functional relationships between tuft-like cells and rodlet cells.
Furthermore, the relationship between ovoid tuft-like cells and columnar tuft-like cells (described
in Figure 5.1) remains unclear, requiring further structural, developmental, genetic and functional
clarification. While pear-shaped tuft-like cells therefore possess some features dissimilar to
mammalian tuft cells (rodlets and thick cell cortex), they are hallmarked by a similar microvillar
tuft, tubular network, and lateral cytoplasmic projections. Given that tuft-like cells also appear to
interact with extranuclear DNA in the epithelium, they may also play a role in sensing and

responding to foreign microorganisms.

Hoechst

Figure 5.6. Tuft-like cells have an apical tuft and interact with extranuclear DNA. A) Confocal
image of rank:GFP and anxa4 positive tuft-like cell. Yellow arrowhead indicates apical cell
projection protruding into the lumen. Blue arrowhead points to extranuclear DNA overlapping
with rank:GFP and anxa4 signals. Scale bar = 10 um. B) Transmission electron microscopy image
from adult intestine, showing candidate tuft-like cell with an apical tuft protruding through the

brush border.
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5.6 Investigating tuft-like cell-microbe interactions

Mammalian tuft cells are well-established sensors of intestinal helminths and protozoans,
and are generally non-responsive to pathogenic or commensal microbes (Banerjee et al., 2020;
Haber et al., 2017; Wilen et al., 2018). Thus, | reasoned that zebrafish tuft-like cell numbers may
be insensitive to microbial colonization, equivalent to the mouse intestinal tuft cells. In agreement
with this, scRNA-seq analysis of larval tuft-like cells under GF conditions, or adult tuft-like cells
following Vc infection, revealed nominal transcriptional changes (Chapter 4), in contrast to other
mature epithelial cell types. To further investigate a role for tuft-like cells in sensing and
responding to microbes, | quantified pou2f3+ cells in larvae with or without a microbiome. | used
pou2f3 as a tuft-like marker since rank is expressed in at least one other cell type (progenitors).
Zebrafish raised in the absence of a microbiota slightly elevated intestinal pou2f3+ cell numbers,
where re-introduction of the parental microbiota (CV) reduced pou2f3+ cell numbers back to
homeostatic levels (Figure 5.7A). This data indicates that microbes have a moderate restraining
influence on tuft-like cell development in the fish gut. It is unclear why this might be, since
mammalian tuft cell numbers are unresponsive to most commensal microbes (Banerjee et al.,
2020; Lei et al., 2018). Moreover, the fish gut microbiota is an established activator of intestinal
NF-KB activity (Kanther et al., 2011); given that rank activates intestinal NF-kB (Figure 5.2), and is
required for tuft-like cell development, this result seems counterintuitive. Additional work will be
necessary to tease apart the role of microbes in moderating RANK activity and tuft-like cell
development.

Despite broad microbial insensitivity, mammalian tuft cells express the succinate receptor
Sucnrl, where the introduction of succinate-producing gut bacteria can trigger tuft cell activation
and hyperplasia (Banerjee et al., 2020; Lei et al., 2018). Accordingly, | wondered if larval intestines
might develop tuft-like cells hyperplasia in response to succinate treatment, akin to mice
(Banerjee et al., 2020; Lei et al., 2018). However, fish larvae immersed in embryo medium
supplemented with succinate from 4-6 dpf showed no changes in pou2f3-expressing cell numbers
at any dose (Figure 5.7B). This result is perhaps unsurprising given that an orthologue to
mammalian Sucnrl has not yet been identified in zebrafish, though | note that succinate

treatment alters metabolic profiles and gut microbial dynamics in adult fish (Ding et al., 2022). It
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is possible that tuft-like cells are differentially sensitive to succinate across developmental stages,
or that tuft-like cells are not primary sensors of succinate. Measuring tuft-like cell numbers in
adult fish exposed to succinate may resolve questions around tuft-like cell sensitivity to succinate

in mature animals.
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Figure 5.7 Microbial products minimally modulate tuft-like cell development. A) Quantification
of pou2f3+ cells by FISH in whole dissected intestines from 6 dpf CR (conventionally reared), GF
and CV (conventionalized; derived GF then microbiome re-introduced at 3 dpf) zebrafish.
Significance determined with Student’s t-test. * = p<0.01. B) Quantification of pou2f3+ cells by
FISH in whole dissected intestines from control fish treated with succinate at the given
concentrations. Fish were treated by immersion from 4 dpf through 6 dpf (48-hour treatment).

No significant differences were observed across treatments.
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Finally, | asked whether RANK-deficient zebrafish acquire unique gut microbial
communities. Given that tuft-like cells are expected to associate with microbes and exert
immune-modulatory activity, and that rank mutants are tuft-like cell deficient, | hypothesized that
rank mutants experience intestinal dysbiosis. For this experiment, age-matched WT and rank
mutant siblings were co-housed up to 12 wpf, and then separately housed for 4 weeks, so that |
could assess deviations in microbiota composition. To that end, we sequenced bacterial 16S rRNA
V4 variable gene region obtained from whole intestinal samples. By principal coordinates analysis
(PCoA), we determined that the gut microbiota of rank mutants diverged from that of their WT
siblings (Figure 5.8A), where the beta-diversity metric analysis of similarity (anosim) revealed
significantly different microbial community structure across genotypes (Figure 5.8B). This
suggests that the rank mutant microbiota diverges from that of WT siblings. Within genotypes,
rank mutants trended towards lower alpha-diversity index scores relative to WT controls (Figures
5.8C-F), suggesting that RANK-depleted fish possess fewer low-abundance species (chaol), a
lower diversity of species (Shannon), and reduced evenness of species distribution (Simpson and
dominance metrics). Taken together, this indicates that rank mutants possessed a more
homogenous intestinal microbiota. While hierarchical clustering of WT and rank mutant samples
showed intra-group variation in relative bacterial abundance at the phylum level (Figure 5.8G),
visualization of relative order abundance revealed differences across genotypes (Figure 5.8H).
Corresponding to reduced community diversity, the rank mutant microbiota showed increased
representation from Aeromonodales, common and highly abundant proteobacteria of the fish
intestine (Roeselers et al., 2011; Stephens et al., 2016). Previous work showing that several
Aeromonas species are particularly sensitive to host inflammation in the fish gut (Rolig et al.,
2018) indicates that a likely reduction in host inflammatory signals in the absence of RANK and
tuft-like cells makes the intestine more hospitable to members of Aeromonodales. | also noticed
a reduction in the abundance of several core microbiota members such as Lachnospirales and
Bacteroidales (Roeselers et al., 2011; Stephens et al., 2016), where members of Bacteroidales are
known to encourage |IEC production of glycans that determine the spatial arrangement of other
gut microbes (Kudelka et al., 2020; Xu and Gordon, 2003). These findings suggest that RANK and

tuft-like cell-dependent functions (perhaps innate immune activation) modulate the intestinal
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microbiota, facilitating overgrowth of already-prominent microbial colonizers at the expense of
less abundant but beneficial microbes. While the direct consequences of rank mutant microbiota
alterations require further investigation, our data therefore indicate that rank mutants experience
moderate intestinal dysbiosis. Because RANK WT and mutant fish were only separated for 4 weeks
following co-housing, | believe a longer period of group separation would lead to even greater

divergence of microbial communities across genotypes.
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Figure 5.8 Mild gut microbiota alterations in rank mutants. A-F) bacterial 16S rRNA gene
sequencing of WT and rank mutant intestines (n=6 per condition). A) Three-dimensional principal
coordinates analysis (PCoA) plot comparing microbial communities in rank WT and mutant
intestines. B) Community difference analysis via the Analysis of Similarity (Anosim) index indicates
that microbiota variation between WT and mutants is significantly greater than inner-group
variation. C-F) Alpha-diversity indices per genotype including C) Chaol (species richness), D)
Shannon (species diversity), E) Simpson (species evenness/ distribution), and F) dominance
(homogeneity). G) Hierarchical clustering of WT and rank mutant (Mut) samples using the
Unweighted Pair-group Method with Arithmetic Mean (UPGMA), based on the Weighted Unifrac
difference matrix (left). The relative abundance of each phylum by sample is shown on the right.
H) Heatmap of relative abundance of the top 35 orders for each sample. Respective phyla are
represented by coloured bars on the left of the chart, and coloured bars on the top indicate

sample group (WT or rank mutant).

5.7 Conclusions

In this chapter, | employed earlier-described single-cell profiles of the zebrafish intestine
to identify RANK as a candidate regulator of cells with genetic similarity to mammalian microbe-
sensing tuft cells. | determined that rank is expressed in cell populations resembling both
epithelial progenitors and tuft cells, where expression increased along the differentiation axis
from her15.1+ progenitor-like cells to tuft-like cells. | validated bioinformatic analysis through in
vivo visualization of rank and pou2f3 mRNA, and a reporter for rank gene activation (rank:GFP).
Given rank expression in the tuft-like cell lineage, | surmised that RANK regulates tuft-like cell
development. | tested this hypothesis by generating rank knockout zebrafish that exhibit
characteristics of RANK deficient mammals, namely NF-kB inactivity and aberrant skeletal
development (Li et al., 2022). | then used a combination of gene expression and protein
visualization assays to determine that rank mutants are devoid of tuft-like cell populations,

implicating RANK as a critical mediator of tuft-like cell development.
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Based on rank reporter expression, RANK is likely expressed in progenitors of both tuft-
like cells and goblet cells. In mammals, differentiation of both tuft cells and goblet cells is
impacted by IL4 and IL13 (Gerbe et al., 2016; von Moltke et al., 2016), though it is yet unclear if
these secretory cell subtypes share a common progenitor, and the path for tuft cell differentiation
remains unknown (Gehart and Clevers, 2019). Given common IEC types and regulatory
infrastructure across vertebrates, it may therefore not be surprising if zebrafish goblet and tuft-
like cells share developmental origins, though additional work will be needed to flesh out
regulatory pathways at play in these mature IEC types and to understand why RANK only
moderately influences goblet cell development. Furthermore, it will be of great interest to
determine if RANK also regulates murine and human tuft cell development. Supporting this idea,
publicly accessible scRNA-seq analysis of mouse ISC types shows elevated rank expression across
ISC subtypes (Broad Institute SCP2141) (Biton et al., 2018), where RNA sequencing of RANKL
treated murine intestinal organoids revealed increased tuft cell gene signatures relative to
untreated controls (Luna Velez et al., 2023). Though researchers did not follow-up on these
results, their collective data suggests that RANK activation encourages tuft cell production in
murine intestines and provides rationale for exploring RANK-dependent tuft cell development in
mammals.

After demonstrating that RANK drives tuft-like cell development in the zebrafish intestinal
epithelium, | wondered if zebrafish intestinal tuft-like cells might function similarly to their
mammalian counterparts. | began by exploring the morphology of a tuft-like cell subset with
distinctive pear-like shape and an actin-rich cortex. Similar to mammalian tuft cells (Hoover et al.,
2017; Luciano and Reale, 1979; Sato et al., 2002), this zebrafish tuft-like cell subset possessed a
microvillar tuft, a distinctive tubular network that likely facilitates secretory action, and lateral
cytoplasmic protrusions. Unexpectedly, | observed the lateral cytoplasmic protrusion interacting
with extranuclear DNA in the epithelium. The DNA was a spherical punctum, which could suggest
protist identity, or may alternatively represent a viral factory. | did not carry out in-depth high-
resolution analysis of tuft-like cells, so the frequency and significance of this cell-DNA interaction
requires further follow-up. In addition to features often associated with mammalian tuft cells,

zebrafish pear-shaped tuft-like cells possessed a thick cell cortex and sac-like rodlets, features
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well-associated with rodlet cells across teleost species (Abd-Elhafeez et al., 2020b; Sayyaf Dezfuli
et al., 2022). This data therefore indicates that rodlet cells and my newly identified tuft-like cells
share an identity. If true, this study is the first to identify factors (RANK) regulating rodlet cell
development (Sayyaf Dezfuli et al., 2022). Given that rodlet cells are known responders to
infection, including helminth encounter (Dezfuli et al., 2007; Dezfuli et al., 2016), it may not be
surprising that these cells are related to mammalian tuft cells, and share developmental
regulators (likely Pou2f3). Furthermore, while | was unable to test tuft-like cell responses to
helminth or protist encounter, prior investigations of fish rodlet cells would therefore suggest tuft-
like cells mediate immunity to helminthic parasites. This will likely be a productive line of future
enquiry.

While murine tuft cells are broadly insensitive to pathogenic or commensal microbes,
succinate-producing bacteria induce tuft cell differentiation and activation (Banerjee et al., 2020;
Lei et al., 2018). Accordingly, | wondered whether zebrafish tuft-like cells might be responsive to
intestinal bacteria. My results (including transcriptional results in Chapter 4) suggest tuft-like cells
are only mildly responsive to encounters with both commensal bacterial and the gram-negative
pathogen V. cholerae. To follow up on this, | then assessed tuft-like cell numbers in response to
succinate treatment, where | expected increased tuft-like cell numbers, as observed in succinate-
treated mice (Banerjee et al.,, 2020; Lei et al., 2018). However, | did not observe tuft cell
hyperplasia in response to succinate treatment, suggesting that larval tuft-like cells are insensitive
to this metabolite. My results may be unsurprising since zebrafish do not encode a succinate
receptor. At present, it is unclear if or how tuft-like cells might sense luminal microorganisms, but
deeper investigation of genes expressed by tuft-like cells according to our scRNA-seq datasets
may provide clues to that effect. Alternatively, intestinal dissociation, sorting, and RNA
sequencing of rank:GFP positive cells will yield greater sequencing depth and insight into tuft-like
cell function.

Lastly, | wondered whether RANK-deficient zebrafish acquire unique gut microbial
communities. Since tuft-like cells are expected to provide innate immune signals that influence
the luminal microenvironment, | anticipated that rank mutants lacking tuft-like cells (and NF-kB

signals) would experience intestinal dysbiosis. In line with this prediction, | found that rank
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mutants possessed diverging microbial communities relative to WT siblings after four weeks of
separate housing, including elevated levels of dominant commensals like members of
Aeromonodales (Roeselers et al., 2011; Stephens et al., 2016). While it will be interesting to
independently house WT and rank mutants for a longer period before microbiota analysis, these
results indicate that the absence of functional RANK and tuft-like cells leads to shifts in the gut
microbial community. Future investigation will be necessary to investigate the direct cause of an
altered microbiota, and the consequences thereof.

In summary, | identified RANK as a novel regulator of intestinal tuft-like cell development
in zebrafish. This work both sheds light on previously unknown RANK function in fish, and
identifies a previously undescribed signaling pathway regulating IEC formation in the fish
intestine. Additionally, since tuft-like cells exhibit transcriptional overlap to mammalian tuft cells
(developmental regulators, leukotriene biosynthesis, etc.), and since other IEC developmental
regulators are shared across vertebrates, it is tempting to speculate that RANK is also required for
mammalian tuft cell development. This could have important ramifications given current
unknowns around tuft cell development in mammals, and may provide a more comprehensive

understanding of the role tuft cells play in intestinal homeostasis and disease.
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Chapter 6: Discussion
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6.1 Cellular characterization of the zebrafish intestinal epithelium

The zebrafish intestine exhibits broad developmental, structural, and functional similarity
to the mammalian intestine (Bates et al., 2006; Cheesman et al., 2011; Crosnier et al., 2005;
Davison et al., 2017; Ng et al., 2005; Pack et al., 1996; Rawls et al., 2004; Wallace and Pack, 2003;
Wallace et al., 2005; Wang et al., 2010b). Like mammals, secretory and absorptive cell subsets
arise from a common progenitor cell population at the base of epithelial folds, and comprise the
mature IEC population (Crosnier et al., 2005; Ng et al., 2005; Peron et al., 2020; Tavakoli et al.,
2022; Wallace et al., 2005). While mammalian IECs have been extensively characterized, we have
an incomplete picture of fish IEC composition and arrangement in the gut. For example, the extent
of cell heterogeneity among absorptive and secretory cell types is unclear, and we have few
genetic markers for future investigation of these cell types. To address these knowledge gaps, |
employed scRNA-seq to profile individual cells from larval and adult zebrafish intestines. In this
way, | uncovered detailed transcriptional profiles for known cell types, including molecular
resolution of variable transcriptional states within a cell type, as well as previously unknown cell
types. While my work focused on IECs, | also identified other cells within the zebrafish intestine,
or in close association with the gut, including leukocytes, stromal cells, pancreatic cells,
hepatocytes, and epidermal cells. | believe these cellular descriptions will drive future gene-level
investigations of digestive tract development and function within a relevant vertebrate model.

The largest cell populations in both larval and adult datasets were absorptive IECs that
included canonical ECs expressing genes required for nutrient acquisition and metabolism, LREs
that mediate protein degradation (Park et al., 2019), and newly discovered Best4/Otop2 cells of
unknown function (Busslinger et al., 2021; Parikh et al., 2019; Smillie et al., 2019). Enterocytes
are the major drivers of nutrient acquisition and bulwarks protecting the host from microbial
intruders. My analysis revealed transcriptionally divergent EC subsets, conserved across
development, specialized for these respective tasks. Based on gene expression profiling, most ECs
are absorptive generalists, expressing genes that enable carbohydrate, chitin, lipid, and small
molecule metabolism. Separately, | identified an EC subset specialized for protein and small
molecule metabolism, like LREs. Among cells upregulating EC markers (eg. fabp2, rbp2a, cd36), |

was most surprised to uncover an enterocyte population that highly expressed interferon-
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stimulated genes (eg. ifit14, isg15 and rsad?2) (Levraud et al., 2019), suggesting that zebrafish
intestines possess a dedicated enterocyte population with enhanced anti-viral activity. Future
work is needed to ascertain the function of these cells and determine whether ISG-expressing
ECs are developmentally specified or arise from a pool of mature ECs. | speculate further on this
cell population in section 6.3.

| also identified previously undescribed Best4/Otop2 cells in the zebrafish intestine.
Best4/Otop?2 cells were first described as members of the absorptive lineage (Parikh et al., 2019),
however this has not been definitively demonstrated. Analysis of our adult scRNA-seq data
revealed a Best4/Otop2 cell subset with greater EC character, including upregulated expression
of EC markers cd36 and fabp2, indicating that Best4/Otop2 cells and ECs are related, and may
indeed arise from a common absorptive progenitor. This idea is further supported by enhanced
expression of notch2 and Notch effectors in Best4/Otop2 cells, where Notch activation may
solidify absorptive cell fate. Despite these connections, lineage tracing experiments will be
required to establish developmental relationships between Best4/Otop2 cells and other IECs.
Functionally, human Best4/Otop2 cells are likely regulators of ion-dependent processes, such as
high-volume fluid secretion, pH sensing, and electrolyte balance (Busslinger et al., 2021; Parikh
et al., 2019; Smillie et al., 2019). A role related to ion transport also appears likely of zebrafish
Best4/0top2 cells, since they express orthologues for several ion channels, including chloride
transporter cftr. Visualization of Best4/Otop2 cell marker cftr revealed that cftr-expressor cells
are enriched in the basal half of the intestinal barrier, and even within the epithelial fold base.
Given the putative basal localization of Best4/Otop2 cells and elevated expression of Notch
regulators (with known involvement in ISC maintenance and differentiation), it is intriguing to
speculate that Best4/0top2 cells function as members of the stem cell niche. In support of their
putative role as niche cells, | note that zebrafish Best4/Otop2 cells are also marked by expression
of orthologue to Wnt pathway component N-Myc downstream-regulated gene 2 (ndrg2), a key
regulator of mouse |EC differentiation under homeostatic and cancerous conditions (Shen et al.,
2018). Given the recent discovery and unconfirmed function of Best4/Otop2 cells in humans, and
the lack of a comparable cell type in mice, fish may serve as an excellent model for investigating

Best4/0top?2 cell development and function, possibly in a niche-supporting capacity.
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In addition to absorptive cell subsets, | uncovered various members of the secretory
lineage including endocrine cells, goblet cells, and tuft-like cells. EECs are specialized sensory cells
that release various hormones and neurotransmitters in response to both luminal and basolateral
stimuli (Gribble and Reimann, 2016). | observed great heterogeneity among endocrine cells,
specifically related to peptide hormone expression profiles. This was true in both larvae and
adults, though | did not discern a pattern of cell-specific hormone distribution across
development. It is possible that | captured too few endocrine cells in the larval stage to make
accurate determinations of cell subtypes. It is also possible that captured larval endocrine cells
are a mixed pancreatic and intestinal population since | found pancreatic tissue within the larval
scRNA-seq dataset, and endocrine cells of the larval intestine and pancreas are transcriptionally
alike (Lavergne et al., 2020). Within the adult fish gut, | observed some EECs akin to mammalian
EEC subtypes, including cells specialized for proglucagon production, like mammalian L cells
(Arora et al., 2018). Thus, our data revealed functional diversity among endocrine subtypes of
the larval and adult zebrafish intestines, with some endocrine subtypes demonstrating functional
preservation across vertebrates. Future investigation of peptide hormones distributions via FISH,
immunolabeling, or transgenic reporter lines will be useful to unravel endocrine cell
heterogeneity across intestinal regions and developmental stages.

Goblet cells were the most plentiful secretory cells in our scRNA-seq datasets, reflecting
their abundance in the intestine. Goblet cells produce mucous that provides a critical physical and
chemical barrier preventing environmental agents from accessing intestinal tissue. In agreement
with other recent larval single-cell datasets (Farnsworth et al., 2020; Massaquoi et al., 2023; Wen
et al., 2021), | did not identify the canonical intestinal mucin, muc2, within putative larval goblet
cells. However, the major goblet cell cluster (goblet 1) was enriched for anterior gradient 2 (agr2),
a well-established goblet cell marker and differentiation factor throughout the larval digestive
tract, including the pharynx and esophagus (Chen et al., 2012; Shih et al., 2007). In contrast to
larvae, goblet cells identified in adults expressed both agr2 and muc2, indicating that zebrafish
begin producing the dominant gel-forming mucin (Grondin et al., 2020) in juvenile or adult stages.
In addition to canonical goblet cells, | identified a larval cell subtype, termed goblet 2, that did

not express agr2, but was otherwise very similar to the goblet 1 cluster. It is possible that goblet
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2 cells represent an immature stage of goblet cell development incapable of mucous production,
or that these cells reside in a distinct region of the gut. While this would be consistent with prior
observations of regionally distinct goblet cell subsets in larval zebrafish (Crosnier et al., 2005), it
does not explain why goblet 2 cells (or similar) were not detected in adult intestines. It may be
that these cells originated from epidermal tissue that could not be removed during larval
intestinal dissection, since the epidermis also possesses mucous-producing cells (Oehlers et al.,
2012). In addition to goblet clusters 1 and 2, my larval dataset further revealed an agr2-expressing
cell subset, termed goblet-like, enriched for markers of foregut secretory cells (muc5.3 and pdx1)
(Jevtov et al., 2014; Lavergne et al., 2020), indicating that | uncovered gene expression profiles
for mucous-producing cells of the pharynx or esophagus. | uncovered transcriptionally similar
goblet-like cells in adult guts, though these cells did not express foregut markers muc5.3 or pdx1.
This could suggest that adult goblet-like cells originated from elsewhere in the gut (indeed, little
foregut was present in dissected tissue), or that goblet-like cells have distinct functional
requirements across developmental stages. Future investigation of mucous requirements and
mucous-producing cell subtypes across intestinal regions and tissues will be necessary to build
upon the transcriptional heterogeneity observed among goblet-related cells described in this
work.

In addition to secretory cells known to inhabit the zebrafish intestine, | uncovered an
intriguing cell cluster that resembled mammalian tuft cells. Tuft cells control the epithelial
response to helminth encounter, inducing a type 2 immune response characterized by
recruitment and activation of group 2 innate lymphoid cells (ILC2) (Gerbe et al., 2016; von Moltke
et al.,, 2016). Tuft cells are additionally distinguished by expression of the taste cell-specific
transcription factor Pou2f3 (Bjerknes et al., 2012; Gerbe et al., 2011; Yamashita et al., 2017), and
developmental regulation by Sprouty2 (Schumacher et al., 2021). To my knowledge, tuft cells
have not previously been uncovered in any zebrafish tissue. However, my single-cell analysis of
both larvae and adults uncovered cells expressing orthologues to various tuft cell markers and
differentiation factors (eg. pou2f3 and spry2), suggesting that zebrafish possess an intestinal tuft
cell population. Moreover, one subtype of adult zebrafish tuft-like cells expressed orthologues of

genes involved in leukotriene biosynthesis and release (eg. alox5, si:dkey-61f9.1), where
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leukotrienes are required for tuft-cell dependent regulation of intestinal motility, immunity, and
inflammatory responses in mammals (Oyesola et al., 2021; Triggiani et al., 2005; Wang and
Dubois, 2010). Collectively, these observations suggest overlapping development and function of
tuft cells across vertebrates. Future work is needed to validate the presence of tuft-like cell
subtypes identified in Chapter 3, and to elucidate functional roles for tuft-like cells in zebrafish.
Notably, tuft-like cell subsets distinguished by greater and lesser immune gene signatures are
aligned with the two tuft cell subsets identified by single-cell profiling in mice (Haber et al., 2017).

Intriguingly, numerous studies in zebrafish and other teleost fish described an enigmatic
cell population, termed the rodlet cell, that is immunologically active and particularly responsive
to helminth infection (Abd-Elhafeez et al., 2020a; Reite, 2005; Sayyaf Dezfuli et al., 2018; Sayyaf
Dezfuli et al., 2022). Rodlet cells have a distinctive pear-shape and fibrous capsule, and are found
in epithelia throughout teleost tissues, including the gill, skin, sensory organs, heart, thymus,
kidney, intestine, liver, gonads, and brain (Sayyaf Dezfuli et al., 2022). Moreover, rodlet cells show
increased abundance at sites of helminth encounter, where they produce inflammatory peptides
and nitric oxide to fight off helminthic parasites (Bosi et al., 2018; Iger and Abraham, 1997; Sayyaf
Dezfuli et al., 2022). Despite functional similarities between rodlet and tuft cells, molecular ties
between these cells were previously nonexistent. In Chapter 5 of this work, | demonstrate that
cells with morphological characteristics of rodlet cells (namely an actin-rich capsule, pear-like
shape, and presence of rodlets) express the orthologue of tuft cell differentiation factor pou2f3,
suggesting that zebrafish rodlet cells and tuft-like cells are one and the same. This would further
suggest shared developmental origins of rodlet cells and tuft cells, where rodlet cells may be an
ancient tuft cell precursor. Further consistent with this idea, mammalian tuft cells, like rodlets,
are ubiquitous throughout epithelial tissues, including the stomach, urethra, pancreas, airway,
thymus, and gallbladder (DelGiorno et al., 2020; Luciano and Reale, 1979; Panneck et al., 2014;
Perniss et al., 2021; RHODIN and DALHAMN, 1956; Saqui-Salces et al., 2011). Taken together, my
analysis suggests that tuft-like cells are the same as rodlet cells, where these cells likely share the
functional capacity of mammalian tuft cells to recognize and fight off helminths. In light of these

findings, more work will be necessary to reconcile literature around rodlet cells and tuft cells, and
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determine overarching similarities and differences (functional and developmental) between
these cell types.

Aside from mature IECs, | uncovered cells with progenitor-like qualities in both larval and
adult zebrafish intestines. Multipotent ISCs are key to epithelial growth and regeneration,
producing regionally specialized mixtures of absorptive and secretory cell types through self-
renewing divisions (Barker et al., 2007). While studies in the zebrafish intestine uncovered a
cycling basal epithelial cell with stem cell-like properties (Crosnier et al., 2005; Li et al., 2020;
Peron et al., 2020; Tavakoli et al., 2022; Wallace et al., 2005; Wang et al., 2010b), a major barrier
to harnessing zebrafish as a model for intestinal biology has been the lack of genetic markers and
tools to manipulate these cells. One recent study demonstrated that prmt1, encoding a histone
methyltransferase (Hung and Li, 2004), may mark zebrafish ISCs (Tavakoli et al., 2022), while
another showed that cycling IECs are Stat3-responsive (Peron et al., 2020). These studies shed
some light on the intestinal progenitor compartment in zebrafish, but do not provide a clear
genetic profile for zebrafish ISCs. Here, | uncovered the profile for an IEC subset, conserved across
development, expressing classical ISC markers such as Notch pathway components dld, atoh1b,
asclla, and hes-related family members. My identification of Notch pathway components in a
putative progenitor cell is not only consistent with the known role for Notch in regulating
epithelial progenitors in the zebrafish gut (Crosnier et al., 2005; Flasse et al., 2013; Roach et al.,
2013; Troll et al., 2018; Yang et al., 2009), but reveals specific factors that may serve as premier
markers for zebrafish ISCs (eg. her15.1). Indeed, fluorescent in situ hybridization experiments
revealed that her15.1 positive cells are proliferative residents of the fold base in the adult gut,
consistent with expected ISC localization. Future work using lineage tracing tools under the
control of a her15.1 promoter (though we tried and failed to isolate a promoter region) will be
useful to validate this gene as a marker for multipotent ISCs. Notably, my single-cell analysis also
revealed that candidate progenitors and TA cells express the proposed ISC marker prmt1 (Tavakoli
et al., 2022), though prmt1 was not a precise marker for putative progenitors in either larvae or
adults based on my analysis (Broad SCP2141). Furthermore, my observation that candidate
progenitors express known Notch regulator asclla (Flasse et al., 2013; Roach et al., 2013), leads

me to speculate that asc/la may be functionally equivalent to mammalian Wnt target and ISC
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marker Ascl/2 (Schuijers et al., 2015; van der Flier et al., 2009), though future work is needed to
determine if Wnt signals target ascl/la in zebrafish, and to ascertain the extent of Wnt activation
in progenitors throughout development.

In addition to candidate stem cells, we uncovered basally localized proliferative cells
marked by cell cycle regulators such as pcna, mcm5, and mki67, comparable to mammalian transit
amplifying cells that expand the number of maturing IECs (Barker et al., 2007; Bjerknes and
Cheng, 1999; Haber et al., 2017; Winton and Ponder, 1990). While larval TA cells grouped with
the other progenitors during my initial analysis, perhaps due to limited cell numbers, progenitor
subtype analysis, as well as integrated analysis of larval and adult datasets, revealed a separate
larval TA cell population marked by expression of numerous cell cycle regulators. These data
suggest that zebrafish employ intestinal TA cells to amplify mature IEC numbers immediately in

the post-embryonic period, though additional work will be needed to validate factors

distinguishing TA cells and ISCs.
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Figure 6.1 Graphic summary of IEC types, markers, and lineages in the zebrafish intestine. Based

on single-cell profiling, | propose that zebrafish intestines contain five major IEC types:
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enterocytes (including lysosome-rich enterocytes), Best4/Otop2 cells, tuft-like cells, goblet cells,
and enteroendocrine cells. Top genetic markers for major cell types (plus LREs and progenitors),
shared throughout development, are indicated on the graphic (left). Dotted lines on the right
indicate tentative lineages. Note: this graphic does not account for regional cell localization, for

which further investigation is required.

6.2 Single-cell profiling of non-IECs

While the focus of this work was IEC characterization, the larval and adult scRNA-seq
datasets are further useful for characterization of additional cell types captured in these
experiments. For example, | identified significant numbers of stromal, pancreatic, hepatic, and
epidermal cells in the larval scRNA-seq experiments, and both larval and adult datasets contained
a notable leukocyte fraction (~4% larval cells and ~16% adult cells). Gut-associated leukocytes are
critical mediators of intestinal homeostasis and mucosal defense (Moérbe et al., 2021); however,
we have limited knowledge of gut-resident immune cells across developmental stages.
Accordingly, we produced a comprehensive map of transcriptional states for intestinal leukocytes.
In larvae, | identified expected myeloid cell populations of neutrophils and macrophages, where
the transcriptional profiles were highly aligned with previous reports (Bennett et al., 2001;
Brugman, 2016; Flores et al., 2020; Lopez Nadal et al., 2020; Tang et al., 2017). However, one
surprise was the presence of cells expressing classical markers of developing T cells or ILCs
(Hernandez et al., 2018; Ma et al., 2013). My preferred interpretation is that this cell population
represents ILCs that seed the gut by 6 dpf. ILCs are important regulators of tissue homeostasis,
tissue repair, defense against parasites, and tolerance to commensal microbes (Saez et al., 2021),
functions critical to all post-embryonic stages of intestinal development. Moreover, ILCs seed the
mammalian intestine prior to the onset of humoral immunity, so it would not be surprising if ILCs
colonize the zebrafish intestine by 6 dpf, before the onset of adaptive responses. Future work is
needed to determine the origin of these cells, especially given the presence of extraintestinal

tissue in my larval datasets, and to assess possible functional roles for ILCs in the larval gut.
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Notably, given that | identified tuft-like cells within the intestine, | am inclined to speculate that
ILCs interact with tuft-like cells to mediate the IEC response to protozoan or helminthic encounter.

Within adults, we identified five major cell types including T cells, B cells, macrophages,
granulocytes, and dendritic cells, where the T cell population possessed cell subsets expressing
markers for conventional CD4+ and CD8+ cells, as well as markers for group 2 and group 3 ILCs
(nitr genes, gata3) (Hernandez et al., 2018). Notably, we profiled previously uncharacterized
populations of intestinal dendritic cells, B cells, and granulocytes. Little is known of adaptive
immune responses in the zebrafish intestine, so these profiles may support future investigation
of humoral immunity in adult fish. Combined, our data suggest that both larval and adult zebrafish
coordinate intestinal defenses using a combination of myeloid and lymphoid cells, where innate
immune cells comprise the major immune cell contingent in larvae, and adults shift to
lymphocyte-dominated immunity.

Intestinal stromal and vascular cells are a highly heterogeneous group of cells that support
intestinal function by providing growth and inflammatory cues, conducting other cells (such as
leukocytes), and by generating matrices that support epithelial structure (Barnhoorn et al., 2020).
While | identified a large number of stromal cells in larvae, we captured few stromal cells via adult
scRNA-seq. | believe this disparity likely reflects an increasing ratio of epithelial and blood cells to
stromal cells over intestinal development, though differential cell-cell adhesion or extracellular
matrix properties may make stromal cells more difficult to isolate in adulthood. Despite lower
numbers in adults, integrated analysis of larval and adult datasets revealed strongly overlapping
stromal cell gene signatures (Chapter 3), suggesting that stromal cells are developmentally and
functionally conserved as zebrafish mature. Though | did not conduct further analysis of stromal
cell types, | believe the profiles acquired in this work will be useful for determining sources of
immune regulators and growth factors, such as Wnt ligands likely to regulate progenitor cell
maintenance and growth, and for generating transgenic reporters under the control of cell type-
specific promoters. To that end, | have made our datasets publicly accessible for user-friendly
visualization on the Broad Single Cell Portal, a web-based resource (see Chapter 2: Materials and

Methods).
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Collectively, single cell profiling of zebrafish intestines revealed extensive similarities
between zebrafish and mammals at cellular and genetic levels. While the full complement of
genetic regulators and cell types in the fish epithelium are still under investigation, | believe this
study uncovered valuable markers for IEC types and subtypes of the fish gut (Figure 6.1), as well
as stromal and leukocyte subsets, and revealed even greater overlap between human and
zebrafish intestines than previously thought. Accordingly, | believe the zebrafish intestinal model
has immense potential to unlock additional regulators of human intestinal development and
function, as well as factors that drive intestinal disease. Among my most notable findings,
zebrafish intestines possess Best4/Otop2 cells with extensive genetic similarity to human
BEST4/0TOP2 cells. The development and function of BEST4/0OTOP2 cells remain speculative,
where the zebrafish model will provide an exceptional opportunity to investigate genetic

regulators of these cells in vivo.

6.3 A cell atlas of microbe-responsive processes in the larval zebrafish intestine

In recent decades, gnotobiotic animal models, combined with functional genomics, have
provided tremendous insight into the extensive array of host functions modulated by the
microbiota. While various molecular approaches have proven effective in this regard, identifying
host signals, signaling pathways, and cell-specific mediators controlling these processes has been
an immense challenge. In this work, | reasoned that novel sequencing technologies enabling cell-
level transcriptomic analysis would aid in the discovery of molecular regulators of host-microbe
interactions in the gut, the epicenter of the animal microbiota. Moreover, in light of the structural,
functional, and genetic similarities between zebrafish and mammals, including cell-level
similarities uncovered in this study, | reasoned that zebrafish are an excellent model for
uncovering common vertebrate responses to the gut microbiota.

While | was able to identify microbe-dependent gene expression changes in every cell
type, confirm previously identified microbe-dependent gene expression changes, and identify
cellular mediators (some already discussed in Chapter 4), | was most captivated by two minimally
discussed phenomena in zebrafish IECs. First, | was struck by overlapping immune responses to
the microbiota mediated by dominant intestinal LRE and goblet cell populations, including

increased IFN signals, immune cell recruitment, and ROS regulation. Intriguingly, goblet cells and
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LREs both inhabit the distal mid-intestinal region, analogous to the mammalian ileum, and are
limited within other intestinal regions (Crosnier et al., 2005; Ng et al., 2005; Park et al., 2019;
Wallace et al., 2005). This suggests that cells of the distal mid-intestine coordinate immune
responses to microbes. While vertebrate ileocytes mediate absorption of bile salts and vitamin
B12 (Benoit et al., 2018; Wen et al., 2021), the mammalian ileum also houses intestinal lymphoid
tissue that screens trillions of microbes and food antigens to detect and protect against
destructive pathogens (Agace and McCoy, 2017; Buettner and Lochner, 2016). Presumably, the 6
dpf zebrafish intestine, devoid of lymphoid tissue but colonized by intestinal microbes (Bates et
al., 2006), senses and tolerates bacteria by an alternate mechanism.

Some studies demonstrate that zebrafish IECs in the distal mid-intestine sample bacteria
(Korbut et al., 2016; Lgkka and Koppang, 2016; Lgvmo et al., 2017), analogous to follicle-
associated epithelial cells overlying ileal lymphoid tissue. Indeed, LREs contain a supranuclear
lysosomal vacuole that captures and degrades luminal material through a combination of
scavenger receptors and fluid phase endocytosis (Park et al., 2019; Wallace et al., 2005).
Moreover, the present study demonstrated that LREs (in combination with goblet cells) secrete
leukocyte recruitment factors in response to bacterial encounter (eg. Saa). Taken together, this
suggests that LREs sample bacteria to drive protective inflammatory responses. However, further
work is needed to determine if bacterial sampling by LREs or other IECs contributes to tolerance
of commensal microbes or pathogen defense. Moreover, despite prior work demonstrating that
zebrafish IECs detoxify bacterial LPS via alkaline phosphatase, and that LPS activates MyD88-
dependent inflammatory responses (Bates et al., 2007; Galindo-Villegas et al., 2012; Koch et al.,
2018; Takeda and Akira, 2005), PRRs mediating the inflammatory response have yet to be
uncovered. Indeed, | did not detect significant LRE (or epithelial) PRR expression in either larvae
or adults, suggesting that major bacterial sensors are lowly expressed, or that yet unknown
sensors are at work in the fish gut.

Why do goblet cells also upregulate immune mediators in response to microbial
colonization? Goblet cells are most often appreciated for production of the mucous layer at the
epithelial surface (Johansson et al., 2008; Van der Sluis et al., 2006), however recent work in mice

demonstrated that goblet cells directly participate in immune activity. Specifically, several studies
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revealed that goblet cells also sample luminal antigens by fluid-phase endocytosis, delivering
cargo to antigen presenting cells of the lamina propria (Gustafsson et al., 2021; Knoop et al., 2015;
McDole et al., 2012). Moreover, a subset of MAMP-sensing colonic goblet cells increase mucin
output in response to bacteria, a process dependent on endocytosis of TLR ligands and
subsequent ROS production (Birchenough et al., 2016). These results demonstrate that subsets
of mouse goblet cells are primed to detect microbes and take protective action. While we do not
have evidence of goblet cell antigen sampling and transcytosis in zebrafish, it is possible that
similar mechanisms for sensing microbial pattern exist within fish goblet cells. Supporting this
idea, | observed reduced expression of enzymatic antioxidants prdx1 and gpx1b (Mukaigasa et al.,
2012; Perkins et al., 2014) in germ-free goblet cells, suggesting that bacteria encourage both ROS
production and expression of protective ROS regulators in fish goblet cells, perhaps downstream
of bacterial sensing. While the total result of bacterial-mediated gene expression changes is
unclear, it is likely that these measures culminate in increased production of protective mucous,
a familiar intestinal response to bacterial colonization in zebrafish (Bates et al., 2006). While | did
not detect muc2 expression in my dataset, CV goblet cells exhibited increased expression of genes
that stimulate intestinal mucin production, such as sstr5 (Song et al., 2020; Song et al., 2020).

Taken together, | believe that zebrafish intestinal LREs and goblet cells, probable
inhabitants of the ileal-like region, mediate protective responses to bacterial colonization, akin to
mammalian ileocytes. Aligning my gene expression data with prior studies, | believe that LREs
uptake and process bacterial antigen, resulting in production of factors that recruit protective and
bactericidal immune cells (macrophages, neutrophils). In support of this effort, goblet cells may
also sense bacterial pattern (either directly or indirectly), causing increased expression of factors
involved in leukocyte recruitment and mucous production. Given overlapping gene expression
changes in LREs and goblet cells, it is likely that these cells employ the same PRRs to mediate
bacterial sensing. Future work will be necessary to determine the sensors at work in these cells
(and IECs more broadly), as well as the functional consequences of microbe-dependent immune
activation in LRE and goblet cell subsets.

In addition to LRE and goblet cell immune activity, | was struck by near-systemic elevation

of IFN signals within the CV relative to GF datasets, impacting myeloid cells, progenitors, LREs,
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goblet cells, and ECs. This finding aligns with prior studies in mice showing bacterial colonization
of the gut stimulates systemic type | IFN activity (Abt et al., 2012; Bradley et al., 2019; Ganal et
al., 2012; Steed et al., 2017; Stefan et al., 2020; Van Winkle et al., 2022; Winkler et al., 2020),
perhaps through epithelial recognition of bacterial DNA (Lee et al., 2006; Rachmilewitz et al.,
2004). Microbe-dependent IFN activity can reduce levels of apoptosis and proliferation, thereby
supporting IEC maturation and barrier maintenance (Katlinskaya et al., 2016; Mirpuri et al., 2010).
Accordingly, increased IFN activity following bacterial colonization of the zebrafish intestine may
reflect efforts to promote barrier integrity and prevent exaggerated inflammatory responses
following bacterial colonization. Alternatively, such a response might lower the threshold for IFN
activation in the event of pathogenic microbe encounter.

In addition to broad IFN activation in CV IECs, | observed a larger subset of IFN-enriched
ECs (IFN-ECs) in CV relative to GF datasets, based on expression of ISGs such as /FIT2 orthologue
ifit15, and the fish orthologue to RSAD2 (rsad2), encoding Viperin (Broad SCP1623). It is therefore
plausible that a designated EC subset augments viral defenses in response to bacteria, or that
bacterial signals promote specification of IFN-ECs from absorptive progenitors. This finding aligns
with a recent murine study that found 1-5% of small intestinal ECs express the ISG /FIT1 under
homeostatic conditions, and that microbe-stimulated ISG expression pre-conditions |IECs for
defense against enteric viruses (Van Winkle et al., 2022). While it is unclear why elevated I1SG
expression might be localized to certain ECs, this could reflect unique microenvironments and
bacterial distribution in the gut, or differential cellular capacities for bacterial sensing. While
future work will be necessary to determine the IFN receptor at play in the zebrafish intestine, and
to ascertain the role of elevated IFN activity in response to bacteria (systemic and IFN-EC-specific),
my findings here demonstrate overlapping vertebrate responses to the microbiota and point to
the zebrafish as a superb model for investigating common molecular signals regulated by gut
colonization. In the future, | anticipate that advances in GF zebrafish husbandry will enable
survival of GF animals into adulthood, and possibly allow for breeding and rearing of GF zebrafish
over several generations. Such experiments would further allow researchers to compare cellular
responses to the microbiota at a diverse range of developmental stages, and account for stage-

specific differences in microbial influences on a host.
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Figure 6.2 Summary of molecular processes encouraged by microbes in larval IEC types,

identified by scRNA-seq.

6.4 Single cell resolution of IEC responses to Vibrio cholerae infection

Vc, the causative agent of the diarrheal disease cholera, is an aquatic bacterium endemic
to wetland areas in over 50 countries, including Nigeria, Sudan, Somalia, Angola, Zimbabwe, and
Haiti (WHO, 2010). Humans acquire V. cholerae through contaminated drinking water, after which
the bacteria become hyper-infectious and highly transmissible (Alam et al., 2005; Butler et al.,
2006; Hartley et al., 2006; Merrell et al., 2002; Pukatzki et al., 2006). Following bacterial ingestion,
Vc traverses the host gastro-intestinal tract, making its way to the small intestine where it
penetrates the mucin layer and adheres to the epithelium (Sack et al., 2004). Once there, Vc
establishes clonal micro-colonies and expresses cholera toxin to induce diarrhea and mild
intestinal inflammation (Sack et al., 2004). While disease phenotypes are well-established,
determining molecular signals that underly host disease has been a challenge in the field.

Zebrafish are natural hosts for Vc, providing an opportunity to investigate molecular
mechanisms underlying host disease in a relevant vertebrate model. In our hands Vc infection of
adult zebrafish caused disease comparable to humans, including disrupted intestinal epithelia,

cell shedding into the lumen, and mild inflammation. Using scRNA-seq, we discovered a
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coordinated IEC response to infection that included attenuated IFN signaling, reduced expression
of ion transporters clcal and cftr, and a moderate inflammatory response. Beyond reduced ion
transporter expression (discussed in Chapter 4), | was particularly struck by reduced IFN signaling
in Vc infected adults given my observation that IECs of GF zebrafish also exhibit reduced IFN
signals. It is plausible that Vc-mediated disruption of the commensal microbiota resulted in a
germ-free-like IEC phenotype. Under normal circumstances, the commensal microbiota provides
a barrier to pathogenic microbes, preventing access to host tissue (Belkaid and Hand, 2014).
However, Vc employs its type VI secretion system (T6SS) to inject toxic effectors into adjacent
bacterial competitors (Pukatzki et al., 2006). In this way, Vc, like many gram-negative bacteria,
weaponizes the T6SS against commensals within close biophysical proximity (and each other),
giving Vc clones preferential access to their epithelial niche (Chen et al., 2019a; Joshi et al., 2017;
Mougous et al., 2006; Pukatzki et al., 2007; Winkler et al., 2020). Given that we used Vc strain
V52, which constitutively synthesizes an active T6SS (Pukatzki et al., 2006; Pukatzki et al., 2007),
it is tempting to speculate that loss of ISG expression and IFN-ECs in infected fish resulted from
the loss of commensal bacteria by T6SS-dependent Vc killing. In this way, diminished IFN signals
stemming from a reduction in commensal bacterial may mediate barrier disruption that drives
disease associated with Vc infection. In light of this result, it is possible that prebiotic or probiotic
supplementation, with the intent of diversifying the intestinal microflora and increasing
abundance of commensal competitors (perhaps T6SS resistant), could stimulate IFN signals and
alleviate host disease. Additional work will be necessary to understand how Vc facilitates IFN
suppression, how Vc-mediated IFN suppression disrupts host intestinal function, and how this

pathway could be targeted for therapeutic intervention.
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Figure 6.3 Summary of the most notable molecular processes altered by Vc infection in adult
zebrafish IECs. Mature IECs (non-progenitors) exhibit globally suppressed IFN activity following
Vc infection, perhaps due to T6SS-mediated killing of the commensal microbiota. Goblet cells

reduce mucous production, and ECs and Best4/Otop?2 cells decrease expression of ion channels.

6.5 RANK-dependent tuft-like cell development in the zebrafish intestine

RANK is a TNF receptor superfamily member and fundamental mediator of developmental
processes across animal tissues (Fata et al., 2000; Knoop et al., 2009; Li et al., 2022; Rossi et al.,
2007). Within the mammalian intestine, RANK-dependent activation of the NF-kB signaling
pathway promotes antigen-capturing M cell development from progenitor compartments
adjacent to lymphoid follicles (Debard et al., 2001; Dejardin et al., 2002; Kanaya et al., 2012;
Kanaya et al., 2018; Knoop et al., 2009). In this way, RANK mediates formation of a spatially
restricted absorptive cell subset, where additional roles for RANK in mammalian IEC development
remain unknown.

Single-cell profiling of the zebrafish intestine revealed candidate intestinal progenitors
expressing the rank orthologue. Bioinformatic lineage trajectory analysis further demonstrated

that rank expression persists into the tuft-like cell lineage, leading me to hypothesize that RANK
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controls tuft-like cell specification. | tested this hypothesis using a combination of mutagenesis
and imaging experiments, where | found that zebrafish expressing non-functional RANK fail to
generate tuft-like cells. Moreover, | observed rank reporter expression in heterogeneous cell
populations, including goblet cells, where goblet cell numbers were diminished in rank mutant
intestines. Taken together, my findings suggest that RANK drives development of the zebrafish
intestinal tuft-like cell lineage, where goblet cells and tuft-like cells may share a common

progenitor (Figure 6.4).
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Figure 6.4 Proposed secretory lineage in the zebrafish intestinal epithelium. RANK activity drives
tuft-like cell development within the secretory IEC lineage, where tuft-like cells and goblet cells
are derived from a common progenitor. | further propose that transcriptionally and
morphologically disparate tuft-like cell subsets arise from a common tuft-like progenitor. RANK-
dependent NF-kB activation may increasingly provide differentiation or survival cues along the

tuft-like lineage, explaining reduced goblet cell abundance in fish depleted of functional RANK.
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Dotted lines indicate tentative lineages. The blue path represents increasing rank expression and

RANK-dependent development along the progenitor to tuft-like cell lineage.

Mammalian tuft cells are generally regarded as secretory in nature since they secrete 1125
(at least in mice) and acetylcholine to potentiate type 2 immune circuits (Gerbe et al., 2016; von
Moltke et al., 2016). While the mammalian tuft cell differentiation trajectory remains uncertain,
and it is unclear if zebrafish tuft-like cells are of a secretory lineage and nature, several pieces of
evidence support zebrafish tuft-like cells as members of secretory lineage. First, rank reporter
expression in both tuft-like cells and goblet cells, as well as goblet cell loss in rank mutants,
supports tuft-like cells and goblet cells as members of the same IEC lineage (goblet cells being
clear members of the secretory lineage). Because | did not observe significant rank expression in
goblet cells by scRNA-seq or FISH analysis, rank reporter expression in goblet cells may reflect the
relatively long half-life of GFP (Kitsera et al., 2007), such that GFP persists during goblet cell
specification from rank-expressing goblet/ tuft-like progenitors. While it is possible that goblet
cell loss in rank mutants is a secondary consequence of diminished RANK, or reflects independent
RANK function in this cell type, | believe a shared goblet/ tuft-like lineage aligns with
developmental studies in mice. Specifically, tuft cell and goblet cell numbers are both significantly
increased following IL4 or IL13 exposure (Gerbe et al., 2016; von Moltke et al., 2016) or Sprouty2
depletion (Schumacher et al., 2021), suggesting these cell types share a developmental lineage.
Beyond the genetic relatedness of goblet and tuft-like cells, secretory attribution of tuft-like cells
is further supported by morphological characteristics. Specifically, TEM analysis revealed one tuft-
like cell subset possessing large secretory sacs (rodlets), alongside a dense tubular network,
consistent with secretory function. Cells with similar morphological features (identified as rodlet
cells), are known to secrete these rodlets, possibly containing alkaline phosphatase, into the
lumen (lger and Abraham, 1997; Sayyaf Dezfuli et al., 2022), perhaps in response to microbial
encounter (Sayyaf Dezfuli et al., 2022). Taken together, morphological and lineage analysis
therefore support tuft-like cells as secretory in nature.

Is it logical that RANK regulates formation of a secretory cell subtype? At apparent odds

with this idea, RANK-dependent NF-kB activity drives absorptive progenitor differentiation into
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antigen-transporting M cells (Knoop et al., 2009; Luna Velez et al., 2023). However, shared
regulatory infrastructure for development of absorptive M cells and secretory tuft-like (or tuft)
cells may be reasonable considering related cell functions, where both cell types sense luminal
microbes and relay their findings to underlying lymphocytes. Moreover, variable signals from the
lumen and stroma relative to cell localization could easily modulate signals downstream of RANK
to alter the developmental outcome of RANK activation. In line with this, RANK can signal through
both canonical and non-canonical NF-kB pathways that utilize distinct transcriptional activators
to control diverse biological functions (Akiyama et al., 2008; Kanaya et al., 2018; Sun, 2017). It is
also plausible that RANK-dependent tuft-like cell function in the zebrafish gut relies on an
alternate downstream pathway, since RANK can signal through both MAPK and JNK cascades in
other contexts (lkeda et al., 2008; Lee et al., 2016). While further work is needed to elucidate
signals following RANK activation, | demonstrated that RANK-deficient fish lose intestinal NF-«kB
activity, supporting NF-kB as a downstream mediator of RANK signaling. To provide additional
support for this finding, direct demonstration of NF-kB activation in rank-expressing cells (perhaps
FISH of rank in NF-kB reporter fish) will be valuable.

How is RANK activated in the zebrafish intestine? Mammalian RANK orthologues are
activated by trimerization that occurs predominantly upon binding with RANKL, a TNF superfamily
member (Hikita et al., 2006; Man et al., 2018). It is unclear if RANKL also activates RANK in
zebrafish, though work in the medaka fish model identified a role for RANKL-RANK signals in
osteoclastogenesis (To et al., 2012), supporting RANKL as a likely RANK activator in fish.
Moreover, a recent zebrafish ligand-receptor interactome predicts RANKL-RANK as a likely
ligand-receptor pair (Chodkowski et al., 2023), though further work will be needed to identify the
mode of RANK activation in the zebrafish intestine. | did not highly detect rankl/ expression in
larval or adult scRNA-seq datasets, though small subsets of blood and stromal cells expressed this
RANK activator. Moreover, orthologues to the RANKL decoy receptors OPG and LGR4 are both
detected in our single-cell datasets, where OPG is highly expressed in a tuft-like cell subset (Broad
SCP2141). While non-definitive, the presence of both canonical and decoy receptors within the
same |EC lineage hints at a likely role for RANK ligand in tuft-like cells. If RANKL-dependent RANK

activation mediates tuft-like cell development, | expect that rank/ mutant zebrafish will also fail
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to develop intestinal tuft-like cells. Alternatively, loss of OPG or Lgr4 might drive tuft-like cell
hyperplasia due to increased RANKL availability. Future work using whole-animal or intestine-
specific knockouts will enable determination of RANKL and decoy receptor function in the fish
gut.

What do zebrafish tuft-like cells do? As discussed in section 6.1, transcriptional analysis
of tuft-like cell subsets, as well as prior descriptions of highly similar rodlet cells, indicate that
zebrafish tuft-like cells likely share mammalian tuft cell function, sensing luminal parasites and
initiating a type 2 immune response. Moreover, one study revealed that adult zebrafish intestines
colonized by the parasitic nematode Pseudocapillaria tomentosa exhibited increased numbers of
cells with pear-shaped morphology (putative tuft-like cells), though these were identified as
goblet cells by the authors (Balla et al., 2010). Together, these results suggest that fish tuft-like
cells mediate a response to helminths. It makes sense that teleost species such as zebrafish
encode a mechanism for anti-helminthic immunity, since fish are highly susceptible to helminthic
infection (Dezfuli et al., 2008; Secombes and Chappell, 2004). Future work using transgenic and
mutant zebrafish alongside parasitic infection will shed light on the role of tuft-like cells in anti-
helminthic immunity. Moreover, our work showing that rank-deficient zebrafish possess altered
intestinal microbial composition indicates that tuft-like cells may also sense and respond to
bacteria. Future work will be needed to pursue these findings in greater detail. In addition to
investigating host-microbe interactions from the perspective of the tuft-like cell, it will be further
intriguing to explore interactions between tuft-like cells and ILC-like cells identified here, and in
sorted blood cells of the adult zebrafish intestine (Hernandez et al., 2018). Given the genetic and
optical power of the zebrafish for live imaging studies, zebrafish may be an excellent model to
investigate tuft cell and blood cell interactions, as well as host-microbe interactions. Because of
genetic, structural, and cellular overlap between zebrafish and mammals, zebrafish may reveal
shared developmental mediators (eg. RANK) and functional roles for enigmatic tuft cells across

vertebrates.
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6.6 Concluding remarks

The intestinal epithelium lies at the host-environment interface, forming a single cell layer
that harvests dietary nutrients and responds to luminal status, including nutrient availability and
microbial composition. Within this thesis, | employed the zebrafish model to investigate intestinal
epithelial and microbial interactions at cellular resolution. After characterizing gene expression
profiles for zebrafish intestinal cells at two developmental stages, | identified profound
transcriptional changes within each cell type of the fish intestine in response to variable luminal
stimuli: larval intestinal cells responding to microbiota colonization, and adult intestinal cells
countering exposure to pathogenic Vc. Together, my findings demonstrate how heterogenous
cellular networks in the gut collaborate to maintain organismal health in response to variable
environmental agents. During my investigation, | also identified previously undescribed cells of
the zebrafish intestine that resemble mammalian tuft cells, and described a role for the TNF
receptor superfamily member RANK as a mediator of tuft-like cell development. | believe these
findings further establish zebrafish as an outstanding model for host-microbe interaction studies
and provide rationale for utilizing zebrafish as a model for tuft cell development and function.
Given the importance of tuft cells for fighting parasitic infection, my findings may therefore be

beneficial for future investigation of tuft cell-dependent microbe sensing as it relates to human

health.
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