This thesis has been submitted in fulfilment of the requirements for a
postgraduate degree (e. g. PhD, MPhil, DClinPsychol) at the University of

Edinburgh. Please note the following terms and conditions of use:

e This work is protected by copyright and other intellectual property rights,
which are retained by the thesis author, unless otherwise stated.

e A copy can be downloaded for personal non-commercial research or
study, without prior permission or charge.

e This thesis cannot be reproduced or quoted extensively from without
first obtaining permission in writing from the author.

e The content must not be changed in any way or sold commercially in
any format or medium without the formal permission of the author.

e When referring to this work, full bibliographic details including the

author, title, awarding institution and date of the thesis must be given.



Modulation of host intestinal epithelium by

gastrointestinal nematode secreted

extracellular vesicles

Ruby Florence White

Thesis submitted for the degree of Doctor of Philosophy

The University of Edinburgh

2022



Declaration

I, the undersigned, declare the contents of this thesis has been comprised by
myself solely and has not been submitted elsewhere for any other degree or
professional qualification. Except where explicitly stated or acknowledged in

this thesis or below, all work was carried out by me.

In Chapter 1, parts of Section 1.5.3 are previously published as part of a review
in Frontiers of Cellular Infection Microbiology which was co-authored with
Maria A. Duque-Correa, Amy Buck and Frances Blow (Appendix Ill). The
sections of text from this review were primarily written by me but with input and
editing by the co-authors. In Chapter 1, the first paragraph of Section 1.4.2 text
was used from a perspective piece that has been accepted for publication in
the Journal of Extracellular Vesicles, text used was written by me with editing

from co-authors (Appendix V).

Ruby Florence White

Date: 27/12/22



Contributions

cryoEM in Chapter 3 was performed by Martin Tuijtel and Martin Singleton by
the Central Optical Instrument Laboratory (COIL) at the Wellcome centre for

cell biology, Edinburgh.

Chapter 5, Section 5.2.2 contains some experiments performed in the
Berriman lab at the Wellcome Sanger Institute in Cambridge, U.K in
collaboration with Maria Duque-Correa. Chapter 5 also included microscopy of
mice injected intralumenally with H. bakeri EVs, training surgeries were
performed by Dr. David Donaldson at the Roslin Institute with approval from
Professor Neil Mabbot.

The raw processing and edgeR differential gene expression analysis of RNA
seq data presented in Chapter 6 of this thesis was analysed by Jose Roberto
Bermudez Barrientos. All CAMERA analysis of RNA seq data was also
performed by Jose Roberto Bermudez Barrientos with discussion with the
author. RNA seq was performed by the Wellcome Trust Clinical Research

Facility in Edinburgh.

In Chapter 6, flow cytometry assisted sorting of 2-D organoid cells for scRNA
seq was performed by Martin Waterfall in the FACs facility at the Institute of
Infection and Immunology Research (l1IR). scRNA seq libraries were prepared
by Elisabeth Freyer and Susan Campbell at the FACs facility in the Institute of
Genetics and Cancer (IGC) at the University of Edinburgh. Sequencing was
performed by the Wellcome Trust Clinical Research Facility in Edinburgh. All
scRNA seq analysis was performed by Yenetzi Villagrana Pacheco with

supervision from Cei Abreu-Goodger.

Page iii



Acknowledgements

The scientific community - as scientists we stand on the shoulders of those that came
before us, and as such there are many excellent scientists (too many to name
individually) that have contributed indispensable knowledge required for this project,
even before its conception. However, in particular, Professor Amy Buck, Dr. Gillian
Coakley, and Dr. Maria Duque-Correa who laid the groundwork for my project. | am
grateful to the helminth field as a whole for their unmatched generosity, warmth and
enthusiasm about all things worms! Finally, to my PhD committee members for seeing
me through the last four years Chris Ponting, Jenny Regan and Dietmar Zaiss (special
thanks to Dietmar for the 8.30 am immunology discussions/pop quizzes).

Amy, | have learnt so much from you and | couldn’t have asked for a more supportive
supervisor, thank you for the freedom you always granted me and words of
encouragement when needed! As well as facilitating many opportunities for me
throughout the last four years that have provided me with a depth of experience not
every student gets — for that | am very grateful.

Maria, it has been a pleasure to work together, and | am immensely grateful for your
continued input on this project, which was invaluable, and for teaching me all things
organoids! You have been so generous with your time and knowledge and always
gave perfectly timed sage advice academic or otherwise.

| have a big thank you for Cei, Yenetzi, Beto, and Sujai who turned the mumbo jumbo
of FASTA files into something that | could make sense of with their magical
bioinformatic powers!

Over the last 4 years | have worked fantastic Buck lab mates both past and present
who all contributed in their own way to my scientific progression namely Kyriaki,
Sarah, Kat, Elaine (an extra special thanks to you for making that worm life cycle go
round!!), Xiaochen, Frances, Yvonne, Sujai, Beto, Tom F and Tom Y. To Roo, my
student turned friend, it was a pleasure to supervise your project and teach you to
pipette! To all the people on Ash 2 level 1 past and present for provided many laughs,
coffees and advice throughout - especially my original office mate Alex for all the office
and TC chats, and for keeping the boys in the office in check.

It's safe to say | would have struggled without the support and commandry of my PhD
cohort. | will treasure all the memories from Panto days to viva celebrations, and all
the pub nights, camping trips, and zoom quizzes in between! Mary-Kate — from that
first PhD seminar | knew | wanted to be your friend, you have been the person | go to
first for every high and low over the last 4 years. | could not even imagine having done
this without you by my side. You made me die laughing on a daily basis, without which
my serotonin levels would have severely suffered. Rory, even though we wind each
other up no end | wouldn’t have it any other way, thanks for always being there for
reliable advice and a pint. Row, you've been the embodiment of a fairy godmother
over the last few years. And you are always the first person to offer a helping hand
when | needed it. Thanks for all the worm-y enthusiasm, dreaming up experiments
with me (even if we never find time to actually do them) and being my Hydra 2.0
buddy.

To my “non-wormy” friends, those who became my Edinburgh family, Steven, Liv and

Martha you three are truly some of my favourite people in the world. Thank you for
the respite from PhD life, the Christmas’s, and for always keeping me in check.

Page iv



Jack. Thank you for listening patiently to my seemingly endless blathering’s, picking
me from work on teary nights post experimental failures, and really being there in the
true low points. Equally, you bring me so much happiness every single day, and | am
so grateful this PhD led me here, and to you.

To my best friends that have been with me since 14, Ava, Bei, Brenna, Clare, and
Sarah — school was always a happy place for me because of you, who knows if |
would have made it this far if you hadn’t made it so much fun. Brenna, | can’t think of
another person in my life who has shaped me more than you. | have endless gratitude
for who you are, your authenticity, and how deeply you love everyone around you. |
wish | could have been with you more over the last few years, but no matter where
we are you will always be my soul mate <3.

It is an impossible task to write a succinct paragraph expressing the extent of my
gratitude to my family especially my parents, but | will try. Dad - Thank you for always
making us all believe we could do anything we put our minds to. | have yet to meet
someone who lives life in the way that you do, your endless enthusiasm for a new
hobby, skill, religion, or philosophy at any age, and your constant curiosity for the
world around you have made a massive impact on my career choice. Thank you for
always being equally up for a frivolous chat as you are a philosophical one. Mum - |
don’t think | will ever be half as hardworking or as kind as you, but | will try. Watching
you go back to university after four kids was something | only truly appreciated as an
adult, but you set such an amazing (and probably unattainable) example of someone
that can truly do it all and always with grace. Thank you for everything. To my siblings
Sophie, Grace and Thomas thank you for all the support throughout my life, having
three wonderful older siblings to look up (and sometimes just straight up copy) is no
doubt a large reason why | am where | am today... specifically in Scotland.

To my whole family - without a doubt the hardest part of my PhD has been not being
able to be there during the hard moments. | was not able to be there with you in the
most difficult time and | am sorry for that. Finally, | know that without the hard work of
my grandparents Donald Riley and Norma Riley, our family would not be what it is,
and | would not have been afforded the opportunities | have. So, | would like to
dedicate this thesis to them.

Aroha nui.

Page v



Lay Summary

Parasites are organisms that live off or on another organism, called the host.
Parasites require host resources such as food for their survival and thereby
negatively impact the host. Parasitic worms, also known as helminths, are an
ancient problem for human civilisations. Evidence of helminth infection has
been found in human fossils from 6200 years ago, although it is thought that
this relationship is likely much older. Today, despite some available drug
treatments for helminth infection, over 1 billion people are still infected by
helminths particularly in sub-tropical countries and areas with poor sanitation.
Gastrointestinal (Gl) helminths (helminths which live in the gastrointestinal
tract of their host) take resources from the host and cause symptoms of

malnutrition, diarrhoea, iron deficiency and impaired growth and development.

The large number of people worldwide infected with Gl helminths is reflective
of these parasites’ ability to survive in the host environment. Over the millions
of years that helminths have lived alongside their hosts they have developed
the ability to manipulate the host in order to survive. It is well understood that
one way helminths achieve successful infection is by suppressing of the host
immune system by releasing a plethora of products referred to as excreted
and/or secreted (ES). Although it is known that ES can interfere with the host
immune system, currently only a small fraction of the individual molecules
within ES have been well characterised. ES products contain several of the
basic molecules used by cells including proteins, nucleic acids, and more
recently it was discovered to contain extracellular vesicles (EVs). EVs are
small membrane enclosed particles that contain material such as proteins and
small RNAs (a type of nucleic acid) from the parasite. Conceptually EVs can
be thought of as parcels that are released by the parasite, much like a trojan
horse, that can enter host cells inconspicuously and alter them from within. It
is hypothesised that in this way helminth EVs play a role in communication
between the helminth and the host and may prolong the parasites’ survival.
However, this is a new field and we still do not understand exactly how they

affect host cells, which host cells they target, and how they do so.
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Our lab studies a helminth species that infects mice called Heligmosomoides
polygyrus bakeri (H. bakeri) as a model of human helminth infection. In the
adult stage of H. bakeri infection the parasite resides in the Gl tract at the top
of the small intestine. The small intestines are lined with a tissue called the
epithelium, which is comprised of a self-renewing, almost impenetrable layer
of cells containing 7 specialised cell types. The function of the epithelium is to
absorb nutrients and prevent food or unwanted foreign organisms in the lumen
of the intestine (the inner tube of the intestine that food passes through) from
entering the body. In addition, the epithelium plays important dual roles in both
detecting helminths and alerting the immune system to respond. In order to
help clear the infection. Recently, it has also been shown that ES products

from H. bakeri can modify the epithelium.

My hypothesis was that H. bakeri worms modulate the intestinal epithelium
through the secretion of EVs, which | propose enter these epithelial cells and
modify their ability to respond to infection. To address this hypothesis my first
aim was to establish a model of the intestinal epithelium. The intestinal
epithelium can be cultured in the laboratory and grown into enclosed balloon-
like structures termed 3-D organoids. 3-D organoids grown in this way have
the intestinal lumen, that part of the intestine that normally contains the food
moving through the gut as well as bacteria, on the inside. However, delivering
substances into this internal lumen in 3-D organoids is very difficult. My next
aim was to develop a method for growing organoids in a 2-D ‘open’ structure
that results in a layer of cells representing the intestinal epithelium with an
accessible lumen. This model has an upper compartment of a cell culture plate,
and lower compartment that is physically separated by this layer of epithelial
cells. These cultures successfully represented 6 of the 7 of the cell types of

the intestinal epithelium and serve as a model for following experimentation.

We then tested our hypothesis that H. bakeri EVs enter cells within the
intestinal epithelium and found that they are capable of entering a proportion
of the cells in 2-D organoids. | also saw a lower percentage of cells took up
EVs than in cell line cultures which are comprised of a single cell type. | then

hypothesised this could be due to H. bakeri EVs entering a specific subtype(s)
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of cell within the intestinal epithelium. | don’t yet have conclusive results as to
which cells H. bakeri EVs enter, and this remains an area of current

investigation.

Once EVs enter cells it is still unknown how the molecules they carry will act
on the host cell. Therefore, to further our understanding of how H. bakeri EVs
impact the host | wanted to characterise the changes that occur in the host
upon H. bakeri EV treatment. To do so | measured which genes are turned on
or off, referred to as gene expression, in cells that were treated with H. bakeri
EV compared to control cells. As a comparison | also characterised the
changes that occur when treated with EV depleted ES. Upon EV treatment |
found subtle changes to genes. Many of the genes suppressed by H. bakeri
EVs have known roles in maintenance of the intestinal epithelium or related to
host antimicrobial responses which could impact the success of infection either

directly or indirectly.

One ongoing question is whether H. bakeri EVs target a specific cell type. Our
data shows suppression of genes that are only expressed by a certain cell
subtypes namely intestinal stem cells, Paneth cells and trans-amplifying cells.
These findings suggest that either i) H. bakeri EVs specifically enter these
cells, or ii) H. bakeri EVs enter cells in a non-specific manner but affect cell

type specific processes within these cell subtypes.

We also aimed to address the question of cell type specificity using single cell
RNA sequencing (scRNA seq), this is a technique that looks at gene
expression at the individual cell level. scRNA seq is powerful for teasing out
changes occurring in a tissue that is composed of multiple cells types. |
performed this on 2-D organoids treated with either EVs, EV-depleted ES or
control samples and aimed to compare each cell subtype upon treatment to
identify if specific cell types are targeted. Unfortunately, | discovered variable
quality between samples, and this made interpreting whether changes were
driven by treatment or by cell quality difficult. However, | did detect subtle
changes after EV treatment in a number of cell type specific genes including

those identified by previous studies of ES treated organoids. This data further
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suggests that H. bakeri EVs may modify this tissue during infection.
Optimisation of the protocol for generating this data has been done and
repeating this experiment with an improved design could be a future direction

of the project.

Finally, | highlighted the future applications of this 2-D organoid model by co-
culturing live H. bakeri parasites in these cultures for 24 hours and then
assessed gene expression. | found strong gene expression changes in the
intestinal epithelium after co-culture, including both previously identified and
novel changes. This represents the first co-culture of the intestinal epithelium

with live H. bakeri parasites.

In summary, this thesis demonstrates the development of 2-D organoid models
that are suitable for the study of large multicellular organisms such as
helminths and studies of their ES products. | utilised our 2-D organoid model
to progress our knowledge of how H. bakeri EVs may act to modulate the
intestinal epithelium during infection. However, the 2-D organoid model
presented in this thesis could also have far reaching implications for helminth

research beyond this project.
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Scientific Abstract

Helminths have co-evolved alongside their hosts for millions of years and have
adapted eloquent mechanisms that allow them to reside in the host without
causing significant pathology, or elimination. The ability of these parasites to
manipulate their specialised host is reflected by their continued persistence as
a global health concern, with ~1 billion people infected with soil transmitted
helminths (STHs). Helminth infections have long been associated with reduced
allergic and autoimmune diseases leading to the hypothesis that helminth
suppress the host immune system, and this has been confirmed in both animal
models and controlled human infection studies. Many studies have shown that
many suppressive effects of infection on the host immune system can be
attributed to helminth excreted/secreted products (ES). A small but growing list
of individual molecules from helminth ES have been characterised, and the
mechanism of action elucidated. For example, multiple helminth species have
been identified to secrete TGFB mimic proteins that can bind host TGF(
receptor and induce T-regulatory (Treg) immunosuppressive cells. However,
the full repertoire of helminth secreted molecules that modulate the host is

hypothesised to be far from complete.

Our lab discovered the presence of extracellular vesicles (EVs) within ES from
the mouse infective helminth Heligmosomoides polygyrus bakeri (H. bakeri).
EVs are lipid bilayer enclosed nanoparticles that carry proteins, lipids and
nucleic acids and are released ubiquitously by all cells and organisms studied
to date. In mammalian systems EVs provide a mechanism of communication
between near or distal cells. In the context of host-pathogen dynamics it is
proposed that EVs could play a role in enabling parasites to condition their
environment during infection. There is mounting evidence of host-parasite EV
mediated modulation occurrence between plants and colonising fungal cells,
bacteria and mammalian host cells, and several parasites and their

mammalian hosts including several helminth species.
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During H. bakeri infection host immune suppression is thought to primarily
occur during the adult stage of infection when the parasite resides in the lumen
of the duodenum in close proximity to the intestinal epithelium. The intestinal
epithelium plays an integral role both in helminth detection, and in mediating
parasite clearance. Therefore, | hypothesised that adult H. bakeri EVs target
the intestinal epithelium and directly modulate this tissue. The goal of this
thesis was to determine the role of helminth EVs in infection dynamics and
host modulation in the intestinal epithelium. | aimed to address whether H.
bakeri EVs enter the intestinal epithelium, whether uptake is targeted to a
specific cell type and how these effects the function of this tissue using

intestinal organoid models.

To address these aims development and refinement of methods for high purity
EV preparations and EV labelling was required in order to directly implicate H.
bakeri EVs as the causative agent in host responses. In Chapter 3, | compared
various combinational approaches to EV isolation and improved the purity of
our EV and EV depleted HES preparations. | then assessed EV preparations
using cryoEM which furthered our understanding of the morphology and
diversity of H bakeri secreted EVs. | trialled multiple labelling methodologies
and found a low-background labelling method that allowed high confidence
identification of uptake for subsequent chapters. However, | later discovered
that the majority of labelling techniques trialled had variable labelling efficiency
with low proportions of EVs labelled; this is a caveat to consider when

interpreting results using labelled EVs.

To understand how H. bakeri EVs interact with the intestinal epithelium |
developed methods to grow small intestinal 2-D organoids (enteroids) which
are in vitro cultures that reconstitute the intestinal epithelium (Chapter 4). 2-D
enteroids have greater cellular complexity as compared to a homogenous cell

line and allow us to address the question of cell type specificity for uptake. 2-
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D enteroid cultures maintained cellular polarisation and differentiated into 6-7

major cell types of the intestinal epithelium.

In Chapter 5, | demonstrated by using fluorescently labelled EVs that H. bakeri
EVs enter organoid cells, however at a lower proportion than | see side-by-
side for our cell line cultures. This led to the hypothesis that H. bakeri EVs
could target specific cellular populations within the intestinal epithelium. To
identify whether uptake of H. bakeri EVs occurs in a targeted fashion by
specific cell types | performed microscopy experiments aiming to co-localise
EVs with certain cell types. Microscopy approaches did not provide a definitive
answer to the question of whether uptake is cell type specific. Next, | modified
the cellular proportion of our 2-D enteroids to identify whether this altered the
proportion of EV uptake. Goblet and tuft cells are specialised cells of the
epithelium that are strongly induced during helminth infection and mediate
helminth clearance; | reasoned that H. bakeri EVs may specifically enter and
modulate these cell types. Organoid cultures that were enriched in goblet and
tuft cells showed no enhanced ability to take up EVs, suggesting that neither
goblet nor tuft cells are specifically targeted over other cell types; however, this
data does not rule out that H. bakeri EVs can enter these cell types and
modulate them. Whether cell type specificity exists for the uptake of H. bakeri
EVs within the intestinal epithelium remains unclear and is still an active area

of investigation.

To understand how EV treatment of 2-D enteroids altered host gene
expression in Chapter 6, | performed RNA sequencing (RNA seq) and
characterised the transcriptional changes within 2-D enteroids to H. bakeri EV's
or EV depleted ES after 24 h. Genes critical for maintenance of stem cells, cell
cycle and antimicrobial defence were downregulated by H. bakeri EVs. Within
the intestinal epithelium only a proportion of the cells are mitotic, therefore
changes in cell cycle suggest a modulation of either stem cells of Transit-

amplifying (TA) cells. | also identified several changes in cell type restricted
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genes expressed specifically by stem cells, Paneth cells, TA cells or
Enteroendocrine cells (EECs). | now hypothesise EVs specifically modify these
cell types. To define the cell type specific responses after EV or EV depleted
ES treatment | performed single cell RNA seq, unfortunately the quality of our
control sample made interpreting these results difficult. However, these data

serve as conformation of the cellular composition of our 2-D enteroids model.

In addition, | also utilised our 2-D organoid model to perform novel co-cultured
experiments with live adult or larval stage 4 (L4) H. bakeri and performed
transcriptional analysis of the host epithelium under these conditions. These
data allow us to uncouple the impact of infection with whole parasites on the
intestinal epithelium from any immune driven changes in the epithelium that
occur in vivo. These data also serve as a comparison between host effects
attributed specifically to H. bakeri EVs, and changes induced by the whole

parasite.

In summary, this thesis contributes new knowledge to our understanding of H.
bakeri interactions with the intestinal epithelium in the absence of host immune
driven responses and distinguishes the role of secreted H. bakeri EVs in
modulating this tissue. | determined that H. bakeri EVs enter host epithelial
cells in 2-D enteroids, but whether this is specifically targeted to certain
subpopulations remains elusive. | characterised the host gene expression
changes upon H. bakeri EV treatment in 2-D enteroids, these findings further
our understanding as a field of which host genes and pathways are targeted
by H. bakeri. In the future, this thesis along with continued research, could
have important implications for helminth eradication. Conversely, where H.
bakeri EVs suppress specific genes or pathways involved in diseases of the
intestinal epithelium such as ulcerative colitis, Crohn's disease, or

adenocarcinoma, they could provide novel strategies for therapeutics.
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1.1 Soil transmitted helminths

1.1.1 Introduction and distribution of STHs

Helminth is a non-taxonomic term referring to a diverse group of
Macroparasites that include species from the phyla Nematoda and
Platyhelminthes (Trematoda and Cestoda) (Coghlan et al., 2019). Soil-
transmitted helminths (STH) infect over one billion people globally, making
them the most widespread of the neglected tropical diseases (NTD), and
therefore a major focus of WHO intervention since 2010 (Jourdan et al., 2018).
STH infection causes significant morbidity to those infected and symptoms
include anaemia, malnutrition, diarrhoea, malaise, impaired growth or mental
development in children, and in high worm burden cases, intestinal obstruction
(Jourdan et al., 2018). A number of helminth species contribute to the global
number of human STH infections, namely the roundworm Ascaris
lumbricoides, Trichuris trichuria also known as whipworm, and the hookworm
species Necator americanus and Ancylostoma duodenale (Montresor et al.,
2020). The umbrella term soil-transmitted helminths refer to these four species
due to their similarities in transmission, morbidity, interventions and therapies
used for eradication. The faecal-oral route of transmission is utilised by all STH
species, either through ingestion of eggs, in the case of A. lumbricoides & T.
trichuria, or by ingestion of free-living L3 larvae for N. americanus and A.
duodenale (Loukas et al., 2016). In addition to ingestion of larvae, N.
americanus and A. duodenale can also infect individuals through
transcutaneous penetration of the skin barrier (Loukas et al., 2016). Upon
entering the host, eggs hatch releasing larvae, which undergo subsequent
larval stages before maturing to adult worms where they reside mostly in the
gastrointestinal tract (Else et al., 2020; Jourdan et al., 2018; Loukas et al.,
2016). A. lumbricoides, N. americanus and A. duodenale all migrate through

the lung of the host before arriving as L4 larvae in the intestine and moulting
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to adult worms. T. trichuria however bypasses invasion of the lung and
migrates directly to the caecum of the large intestine (Else et al., 2020). Once
adult worms are in the Gl tract they will reproduce and release eggs in the host

faeces — beginning the cycle of infection once more.

Considering the transmission route of STH’s it is not surprising that risk factors
for STH include inaccessibility of safe clean water, poor sanitation systems,
lack of footwear, and poor hygiene practices (Strunz et al., 2014). This is
reflected in the global distribution of STH infection, which predominantly impact
low- and middle-income regions, although it should be noted that infection also
affects vulnerable populations within high-income countries (Figure 1.1)
(Bartsch et al., 2016; Montresor et al., 2020). Additionally, external factors like
temperature, moisture and soil pH are an important components in the survival
of helminth eggs once outside of the host and thus impact STH prevalence
(Booth, 2018). Tolerance of eggs to environmental conditions varies between
species, but generally temperatures of 20-40°C combined with adequately
moist soil is advantageous for egg embryonation and larval survival and
helminth transmission (Booth, 2018). This underpins the seasonal shifts in
transmission of STHSs identified in various regions (Mabaso et al., 2003; Udonsi
et al., 1980; Wardell et al., 2017). Many global regions that fulfil the optimal
climate conditions for STH survival unfortunately overlap with regions with
substantial poverty, poor sanitation, limited access to clean water and
inaccessible healthcare, culminating in ideal conditions for STH transmission
and leading to a high prevalence of infection and persistence of disease
(Figure 1.1).

STH’s display aggregated distribution within affected communities, where
individuals show susceptibility for either high or low intensity infections.
Aggregated distribution results in most individuals carrying low burden chronic
infections, while a few individuals will carry a disproportionately high number
of worms (Hotez et al., 2006). Within highly prevalent regions some groups are
at higher risk of STH infection, these being i) pre-school aged children, ii)

school aged children and iii) women of reproductive age (Montresor et al.,
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2020). In 2018, the numbers of at-risk individuals for these groups were 310
million, 762 million, and 688 million respectively (Montresor et al., 2020; WHO,
2020). This impact of STH infection for these vulnerable groups is troubling,
as STH associated malnutrition and anaemia can have detrimental long-term
impacts either on the individual's growth and development, or on the
developing foetus in the case of pregnant women (Blackwell et al., 2015).
Additionally, STH infections often occurs in the context of pre-existing health
conditions such as, anaemia, malnutrition, iron deficiency, and other co-
infections, exacerbating the negative impact of STH infection (Loukas et al.,
2016). The impact of STHs on the growth and development of children has
detrimental effects on both the educational advancement, and economic
stability of highly prevalent regions. Furthermore, the impact of STH helps to
propagate a continuation of the cycle of poverty which in turn keeps conditions

prime for STH infection.

1.1.2 STH attributed morbidity

Although STH resulting in death is very rare, STH infection has negative
impacts on the lives of those infected (referred to as morbidity). Morbidity can
be measured by disability-adjusted life years (DALYs), a measure defined by
the World Health Organisation (WHO). DALYs account for the impact of
disease throughout an individual's lifespan and is calculated by combining
three measurements, i) the burden of disease by combining life years lost living
in less than full health ii) life years lost to premature mortality and iii) healthy
life years lost due to disability (Murray & Acharya, 1997). However, DALY's are
an estimate and may be underestimated due to unreliable data in some
regions, or because the impact of some symptoms e.g., malnutrition, iron
deficiency and anaemia are difficult to attribute to a specific causative agent.
Irregardless, 2010 estimates suggested 1 million, 500,000, and 4 million

DALYs can be associated to Ascaris infection, T. trichuria infection and
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hookworms (A. duodenale and N. americanus) respectively (Bartsch et al.,
2016; de Vlas et al., 2016; Jourdan et al., 2018).

A major implication and contributor of DALYs associated with STH infection is
blood loss caused by worms feeding on host blood supply in the case of human
hookworm, or due to intestinal tearing and inflammation in the case of non-
hematophagous helminths (Loukas et al., 2016). In hookworm infections,
although the amount of blood consumed per worm per day is low (0.001 ml),
substantial amounts (>1 ml) are lost through the site of attachment due to
parasite derived anti-coagulant factors (Layrisse et al., 1965; Stassens et al.,
1996). High worm burden infections therefore can lead to significant blood
loss, as well as iron deficiency anaemia (IDA) and protein deprivation (Figure
1.1) (Loukas et al., 2016). IDA is pronounced during pregnancy as maternal
iron supplies are diverted to the growing foetus, and iron deficiency during
pregnancy can result is premature birth, impaired lactation and lowered birth
weight (Blackwell et al., 2015). While in adults heavy worm burden is required
for the development of IDA, in children it can result even with relatively low
worm burden infections and can lead to developmental delays (Loukas et al.,
2016). Furthermore, co-infection with multiple species of STHs, schistosomes,
or malaria (it is not uncommon for individuals to suffer co-infection with all

three) exacerbates the risk and severity of IDA (Loukas et al., 2016).
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Figure 1.1 | Distribution of hookworm worldwide and estimated prevalence of hookworm
associated anaemia. Countries for which data is available are coloured according to hookworm (A.
duodenale and/or N. americanus) prevalence. Countries indicated with black borders have boxes that
denote the estimated prevalence of hookworm associated anaemia in prevalence rate per 100,000
people, stratified by sex. Figure from Loukas et al., 2016.

1.1.3 Current therapeutics and interventions

The most preventative intervention for STH infection is implementation of
improvements to water, sanitation, and hygiene (WASH) which is associated
with reduced odds of STH infection (Strunz et al., 2014). WASH practices are
a part of the proposed plans for STH eradication detailed by the WHO in their
roadmap for NTD 2021-2030 (WHO, 2020). Although WASH programmes are
outside the scope of this thesis and will not be discussed further, it is imperative
to mention them as without the implementation of these practices it is unlikely
that currently available interventions alone will eradicate STH infection (Loukas
et al., 2016).

In 2012, the World Health Organisation (WHO) presented the Neglected
Tropical Disease (NTD) roadmap which detailed plans for the control or
eradication of 10 NTDs globally including STHs (WHO, 2012). The mostly

widely used and available anti-helminthic drugs are ivermectin, which is only
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effective against Trichuria and Strongyloides spp, or the superior
benzimidazoles drugs Albendazole and Mebendazole (Speich et al., 2016). In
order to implement its roadmap, the WHO, utilised preventative chemotherapy
(PC) which refers to the delivery of single-use safe medicines (mostly
benzimidazoles) at a large-scale (WHO, 2012). Despite a decrease in disease
prevalence globally, WHO have fallen short of their goal of 75% coverage of
PC in 100% of countries with only 16/63 countries meeting this for pre-school
aged children and 28/96 for school aged children. The WHO have expanded
their roadmap for 2020-2030 to address the ongoing problem of STH infection
(WHO, 2020).

Treatment with benzimidazoles does not always lead to parasite clearance,
and importantly, it does not protect against subsequent infection (De Clercq et
al., 1997; Soukhathammavong et al., 2012). Concerningly, there is also
evidence initially in livestock of emerging helminth resistance against
benzimidazoles, and in human populations repeated treatment with
mebendazole resulted in lowered efficacy over time (Demeler et al., 2013;
Doyle & Cotton, 2019; Sihite et al.,, 2014). Therefore, new targets for

anthelminthic drugs or effective vaccines continue to be sought after.

1.1.4 Non-human animal models of human helminth infection

Human hookworms require passage through human hosts for completion of
their lifecycle, providing a significant challenge for primary research in human
hookworm infection and immunity. In recent years there has been an increase
in controlled human hookworm studies proving that helminth infection can be
well tolerated and safe in experimental settings. This has also yielded valuable
understanding into human helminth infection processes (Chapman et al.,
2021). However, research requiring human participants has many limitations
with regard to experimental read outs, ethical constraints and practicalities
(Chapman et al.,, 2021). Therefore, alternative animal infective helminth

parasites that are either closely related to human infective species, or have
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similar infection dynamics, can be used as a model of human helminth infection
(Loukas et al., 2016).

Human hookworm is most closely replicated in the laboratory by two species,
Nippostrongylus brasiliensis (N. brasiliensis) and Heligmosomoides polygyrus
bakeri (H. bakeri) (Camberis et al., 2003). N. brasiliensis naturally infects rats,
although it can also infect mice, and enters the host through penetration of the
skin barrier similarly to human hookworm (Camberis et al., 2003). N.
brasiliensis, like human hookworm, migrates to the lung where it undergo a
moulting stage to develop into larval stage 4 (L4) larvae (Camberis et al.,
2003). N. brasiliensis then migrates to the intestine where it carries out the
remainder of its lifecycle. The second species that is commonly used as a
model of human hookworm is Heligmosomoides polygyrus bakeri (H. Bakeri).
H. bakeri has a contentious nomenclature, initially called Nematospiroides
dubious, and then incorrectly identified as the wood mouse (Apodemus
sylvaticus) infective species Heligmosomoides polygyrus polygyrus for
decades before it was re-named Heligmosomoides polygyrus bakeri (Behnke
& Harris, 2010; Cable et al., 2006). Here | will use the nomenclature used by
the International Helminth Genome Consortium where H. bakeri refers to the
parasite species that infects the house mouse (Mus musculus) which is used

in laboratory settings (Camberis et al., 2003; Coghlan et al., 2019).

H. bakeri, like human hookworm spp. A. duodenale and N. americanus, is also
a clade five nematode (Coghlan et al., 2019). Unlike human hookworm, H.
bakeri infects via the ingestion of infection larval stage 3 (L3) larvae, rather
than by burrowing through the skin (Camberis et al., 2003) (Figure 1.2). H.
bakeri does not transit through the skin, blood vessels, or lung during infection
(Camberis et al., 2003). Instead, H. bakeri L3 larvae go first to the fundic region
of the stomach between 4 h and 36 h post infection (p.i.) which may provide
important signals for exsheathment or larval development. H. bakeri L3 larvae
then migrate directly to the most proximal end of the small intestine, the
duodenum. In the duodenum L3s burrow through the intestinal epithelium, and
into the underlying submucosa (Camberis et al., 2003). Once in the

submucosa the larvae undergo two moults to become, first L4 larvae, and then
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adult parasites (Camberis et al., 2003). Once worms mature into adults, they
will make their way out of the submucosa into the intestinal lumen of the
duodenum, and by day 8-10 post infection the maijority of infective larvae are
now adult worms that reside in the lumen of the intestine. Adult H. bakeri
worms reproduce and eggs are released in the host faeces, which are
detectable from ~day 10 onwards (Camberis et al., 2003; Reynolds et al.,
2012). H. bakeri worms are cleared naturally by the host as early as 4-6 weeks
after infection in some mouse strains, while in other mouse strains H. bakeri
can persists for more than 20 weeks. At least some on the strain to strain
variation in parasite clearance is underpinned by genetic differences in loci of
key immune genes e.g., major histocompatibility complex (MHC) (Reynolds et
al., 2012).

Figure 1.2 | Laboratory lifecycle of H. bakeri. i) Larval stage 3 (L3) larvae are delivered to Mus
musculus via oral gavage. ii) L3 larvae burrow into the submucosa where they undergo two moulting
stages to develop first into larval stage 4 (L4) larvae, and then adult worms. iii) Between approximately
day 9-14 adult worms exit the submucosa and make their way back to the intestinal lumen where they
reside, reproduce and lay eggs. iv) H. bakeri eggs are expelled in mouse faeces, or in the laboratory
animals are sacrificed and colonic contents collected. v) H. bakeri eggs are cultured in charcoal patties
as described by Camberis et al, 2003 until infective L3 larvae develop, and the lifecycle can be continued.
vi) For collection of H. bakeri excretory/secretory products (HES) worms are collected from small
intestinal contents, washed as described in Johnston et al, 2005, and cultured for 1-2 weeks for HES
generation. p.i. = post infection, d = days, HES = H. bakeri excretory/secretory products (HES).
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1.2 Host-helminth dynamics

Helminths are ancient parasites, thought to have arisen during the Mesozoic
period (~66-252 million years ago) (De Baets et al., 2021). The oldest direct
evidence of human helminth infection comes from helminth eggs found in
mummies dated to 1250 — 1000 B.C. demonstrating their ancient relationship
with humans (De Baets et al., 2021; Hoeppli, 1956). Over long periods of
evolutionary time, helminths have become eloquently adapted to the
environment of their obligate hosts, and as such have evolved mechanisms of
host manipulation that researchers are still uncovering today (Rick M. Maizels
et al., 2018; Henry J. McSorley & Maizels, 2012). Host are not passive carriers
of these parasites either, and entire arms of the immune system (Type 2
responses) are proposed to have evolved in order to respond to this type of
parasitic infection (Allen & Wynn, 2011). Proinflammatory Type 1 immune
responses are effective against bacterial and viral infections, because they
induce direct killing of bacterially- or virally infected host cells, or bacteria
themselves (Allen & Wynn, 2011). While in the context of infection with large
metazoan parasites like helminths, type 1 immune responses are unlikely to
efficiently kill these worms, and even if successful they would cause
substantial immune associated pathology (Allen & Wynn, 2011). Effective host
responses to helminth infection in general are driven by type 2, and regulatory
immune responses, which act to limit host pathology whilst also driving effector
mechanisms that promote pathogen clearance and/or reduce parasite fithness
(Henry J. McSorley & Maizels, 2012). The balance between type 2 immune
responses and regulatory responses in a given individual seemingly
determines the outcome of infection, and ranges from complete tolerance
resulting in a chronic high burden infections, to effective clearance coinciding
with collateral damage to the host (Henry J. McSorley & Maizels, 2012). Most
human infections result in the middle ground scenario of low burden chronic
infections that cause minimal pathology based on epidemiological data (Hotez

et al., 2006). Finally, hosts are particularly poor at inducing immune memory

Page 10



Chapter 1
and resistance to subsequent helminth infections, resulting in persistent re-
infection in endemic areas after drug assisted clearance (Loukas et al., 2016).
Despite natural infection resulting in poor memory immune responses,
vaccination with irradiated parasite antigen is effective at inducing memory
immune responses (Hotez et al., 2010). The fact that natural helminth
infections do not induce protective immunity, but vaccination with attenuated
worms does, suggests that live parasites actively interfere with the
development of effective host immune responses during natural infection
(Henry J. McSorley & Maizels, 2012).

1.2.1 Host immune response to helminth infection

Generalised response

The immune response to different helminth species shares many overlapping
features, although differences in the routes of transmission and the host
organs that are infected may result in immune response dynamics that are
context specific. However, in general helminth infection is more commonly
associated with a strong type 2 immune responses, dominated by the Th2
cytokines interleukin (IL) -4, -13, -5 & -9 which together suppress Th1
responses, coordinate anthelminthic effector cells and initiate tissue repair
(Anthony et al., 2007; Ben-Smith et al., 2003). Th2 cytokines have multiple
cellular sources during helminth infection including Mast cells (Hepworth et al.,
2012); ILC2s (Herbert et al., 2019); and adaptive Th2 cells (Urban, Katona, &
Finkelman, 1991; Urban, Katona, Paul, et al.,, 1991). Together, the Th2
cytokines function to recruit myeloid cells, polarise macrophages in the tissue
to a M2 reparative phenotype, activate ILC2s and Th2 cells, and induce
antibody responses particularly for the isotypes IgE, 19G1 and IgG4 (Anthony
et al., 2007; Figueiredo et al., 2010; Henry J. McSorley & Maizels, 2012; Wahid
& Behnke, 1993). Despite the fact that helminths are large multicellular
parasites that cause significant tissue damage in their hosts, these infections

generally result in surprisingly minimal host pathology (Allen & Wynn, 2011).
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This is due to Th2 responses not only inducing effector functions that mediate
the clearance of helminths, but also playing a critical role in tissue repair (Allen
& Wynn, 2011). In addition to Th2 responses, many murine and human
infective helminths also induce significant numbers of T regulatory (Treg) cells,
which act to constrain immune responses and subsequent pathology during
infection (Finney et al., 2007; Metenou et al., 2010; Nausch et al., 2011; Ricci
et al., 2011; Wammes et al., 2010, 2012). Finally, host immune responses
during infection are also countered by helminth modulation of the hosts
immune system, that in general result in higher immune tolerance and allows
for persistent infection (Alabi et al., 2021; R. Maizels et al., 2018; Rick M.
Maizels & McSorley, 2016).

1.2.2 Recognition of helminths at the barrier site and associated

immune responses

The first fundamental barrier that all infecting helminths interface with, and
must overcome, is the epithelial barrier. The epithelium protects host tissues,
whether this be the epithelium of the skin in the case of cutaneous invading
helminths (e.g., N. brasiliensis, A. duodenale, N. americanus), the intestinal
epithelium for gastrointestinal parasites (e.g., H. bakeri, T. muris, T. trichuria),
or in the lung (e.g., N. brasiliensis, A. duodenale, N. americanus) (Loukas et
al., 2016). Upon early infection, epithelial cells respond to helminth infection
by rapidly secreting alarmin cytokines (IL-33, IL-25, TSLP), damage
associated molecular patterns (DAMPs) and adenosine 5’ triphosphates (ATP)
(Coakley & Harris, 2020; Patel et al., 2014; Shimokawa et al., 2017). However,
the exact mechanisms by which these epithelial first responders sense
helminths are not entirely delineated. Although there is evidence of responses
associated with generalised tissue damage, for example by mast cells and
epithelial cells (Patel et al., 2014; Shimokawa et al., 2017), as well as evidence
of sensing specific helminth associated molecules. For example, tuft cells

which are specialised cells of the intestinal epithelium (discussed further
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Section 1.5) have recently been shown to sense helminths through taste Tas2r
family receptors (Luo et al., 2019), these same cells can also sense helminth
derived cysteinyl leukotrienes through an unknown receptor (McGinty et al.,
2020), and the metabolite succinate via the receptor Sucnr1 (Lei et al., 2018;
Nadjsombati et al., 2018; Schneider et al., 2018). Recent work showed that N.
brasiliensis secretes succinate metabolites that can be directly detected by
intestinal tuft cells, and infection with N. brasiliensis induces hyperproliferation
of tuft cells (Lei et al., 2018; Saz et al., 1971). However, Sucnr1-/- mice infected
with N. brasiliensis showed no deficiency in tuft cell hyperplasia, suggesting
tuft cells possess redundancy in their mechanisms for helminth detection (Lei
et al., 2018). Whether tuft cells also sense helminths via these mechanisms in
other tissues, such as the lung and skin epithelium, has not been investigated.
However, single cell analysis has demonstrated tuft cells in the lung (also
termed brush cells) (Krasteva & Kummer, 2012), while in the skin sensory cells
of similar characteristics to tuft cells have also been described (Cernuda-
Cernuda & Garcia-Fernandez, 1996). The sensing and subsequent production
of alarmin cytokines by epithelial cells then sets off a cascade of responses
involving several cell types, that culminates in an anthelmintic defence (Figure
1.3).

1.2.3 Key components of anthelminthic responses

The immune response to helminths is comprised of a complex network of
cellular responses that have variable importance for overall parasite clearance.
In this following section | will break down the components of anthelminthic
responses that have been implicated characterised as critical for effective

immunity.

T helper cells & cytokines
Th2 cells are primed by helminth antigen loaded dendritic cells, in the Peyer’'s
patches or mesenteric lymph nodes (mLN), whereafter they undergo clonal

expansion and migrate to the site of infection (Ronchese et al., 1994) .
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Activated Th2 cells produce the Th2 cytokines IL-4, IL-5, IL-13 and IL-9 (Sveti¢
et al., 1993). The importance of Th2 cells in various helminth infections has
been delineated by several lines of evidence, below | describe in detail a major
role for the cytokines IL-4 and IL-13. IL-5, which is also produced by Th2 cells,
is dispensable at least in H. bakeri clearance (Urban, Katona, Paul, et al.,
1991). Conversely, IL-5 may be important in human hookworm infections, as
in N. americanus infections levels of IL-5 correlate with protection against

subsequent infections (Quinnell et al., 2004).

Data from human populations in hyperendemic regions has found increased
levels of Th2 associated cytokines production is seen in T cells isolated from
individuals infected with Ascaris lumbricoides and/or Trichuris trichuria, both
when unstimulated, or upon re-stimulation with antigen from the infective
species (Figueiredo et al., 2010). Use of animal models has allowed us to
better understand the relationship between Th2 cells, their cytokines and
helminth infection. Infection of Mus musculus with H. bakeri results in a
dominant Th2 cytokine response that is initiated by an early wave of IL-5, -9
and -13 in a T-cell independent manner, which then subsequently activates
Th2 cell to produce IL-4 (Sveti¢ et al., 1993).The critical dependence on T- and
B-cells for the clearance of helminth parasites has been well demonstrated in
athymic mice (which lack T-cells); and in severe combined immunodeficient
(SCID) mice (which lack T- and B- cells). Additionally, a-CD4 blocking
antibodies (which block T helper cells) results in increased parasite success in
H. bakeri infection (Hashimoto et al., 2009; Urban, Katona, Paul, et al., 1991;
Urban et al., 1995). These data, from both human and mice, taken together
implicate Th2 cells, and B-cells (discussed further below) in effective protection
against helminths. The direct assessment of the extent to which CD4+ T cells
contribute to protective immunity against H. bakeri was shown later through
adoptive transfer of these cells from chronically infected mice. Naive mice that
received CD4+ T cells from infected mice showed significantly reduced worm
burdens upon a primary H. bakeri infection (Rausch et al., 2008). Yet in SCID

mice (lacking T- and B- cells) recombinant IL-4 enhances helminth responses,
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demonstrating that the cytokine IL-4 itself partially accounts for the

requirement of T- and B- cells (Urban et al., 1995).

IL-4 signalling in helminth infection

Evidence in the 1990’s clearly demonstrated an important role for Th2 cells
and their cytokines, particularly IL-4, in helminth immune responses (Urban,
Katona, Paul, et al., 1991; Urban et al., 1995). While blocking IL-4 during
infection does reduce helminth clearance, blocking the IL4 receptor alpha
(IL4Ra) completely ameliorates parasite clearance (Urban, Katona, Paul, et
al., 1991). The IL4Ra is a component of not only the IL-4 receptor but can also
dimerise with the IL13 receptor a1 (IL13Ra1) to form the IL-13 receptor
complex (Junttila, 2018; Zurawski et al., 1993). The critical importance of the
IL4Ra, indicates that together IL-4 and IL-13 co-ordinate all of the
indispensable immune responses that comprise effective anthelminthic
responses (Urban, Katona, Paul, et al., 1991). Since these findings, it has been
elucidated that IL-4 and IL-13 signalling is required for many processes
important in the response to helminth infection including: i) the polarisation of
M2 macrophages (Anthony et al., 2006; Bouchery et al., 2015; Minutti,
Jackson-Jones, et al., 2017), ii) ILC2 signalling to Th2 cells, and with the
intestinal epithelia to drive hyperplasia of goblet and tuft cells (Gerbe et al.,
2012; Hashimoto et al., 2009; Howitt et al., 2016; Pelly et al., 2016; Von Moltke
et al., 2016), iii) antibody switching in B-cells to IgE, 1gG2 and 1gG4 isotypes
(Gascan et al., 1991; Lebman & Coffman, 1988; Punnonen et al., 1993) and
finally, iv) in wound repair processes that occur after invasion by large
multicellular pathogens such as helminths, by signalling to fibroblasts and
through the induction of M2 macrophages (Allen & Wynn, 2011; Minutti,
Jackson-Jones, et al., 2017; Minutti et al., 2019).

ILC2s
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Innate lymphoid cells (ILCs) are tissue-resident innate lymphoid cells that lack
antigen specific T- or B- cell receptors (Herbert et al., 2019). ILCs mirror helper
T cell subtypes, with ILC2’s producing similar cytokines to Th2 cells, and both
cell types requiring Gata3 expression for secretion of cytokines (Herbert et al.,
2019). During helminth infection, ILC2 rapidly respond to IL-25, -33 and TSLP
produced by epithelial cells during N. brasiliensis and H. bakeri infection (Moro
et al., 2010; Neill et al., 2010; Price et al., 2010). In response to exposure to
these aforementioned alarmin cytokines, ILC2s produce the early wave of Th2
associated cytokines IL-5 -13, -9, amphiregulin (AREG) and small amounts of
IL-4 prior to the activation of Th2 cells (Herbert et al., 2019). The rapid
production of this set of cytokines by ILC2s helps to repair tissue damage at
the site of infection, and amplify anthelmintic responses by contributing to
CD4+ Th2 effector T cell response (Allen & Wynn, 2011; Oliphant et al., 2014).
For example, depletion of ILC2s during N. brasiliensis infection resulted in
perturbed Th2 cell cytokine secretion and worm clearance (Oliphant et al.,
2014). ILC2s enhance Th2 cells by acting as antigen presenting cells
interacting with Th2 cells at tissue sites via antigen loaded MHC-II, and
amplifying Th2 cell cytokine secretion (Oliphant et al., 2014). In turn, Th2
produces IL-2 which enhances the production of IL-13 by ILC2s thus
amplifying cytokine levels in the tissue (Oliphant et al., 2014). Fascinatingly,
Rag2-/- mice (which lack functional T cells), but maintain their ILC2
compartment, are unable to clear N. brasiliensis infection; however in the same
settings when animals were given IL-2, animals showed complete worm
clearance (Oliphant et al., 2014). In summary, ILC2s are essential for the
response to helminth infection, but their ability to fully respond is dependent

on IL-2 signalling provided Th2 cells (Figure 1.3).

1.2.4 Regulatory responses

Regulatory T cells are a subset of Fox3p expressing CD4+ T cells, that can be

induced by exposure to transforming growth factor beta (TGFB) (Belkaid &
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Tarbell, 2009; Williams & Rudensky, 2007). Once differentiated, Tregs
produce ample amounts of the regulatory cytokines IL-10 and TGFB (von
Boehmer, 2005). Treg cells, via cytokine secretion, have the ability to suppress
both Th1 and Th2 cells thereby constraining the amplitude of immune
responses, and minimising immune associated pathology (Belkaid & Tarbell,
2009). While Treg cells play an important role in controlling immune
responses, having too many Treg cells may led to suppression of protective
immunity (Belkaid & Tarbell, 2009). In epidemiological data from human
populations infected with helminths, there is evidence linking the level of Treg
responses during infection with clinical outcomes (Henry J. McSorley &
Maizels, 2012). For instance, for humans with onchocerciasis, filariasis, human
hookworm infection, and in children with schistosomiasis, asymptomatic
individuals showed elevated IL-10 and TGFf3 levels coinciding with suppressed
Th1 cytokines (IFN-y) and/or Th2 cytokines (IL-5) (Metenou et al., 2010; J. S.
Satoguina et al., 2008; Wammes et al., 2010, 2012). Furthermore, infected
individuals displayed higher numbers of circulating Treg cells (Metenou et al.,
2010; Nausch et al., 2011; Ricci et al., 2011). Tregs isolated from infected
individuals had an enhanced ability to supress Th1 and Th2 cells in vitro than
those isolated from uninfected individuals (Babu et al., 2006; Ricci et al., 2011;
J. Satoguina et al., 2002). In mice infected with H. bakeri a strong Treg
responses occurs peaking at d28 p.i., and blocking Treg cells during infection
results in increased Th2 responses and higher worm burdens (Finney et al.,
2007; Grainger et al., 2010). On the other hand, depletion of Tregs during H.
bakeri infection also results in increased severity of pathology (Rausch et al.,
2008). In summary, Tregs play a central role during helminth infection in
maintaining the balance between effective protective immunity and immune

associated pathology.

1.2.5 Contribution by innate immune cells

Dendritic cells
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One of the central dogmas in immunology is that dendritic cells (DCs) are
required for antigen presentation to induce the adaptive branch of the immune
system (T- and B-cells). While DCs are clearly required for Th1 responses, for
Th2 responses the role of dendritic cells seems to be less clear cut. Mice
depleted of CD11cM9" DCs have impaired, but not ablated, Th2 responses
during helminth infection (K. A. Smith et al., 2012). However, other responses
downstream of DCs such as in macrophages, ILC2, eosinophils and epithelial
cells were unaltered in the gastrointestinal tract (K. A. Smith et al., 2012).
These findings suggest redundancy in the multicellular response to helminths,
and an innate ability to respond, although it should be noted that depletion of
DCs was not complete in this model (K. A. Smith et al., 2012). While the
activation signals required for dendritic cells polarise T cells towards a Th1 cell
fate have been well described, the direct signals that induce Th2 priming DCs
have long remained elusive (MacDonald & Maizels, 2008); Type | interferon
responses have been implicated in the generation of Th2 priming DCs, and
antibody blocking of the interferon receptor reduced Th2 cell induction during
N. brasiliensis infection (Connor et al., 2017; Webb et al., 2017).

Macrophages

During helminth infection macrophages are rapidly recruited to the site of
infection, and in response to the milieu of Th2 cytokines become alternatively
activated macrophages (AAMs) (also known as M2) (Anthony et al., 2006).
Unlike their M1 counterparts, AAMs macrophages are anti-inflammatory, and
have high expression of arginase-1 (Arg1), Ym1, IL4Ra, RELM-a and the
mannose receptor (CD206) (Anthony et al., 2006; Hesse et al., 2001). AAMs
play important roles during secondary infections, where they contribute to
granuloma formations surrounding L4 larvae and reduce worm burdens
(Anthony et al., 2006). However, when arginase-1 is blocked the protective
effect of AAMs on granulomas is significantly reduced (Anthony et al., 2006).
AAM macrophages are also specialised at wound healing, and act to repair

tissue damage caused by helminth invasion of various organs (Lechner et al.,
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2021). AAMs repair tissues through secretion of angiogenesis factors (e.g.
VEGF) which increases vascularisation of the tissue, and they induce collagen
production by fibroblasts (Lechner et al., 2021; Minutti, Jackson-Jones, et al.,
2017; Minutti, Knipper, et al., 2017). Finally, AAMs can also play immune
regulatory roles. For example, AAMs secrete the regulatory cytokine IL-10 as
well as the molecules RELM-a and Arg1 which can regulate Th2 cells (Pesce,
Ramalingam, Mentink-Kane, et al., 2009; Pesce, Ramalingam, Wilson, et al.,
2009).

Eosinophils, Neutrophils and Mast cells

IL-5 is well known as an eosinophil recruitment and differentiation factor that
is induced rapidly upon H. bakeri infections (Moro et al., 2010; Neill et al., 2010;
Tominaga et al., 1991). IL-5 is also found upregulated in humans infected with
N. americanus implicating eosinophils as an early characteristic of human
helminth infection (Anthony et al., 2007; Gaze et al., 2012; Quinnell et al.,
2004). Evidence from endemic regions showed that upon drug assisted
helminth clearance and re-infection, initial IL-5 levels prior to treatment
negatively correlate with worm burdens (Quinnell et al., 2004). Despite these
findings, in mouse experimental models eosinophils do not seem to play a
great role in the clearance of adult parasites in the intestine, although they may
contribute to immunity through the production of IL-4 and IL-13, as well as by
clearing debris, and tissue remodelling (Knott et al., 2007). Eosinophils don’t
seem to effect adult stage parasites, however they may play a role in the killing
of early larval stage parasites (Rick M. Maizels & Balic, 2004). Indeed,
eosinophils can directly kill Trichinella spiralis larvae in vitro, and in secondary
challenge with N. brasiliensis eosinophils prevent larvae from successfully
migrating from the skin to lung (Basten et al., 1970; Buys et al., 1984; Knott et
al., 2007).

Neutrophils are also recruited to the site of helminth infection, and recent

studies have begun to unravel their significance (Ajendra, 2021; Anthony et
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al., 2007). Neutrophils can directly kill S. stercolis larvae in vitro, and in N.
brasiliensis infection neutrophil depletion led to higher worm burdens in the gut
(Bouchery et al., 2020; Galioto et al., 2006). During the larval stage of H. bakeri
infection neutrophils play an important role in walling off larvae during the
formation of granulomas, and transfer of neutrophils along with serum from
infected mice to naive mice resulted in resistance to infection (Penttila et al.,
1984).

Mast cells also contribute to helminth immune responses but this is seemingly
species specific, for example mast cells are important in effective clearance of
T. spiralis worms but are not critical for parasite clearance of H. bakeri or N.
brasiliensis (Anthony et al., 2006). Although mast cells are not critical for H.
bakeri clearance, infection is associated with increased mast cell numbers
suggesting they contribute to helminth immune responses in this model
(Anthony et al., 2007). Indeed, mast cells contribute to H. bakeri responses by
rapidly responding to ATP (released upon epithelial cell death during helminth
infection) to produce IL-33 (Shimokawa et al., 2017). Mast cell derived IL-33
in turn acts to enhance ILC2 cytokine secretion (Shimokawa et al., 2017).
Finally, mast cells express high levels of the Fc epsilon Receptor | (FceR1) the
receptor for IgE. Binding of IgE to mast cells causes degranulation and release
of soluble effector molecules that regulate muscle contraction, the permeability
of the intestinal epithelium, and increase mucus secretion by goblet cells
(Anthony et al., 2007).

1.2.6 Humoral immune responses

B-cell numbers increase significantly during infection, and concentrations of
the antibodies IgG and IgE correlate with protection (Ben-Smith et al., 2003;
Wahid & Behnke, 1993; Wahid et al., 1994). B-cell deficiency in mice however
does not alter the response to primary infection, but upon secondary infection
B-cell deficient mice cannot clear their infection (Q. Liu et al., 2010; McCoy et

al., 2008; Wojciechowski et al., 2009). Upon secondary helminth infection,
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antibody responses are important in determining the outcome of secondary
infections. B cells, which produce antibodies, are critical for parasite clearance
in secondary infections as demonstrated by SCID mice (lack T- and B- cells),
as well as in specific B cell knock out mice (uMT and JHD mice) which cannot
clear secondary infections (Q. Liu et al., 2010; McCoy et al., 2008; Urban et
al., 1995; Wojciechowski et al., 2009). H. bakeri infection as well as vaccination
with total worm homogenate or HES, all result in high levels of antigen specific
IgG1 and IgE (Ben-Smith et al., 2003; Hewitson et al., 2011; Wahid & Behnke,
1993; Wahid et al., 1994). Several human infective helminths including
Filariasis, Onchocerciasis, A. lumbricoides and T. trichuria infections have also
been associated with the isotypes IgG1, IgE and also 1IgG4 (Figueiredo et al.,
2010; King et al., 1993; J. S. Satoguina et al., 2008). The dominant isotypes
found during helminth infection can be explained by the role of IL-4 and IL-13
on antibody class switching in B cells resulting predominantly in 1gG1, 1gG4
and IgE isotypes (Gascan et al., 1991; Lebman & Coffman, 1988; Punnonen
et al., 1993; Severinson, 2014). Antibodies that arise after multiple infections
confer protection by limiting development of larvae into adult worms (McCoy
et al., 2008). Antibody protection during secondary infection is mediated
through enhancement of granuloma formation via antibody interactions with Fc
receptors on innate immune cells, thereby increasing larval trapping (Bieren et
al., 2015; Corté et al., 2017; Hewitson et al., 2015). Intriguingly, treatment with
polyclonal serum from naive mice results in a subtle decrease fecundity of H.
bakeri but has no effect of worm development (McCoy et al., 2008). These
data suggest that hosts may possess naturally occurring antibodies that target
helminths, but specific antibodies that develop over multiple infections are

much more effective for anthelminthic responses (McCoy et al., 2008).
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Figure 1.3 | Summary of the immune response to H. bakeri infection. During helminth infection
epithelial cells sense the presence of helminths, or respond to damage signals, by release of IL-25, IL-
33 and TSLP. These cytokines recruit and activate myeloid cells including eosinophils and mast cells
which release anthelmintic effector molecules, and ILC2s which begin to express IL-13, IL-5 and IL-4.
Dendritic cells are activated by alarmin cytokines and by antigen exposure and travel to secondary
lymphoid tissue where they induce Th2 effector cells and Tregs. Th2 responses during helminth infection
activate B-cells and induce class switching to IgE, IgG1 and IgG4. Th2 then traffic back to the site of
infection where they interact with ILC2s, and together these two cell types produce ample Th2 cytokines
IL-4, IL-13, and IL-5 leading to conversion of AAM/M2 macrophages, goblet and tuft cell hyperplasia in
the epithelium, increased mucus and RELMp secretion. Treg cells and AMM/M2 macrophages release
cytokines involved in tissue repair and suppression of Th2 immune responses. Figure created using
BioRender.com.
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1.2.7 Effector mechanisms of helminth destruction and clearance in the

intestinal epithelium

A culmination of multiple assaults aimed at either promoting the removal of
parasites via the Gl tract, or reducing the fecundity/fitness of the helminth,
rather than complete killing is required for helminth clearance (Khan et al.,
2001; Marillier et al., 2008; Su et al., 2011; Turner et al., 2003). The initiation
and cellular drivers of immune responses during helminth infection have been
summarised above. As mentioned, IL-4 and IL-13 are absolutely critical for
parasite clearance, but this does not explain the mechanisms by which they
mediate clearance. In the epithelium the major method of worm clearance is
referred to as the ‘weep and sweep’ response and this is induced by IL-4 and
IL-13 (Baska & Norbury, 2022). ‘Weep and Sweep’ describes two coordinated
changes, ‘Weep’ refers to an increased epithelial permeability, and hyperplasia
of the mucus producing goblet cells in the epithelium resulting in enhanced
mucus production which can dislodge parasites (Khan et al., 2001; Marillier et
al., 2008; Su et al., 2011; J. D. Turner et al., 2003). Goblet cell hyperplasia
during helminth infection is thought to be dependant of IL-4 signalling, although
other cytokines may also induce these cells (Khan et al., 2001; Marillier et al.,
2008; J.-E. Turner et al., 2013). However, the exact mechanism of how IL-4
signalling results in goblet cell hyperplasia remains an open question. Goblet
cells also release the effector molecule resistin-like molecule beta (Relmf) in
response to IL-4/-13 signalling, which directly bind nematode chemo sensing
organs and interfere with H. bakeri feeding leading to reduced nematode
fecundity (Artis et al., 2004; Herbert et al., 2009). Other molecules secreted by
specialised cells of the intestinal epithelium can negatively affect the success
of helminth infection, such as angiogenin 4 (Ang4), which is increased during
T. muris infection in response to IL-13 and correlates with worm expulsion
(D’Elia et al., 2009; Forman et al., 2012). ‘Sweep’ refers to the increased
peristalsis (Z. Chen et al., 2021), and cellular turnover in the epithelium (Cliffe
et al., 2005), which helps to move parasites through the Gl tract for removal

(Baska & Norbury, 2022). During enteric helminth infection changes in
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peristalsis is driven by epithelial derived IL-33, which is sensed by specialised
endocrine cells within the epithelium called enterochromaffin cells (Z. Chen et
al., 2021). Enterochromaffin cells respond to IL-33 in turn by producing
serotonin (5-HT), which signals to enteric neurons cells resulting in increased
peristalsis (Z. Chen et al., 2021).

1.3 Immunomodulation by helminths

Although helminth infection induces a slew of host immune responses
described above, generally infection leads to the tolerance of parasites rather
than effective clearance (Jourdan et al., 2018). Tolerance to helminth infection
reflects both the host protecting itself from immune mediated pathology, but it
also the parasites ability to suppress the immune response (Rick M. Maizels
et al., 2018). Hosts and helminths have co-existed for millennia, and over this
time an arms race has occurred resulting in helminths becoming exceptionally
well adapted to their host environment(s). These adaptions are reflected in
both the aforementioned widespread and persistent STH infections seen
globally (Jourdan et al., 2018), and the minimal pathology often associated
with these infections. Currently, we understand that helminths secrete
eloquently adapted immune modulatory molecules that act to counter the
immune systems of their host(s) and the ability for helminth secreted proteins
to be used as therapeutics has now been demonstrated in several studies
(Rick M. Maizels & McSorley, 2016; Rick M. Maizels et al., 2018). However,
given the large amount of uncharacterised helminth secreted molecules, our
current understanding likely only reflects the tip of the iceberg in terms of

helminth secreted molecules that have functional interactions with the host.

1.3.1 Hygiene hypothesis
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The fact that helminths actively suppress the hostimmune system is consistent
with the observation that the prevalence of helminth infections worldwide
inversely correlates rates of allergic and autoimmune diseases (Smits et al.,
2005). This paradigm is consistent with the well described epidemiological
phenomenon born in the 1980s, known as the hygiene hypothesis, which
proposed that increased hygiene could explain drastic rises in allergic disease
(Strachan, 1989). The hygiene hypothesis was later modified to the ‘old
friends’ hypothesis which proposes that many infectious organisms have
developed symbiotic relationships, in which early exposure to these infectious
agents trains and tolerises host immunity, thereby preventing diseases
associated with hyperactive immune systems (Rook, 2012). However, in reality
data from robust meta-analyses suggest that an associated between helminth
infection and allergic diseases in human population is not so clear cut. For
example, in studies of atopy and wheezing no protective effect of helminth
infection was found overall, but infections with specific helminth species (A.
lumbricoides and T. trichuria) were associated with an increased risk of
bronchial hypersensitivity, or wheezing (Alcantara-Neves et al., 2010; Arrais et
al., 2022). Conversely, in a meta-analysis of skin allergen sensitisation,
analysis of current parasite infection demonstrated protective effects, as did
analysis of species specific infections with A. lumbricoides, T. Trichuria,

hookworm and Schistosomiasis (Feary et al., 2011).

The epidemiological hypothesis that at least some species of helminths may
protect against allergic disease is supported by the discovery of several
mechanisms used by helminths to interfere with the host immune system (Rick
M. Maizels et al., 2018; Henry J. McSorley & Maizels, 2012). As illustrated
above, many helminth species induce tolerogenic immune responses, and
repeated exposure early in life is thought to have bystander effects in
protecting from allergic and autoimmune disease (Rick M. Maizels et al.,
2018). Trials using controlled helminth infection as a therapeutic for allergic
and autoimmune diseases have to date had mixed outcomes and limited
efficacy, possibly due to the timing of intervention, or low dosages that are

approved for these settings (Rick M. Maizels et al., 2018; Smits et al., 2005).
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In recent years, it has become clear that during infection, a slew of helminth
secreted molecules influences the host in different ways (Rick M. Maizels et
al., 2018). Controlled infections with small doses of worms will produce only
limited amounts of helminth effector molecules, while larger doses could cause
detrimental side effects, for this reason infection may not be the best approach
to tackle allergic and autoimmune diseases. On the other hand, defining
specific immunomodulatory molecules, and identifying their potency as stand-

alone therapeutics, has the potential to be much more efficacious.

1.3.2 Helminth immunomodulatory effector molecules

The total ES products from various helminths have been investigated for their
immune suppressive roles. For example, H. bakeri excretory/secretory (HES)
is capable of inducing Treg cells that produce IL-10 and TFG (Grainger et al.,
2010; Johnston et al., 2017). ES from many other helminth species have also
been demonstrated to modulate host immune response (Rick M. Maizels et
al., 2018). The specific bioactive molecules and mechanisms by which these
suppressive effects are achieved are still being elucidated, however a growing
list of molecules have been defined that target some of the key immune

response pathways during helminth infection.

Blocking of alarmin signalling

The importance of the alarmin cytokine IL-33 in the initiation of anthelminthic
immune responses has been described above, and the role of this cytokine in
helminth clearance has been demonstrated in H. bakeri and N. brasiliensis
(Coakley et al., 2017; Hung et al., 2013). The role of HES in suppressing IL-
33 signalling was previously shown in a mouse allergic asthma model
Alternarial OVA, which induces priming of Th2 responses that are later
activated upon OVA exposure. Administration of HES in this model resulted in

suppressed allergic responses (H. J. McSorley et al., 2014). In this allergic
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asthma model HES suppressed the release of IL-33, subsequently dampening
ILC2 cytokine production and abrogating eosinophilia (H. J. McSorley et al.,
2014). H. bakeri has since been discovered to secrete at least two known
proteins that interfere with IL-33 signalling (Osbourn et al., 2017; Vacca et al.,
2020). The first identified secreted molecule is the H. polygyrus alarmin
release inhibitor (HpARI) which can bind both murine and human active IL-33
protein, and tethers it to DNA within dying cells thereby inhibiting its interaction
with the IL-33 receptor complex (Osbourn et al., 2017). Administration of
HpARI resulted in reduced eosinophilia in the allergic asthma models, and
suppressed ILC2 responses, likely due to the blocking of IL-33 release and
inhibition of downstream signalling to these cell populations (Osbourn et al.,
2017). During N. brasiliensis infection, HpARI treatment resulted in reduced
eosinophilia and subsequently higher intestinal worm burdens (Osbourn et al.,
2017). These findings demonstrate the potential for helminth immune
modulatory molecules to be used as therapeutics in pre-clinical models, and
the conservation of binding to human IL-33 gives hope for translation of
helminth products to human therapeutics. Shortly after the discovery of HpARl,
a second molecule termed H. polygyrus binds alarmin receptor and inhibits
(HpBARI) was discovered, which binds the IL-33 receptor component ST2,
and abrogates IL-33 signalling; resulting in similar effects on ILC2s and
eosinophils as previously demonstrated for HpARI (Vacca et al., 2020). In
addition to HpARI and HpBARI, extracellular vesicles (EVs) derived from H.
bakeri can suppress the transcript IL1R1 which encodes the ST2 receptor (A.
H. Buck et al., 2014). H. bakeri EVs administered in an Alternaria asthma
model reduced eosinophilia, and ILC2 cytokine production, as well as reducing
the expression of ST2 (A. H. Buck et al., 2014). Finally, a currently undefined
H. bakeri ES molecule induces IL1-B production during infection which in turn
inhibits IL-25 and IL-33 production (Zaiss et al., 2013).

Regulatory responses
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As illustrated above, Treg cells are induced by the cytokine TGF- through
their TGF-B receptor during helminth infection (Grainger et al., 2010).
Interestingly, number of helminths secrete TGF-B homologues that can
activate host TGF-[3 receptors (Rick M. Maizels et al., 2018). For example, the
filarial nematode species Brugia malayi (B. malayi) and the trematode species
Fasciola hepatica (F. hepatica) both secrete conserved proteins of the TGF-[3
superfamily TGH-2, and FhTLM respectively, that are able to bind host TGF-3
receptors (R. M. Maizels et al., 2001; Rm et al., 2018; Sulaiman et al., 2016).
H. bakeri also secretes a TGF-B mimic protein (TGM), intriguingly TGM is
structurally unrelated to TGF-3 superfamily proteins, and therefore thought to
have arisen by convergent evolution rather than being conserved (Johnston et
al., 2017). TGM binds both murine and human TGF-f receptors leading to
induction of Treg cells in vitro in both species (Johnston et al., 2017). In vivo
TGM was equally efficient at inducing Foxp3+ Treg cells as murine TGF-3, and
the resulting Treg cells suppressed T-cell responses in an EAE model of
multiple sclerosis equally as well as murine TGF-3 induced Treg cells (M. P.
J. White et al., 2021). Finally, in a different autoimmune disease model of DSS
induced colitis, TGM delayed the onset of disease equally as well as murine
TGF-B (M. P. J. White et al., 2021). As a results of these findings, it is proposed
that human hookworms species may produce a similar molecule that could
contribute to the increase of Treg cells which has been identified during human

hookworm infection (Ricci et al., 2011).

There are many more examples of helminth secreted effector molecules that
target the host immune system at various stages: from antigen processing, to
T- and B- cell activation, and tissue repair (Rick M. Maizels et al., 2018). Most
recently, the discovery of secreted EVs by helminth species captured the
interest of helminth researchers, and investigations into whether EVs could
mediate host immunomodulation has burgeoned a new field of helminth EV

research.
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1.4 Extracellular vesicles

1.4.1 Definition, biogenesis and cargo of extracellular vesicles

Extracellular vesicles (EVs) are a heterogenous group of cell-derived lipid
bilayer enclosed nanoparticles that cannot replicate themselves, but can
contain proteins, lipids and nucleic acids from the cell of their origin (van Niel
et al., 2018). The secretion of EVs by cells is a ubiquitous and conserved
phenomenon found across a diverse range of organisms including mammals,
archaea, plants, prokaryotes and fungi (Munhoz da Rocha et al., 2020; Woith
etal., 2019). Seemingly, wherever researchers look for EV secretion it is found,

suggesting that this process is universal phenomenon among living life forms.

In eukaryotes, EVs have been classified into three subtypes based on distinct
biogenesis pathways: microvesicles, exosomes, and apoptotic bodies.
However, due to their overlapping size and properties as well as limited
techniques for separation of these populations, the umbrella term EVs is used
to encapsulated all three (Théry et al., 2018). Microvesicles were initially
described in platelets and arise from ectocytosis (Stein & Luzio, 1991; Wolf,
1967), a process in which the cell membrane blebs off in an outward motion.
Microvesicles range in size from 50-500 nm but can be larger in some cellular
contexts (van Niel et al., 2018). Apoptotic bodies similarly arise by outward
budding of the cell membrane during apoptosis, leading to larger vesicles (50
— 5000 nm) (van Niel et al., 2018). Exosomes were first identified in
reticulocytes, arise from the endosome and are released via the endocytosis
secretion pathway. In the endosome, intraluminal vesicles (ILVs) form by
inward budding resulting in multivesicular bodies (MVBs), which eventually
fuse with the cell membrane releasing ILVs or exosomes into the surrounding
extracellular milieu (e.g. exocytosis) (Johnstone et al., 1987; Raposo &
Stoorvogel, 2013; van Niel et al., 2018).

Different biogenesis mechanisms of the EV types has implications for which
protein cargo is found in a given EV. For example, proteins of the Endosomal

Sorting Complex Required for Trafficking (ESCRT) which are involved in the
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generation of ILVs during MVB formation, are found enriched in EVs (Beer &
Wehman, 2017; van Niel et al., 2018). ESCRT proteins also play roles in
microvesicles formation and therefore can be found associated with exosomes
and microvesicles (van Niel et al., 2018; Wehman et al., 2011). Other proteins
involved in EV biogenesis and commonly identified in EV preparations are
syntenin, ALIX, tetraspanins proteins (CD9, CD81, CD82, CD63), chaperone
proteins (Hsp70, Hsc70) and RNA binding proteins (AGO2, YBX1) (van Niel et
al., 2018). While the majority of our understanding of EV biogenesis comes
from mammalian EV studies, there is evidence of related proteins present in
H. bakeri EVs (A. H. Buck et al., 2014) as well as in several other helminth
species, suggesting conservation of EV biogenesis mechanisms in helminths
(Sotillo et al., 2020). RNAI screens identified 10 ESCRT proteins involved in
EV biogenesis in C. elegans, a non-parasitic clade V nematode of the same
order (Rhabditida) as H. bakeri (Blaxter, 1998; Hyenne et al., 2015). In addition
to ESCRT proteins, three other protein families that are commonly found in
mammalian EVs were identified in C. elegans as well as a novel proteins i)
small Rab family GTPases which are involved in intracellular vesicle trafficking,
playing roles in both directing MVB to the lysosome for degradation and to the
plasma membrane for release (van Niel et al., 2018); ii) SNAP receptors
(SNARES) including syntaxin 5 which form a complex that allows for fusion of
MVBs with the plasma membrane allowing for EV secretion (van Niel et al.,
2018); iii) V-ATPases which was previously suggested to mediate EV release
(Liégeois et al., 2006); iv) RAL-1 identified by Hyenne et al, 2015. The overlap
of proteins known to be involved in mammalian EV biogenesis that were also
found to be required for EV secretion in C. elegans, despite their evolutionary
distance from one another, suggests that EV biogenesis in helminths may

utilises similar pathways to mammalian EVs.

EV composition and cargo

Nucleic acids
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It is well understood that nucleic acids can exists outside of the cell (Kolodny,
1971, 1972). Many nucleic acids released by cells exit within EVs, which serve
as a protective barrier against nucleic acid degradation by RNases in harsh
extracellular environments (Koga et al., 2011). EVs carry various nucleic acid
species including small RNAs (sRNA) such as microRNAs (miRNAs), and
short interfering RNAs (siRNAs), as well as longer polyadenylated mRNA
(Valadi et al., 2007), and even DNA has also been described (Jin Cai et al.,
2013; H. Liu et al., 2022). The shuttling of RNA/DNA for secretion in EVs is not
fully understood, although at least in human primary T cells specific motifs
were found within miRNAs (EXOmotifs) that mediated interaction with RNA-
binding proteins and subsequent export via exosomes (Villarroya-Beltri et al.,
2013). Other reports suggest EV RNA cargo reflects the RNA composition of
the cell they derive from (Tosar et al., 2021). With regard to miRNAs,
Argonaute (AGO) proteins which bind miRNAs has been found within EVs, and
in colonic cancer cells AGO2 phosphorylation levels controlled association
with the endosome and subsequent incorporation into EVs (McKenzie et al.,
2016).

While many studies have characterised the nucleic acid composition of EVs
from various sources, the functional assessment of how EV cargo enters the
cell without getting degraded by the lysosome, and how miRNA mediate their
function once in the cell has not advanced as quickly. Full length mRNA in
some contexts has been shown to be translated inside recipient cells (Valadi
et al., 2007). The major focus of research has been on miRNAs, perhaps due
to their well described role as post-transcriptional mediators of gene regulation
(Bartel, 2004). MiRNAs bind their target mMRNA by sequence complementarity
at their seed site (nucleotides 2-8) most often in the 3’'UTR region of the target
(Bartel, 2004). Binding of a miRNA accelerates de-adenylation of the target
MRNA and inhibits translation (Bartel, 2004). The post-transcriptional activities
of miRNAs require their association with an AGO protein, and as mentioned
AGO proteins are often found within mammalian EVs. Our group characterised
a worm specific AGO (WAGO) protein that is found within, as well as outside
of H. bakeri EVs, termed extracellular WAGO (exWAGO) (A. H. Buck et al.,
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2014; Chow et al., 2019). The presence of miRNAs within EVs in association
with AGOs has implicated them as EV cargo molecules that could function in
gene silencing in recipient cells. H. bakeri miRNAs have also been
demonstrated to be successfully transferred to recipient cells (A. H. Buck et
al., 2014). Prediction of miRNA targets can be performed computational using
knowledge of the requirements for binding, however due to the small amount
of complementarity required for binding (6 nucleotides) target prediction results
in large numbers of potential targets. Although predictions can be filtered
based on which genes are expressed by your cell type of interest it is still not
trivial to select high confidence targets for validation (Bermudez-Barrientos et
al., 2020). Target predictions are further complicated when investigating cross
species interactions from non-model organisms, or other small RNA species,
as the requirements for- and outcome of- binding may deviate from those

described in mammalian systems.

H. bakeri EVs package miRNAs as has previously been described by our lab
(A. H. Buck et al., 2014). EVs from several other helminth species also contain
miRNAs (Eichenberger, Satillo, et al., 2018; Sotillo et al., 2020). However, H.
bakeri EVs were later found to contain even larger quantities of 22G secondary
siRNAs, compared to the read counts of miRNAs (Chow et al., 2019).
Secondary siRNAs were first discovered in C. elegans, and are generated via
de novo synthesis by RNA-dependant RNA Polymerases (RdRPs), resulting
in a triphosphate at their 5’end (5’PPP) (Holz & Streit, 2017; Pak & Fire, 2007;
Yigit et al., 2006). Secondary siRNAs were later found in a number of other
nematode species (Sarkies et al., 2015). Due to the 5’PPP on secondary
siRNAs, library preparation kits for small RNA sequencing do not capture this
species of small RNA, and pre-treatment with polyphosphatase is required in
order to sequence secondary siRNAs (Chow et al., 2019). RNA from H. bakeri
EVs pre-treated with polyphosphatase uncovered a dominating signature of
secondary siRNAs of 22-23 nt predominantly beginning with guanine (22G
siRNAs) that mostly map to novel repeats and transposable elements (Chow
et al., 2019). These 22G siRNAs are not present in EVs from the clade |
nematode T. muris (R. White et al., 2020). The absence of siRNAs within T.
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muris EVs is consistent with the finding that RdRPs (which are required for
secondary siRNA synthesis) are only found in helminths from clades IlI-V
(Sarkies et al., 2015; R. White et al., 2020). The degree to which secondary

siRNAs are present in other clade I1I-V helminth EVs has not been investigated
Protein

The proteins that EVs cargo contain those involved in EV biogenesis, as well
as proteins previously described are commonly found in EV preparations, but
also proteins that transfer a signal to the recipient cell. For example, B cells
secrete antigen loaded MHC-II EVs that are capable of inducing T cell
responses (Raposo et al., 1996).The cargo detected in an EVs can also reflect
the cell type of origin, physiological state of the cell, and in the context of
helminths, the life stage of the parasite. For example, several nematode
intestinal proteins are enriched in H. bakeri EVs which suggests gut cells could
represent the cellular origin of EVs in HES, this was further supported by TEM
of H. bakeri intestines (A. H. Buck et al., 2014). Although it should be noted
that multiple cellular sources could exists. To date from the research in
helminth species there is not one single EV membrane protein found across
all helminths that could be used as a EV marker (Sotillo et al., 2020). However,
within nematodes some protein families have been identified in common
across several species such as M13 metallopeptidases, actin, transthyretin-
like family proteins and aspartic proteases (Sotillo et al., 2020). Proteomic
analysis of H. bakeri EVs identified enrichment of several homologues of
proteins found in mammalian EVs including tetraspanins, heat shock proteins,
Rab proteins and Alix (A. H. Buck et al., 2014). Interestingly, as previously
mentioned H. bakeri EVs also contain a worm specific Argonaute protein called
exXWAGO loaded with secondary siRNAs, which we | hypothesise plays a role
in gene silencing once within host cells (A. H. Buck et al., 2014; Chow et al.,
2019). Transmembrane receptors in helminth EVs are of particular interest as
they may either be required for receptor mediated uptake into recipient cells;
or they could signal to host cells through interactions at the plasma membrane
without uptake, similar to how B cell derived EVs can perform antigen

presentation through surface MHC-II without uptake (Raposo et al., 1996).

Page 33



Chapter 1

Internalisation of EV's

Whether and how helminth EVs specifically recognise a given recipient cell is
not fully understood. Multiple uptake mechanisms have been described for
EVs, and these may be specific to the biological context, or multiple uptake
mechanisms might be utilised simultaneously (van Niel et al., 2018).
Furthermore, the mechanism of uptake may affect the eventual impact of
uptake on the recipient cell. For example, H. bakeri EV uptake into
macrophages can be increased by EV specific antibodies, presumably through
interactions of the Fc regions on antibodies with macrophage Fc receptors
(Coakley et al., 2017). However, increased uptake by macrophages in the
presence of EV specific antibodies resulted in an increased localisation to the
lysosome, suggesting EVs in the presence of antibodies are no longer
functional in the recipient (Coakley et al., 2017). Targeting of EVs to specific
recipient cells has been shown to be mediated by interactions between EV
transmembrane proteins and recipient cell membrane receptors. How helminth
EVs target specific host cells is mostly unknown, although in the case of
Schistosoma mansoni this is achieved via interactions with EV surface glycans
(Kuipers et al., 2020). A proportion of S. mansoni EVs were observed by
cryogenic electron microscopy (cryoEM) to have halo like projections
subsequently identified as glycans (Kuipers et al., 2020). The surface glycans
of S. mansoni EVs were recognised by the receptor DC-SIGN on host cells,
specifically by dendritic cells which express this receptor, leading to
internalisation and function effects on these cells (Kuipers et al., 2020). This
study by Kuiper et al demonstrates that the characterisation of EV
morphologies, and their surface glycans (or proteins) can help elucidate the

mechanisms of EV uptake and the functions of helminth EVs.

1.4.2 Helminth EV mediated immunomodulation

Mammalian extracellular vesicles (EVs) were first discovered in reticulocytes,

and were dismissed as being vehicles for disposing of cellular material during
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differentiation into erythrocytes (Johnstone et al., 1987). It was not until the late
1990’s, when B lymphocytes and dendritic cells (DCs) were shown to release
functional EVs, that the field begin to appreciate that EVs could have diverse
biological roles (Raposo et al., 1996; Zitvogel et al., 1998). Although studies of
mammalian systems paved the way for much of the current understanding of
EV structure, cargo, and function, it is important to note that the discovery of
multivesicular bodies (MVBs) and outer membrane vesicles (OMVs) in algae
and plants, and bacteria, respectively had described similar structures
decades prior as important players in diverse biological systems (Bishop &
Work, 1965; De, 1959; Jensen, 1965).

Cross-species EV mediated communication

In the last decade alone it has become increasingly clear that EVs play an
important role in inter- and intraspecies communication, including host-
parasite and parasite-parasite interactions (Coakley et al., 2015; Drurey &
Maizels, 2021; Eichenberger, Sotillo, et al., 2018; Woith et al., 2019). This
phenomenon has been shown in diverse pathogens including leishmania (J.
M. Silverman et al., 2010), trypanosomes (Garcia-Silva et al., 2014), and
several species of bacteria as well as fungi have been shown to release EVs
(OMVs in the case of bacteria) that interact with host cells (Munhoz da Rocha
et al., 2020). Cross-kingdom EV mediated interaction has also been well
demonstrated in plants, for example Arabidopsis secrete EVs that are taken
up by the fungal pathogen Botrytis cinera, and use sRNA silencing to target
virulence genes in the fungi (A. H. Buck et al., 2014). B. cinera sSRNA can also
enter Arabidopsis and induce gene silencing also, possibly trafficked in EVs,
indicating a bi-directional interaction between host and pathogen (A. H. Buck
et al., 2014).

Helminth EVs in immune modulation
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Cross-kingdom EV uptake and modulation of host cells has been
demonstrated for a number of helminth species. For example, in vitro murine
intestinal epithelial cells take up EVs derived from H. bakeri (A. H. Buck et al.,
2014). H. bakeri EV treatment of these cells resulted in modified gene
expression, in particular the mRNA for IL-33 receptor component ST2, and
Dusp1 which regulated MAPK signalling involved in immunity were
downregulated (Buck et al., 2014). In the context of the Alternaria allergic
asthma model (detailed in Section 1.3.1 of this thesis) treatment with H. bakeri
EVs resulted in reduced ILC2 numbers and cytokine production, hypothesised
to be mediated at least partially through suppression of IL-33 signalling via
SRNA silencing (Buck et al., 2014). IL-33 initiates responses from multiple
immune cell populations including macrophages. In a subsequent report,
Coakley et al., then assessed the effect of H. bakeri EVs on macrophages in
vitro and found suppression of both classical and alternative activation, and a
reduced production of Relma, Ym1, CD206 and IL-10 (Coakley et al., 2017).

Uptake of EVs from other gastrointestinal helminths has been demonstrated
for T. muris and N. brasiliensis which were both taken up in small intestinal
organoid cultures (Eichenberger, Ryan, et al., 2018). Intraperitoneal delivery
of N. brasiliensis EVs prior to TNBS induced colitis in mice resulted in reduced
disease severity (Eichenberger, Ryan, et al., 2018). Furthermore, reduced
proinflammatory cytokines (IFN-y, IL-6, IL-17a, IL-1p3) levels were seen in the
N. brasiliensis EV treated group, and IL-10 was markedly increased
(Eichenberger, Ryan, et al., 2018). However, T. muris EVs had no effect on
colitis severity in this model demonstrating that EVs from different helminth
species induce different functional effects (Eichenberger, Ryan, et al., 2018).
To further illustrate this, EVs from different helminth species in some cases
display opposite effects on the host. For example, N. brasiliensis EVs had an
anti-inflammatory effect in the colitis model above, whereas S. mansoni EVs
increase pro-inflammatory responses (IL-6, IL-12p70) at least within dendritic
cells in vitro, although they also increase the levels of the regulatory cytokine

IL-10 (Kuipers et al., 2020). Similarly, EVs from the liver fluke O. viverinni have
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proinfammatory effects (Chaiyadet et al., 2015). O. viverinni EVs enter
cholangiocytes, a specialised epithelial cells of the bile duct, in vitro and also
induce expression of proinflammatory IL-6 as well as proliferation (Chaiyadet
et al., 2015). The inflammation and proliferation induced by O. viverinni EVs
may contribute to progression of bile duct cancer that often occurs in
chronically infected individuals (Chaiyadet et al., 2015). Data to date suggests
the functional effects of helminth EVs from different species are not necessarily
universal. However, it is thought that helminth EVs in general have functional
effects on the host that will promote helminth survival (Coakley et al., 2015;

Sanchez-Lopez et al., 2021).

There is very limited evidence regarding the modulation of epithelial cells by
helminth EVs. H. bakeri can modulate epithelial cells in vitro as mentioned
above, in addition N. brasiliensis EVs have been show to enter intestinal
organoid cells but the functional effect of this uptake was not directly studied
(Eichenberger, Ryan, et al., 2018). T. muris EVs have been shown to enter
organoid cells using 2-D models, and RNA seq demonstrated a suppression
of IFN response genes (Duque-Correa, Schreibera, et al., 2020; Eichenberger,
Ryan, et al., 2018). Given the importance of this barrier for the detection of
helminths, and initiation of immune responses against them, it will be intriguing

to uncover whether these cells are targeted by helminth EVs during infection.

1.5 Intestinal epithelium and organoids

1.5.1 The intestinal epithelium

Anatomy of small intestine epithelium

The intestinal mucosa is comprised of a contiguous epithelial cellular layer,

and a secreted mucus layer containing antimicrobial peptides (Figure 1.4)

(Ruby White et al., 2022). The intestinal mucosa fulfils two major biological
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functions, firstly it is critical for the absorption of water (mainly the large
intestine) and nutrients (mainly the small intestine); secondly, it acts as a
physical barrier against incoming innocuous, and harmful intestinal assaults
(Beumer & Clevers, 2020; Kiela & Ghishan, 2016). The intestinal epithelium is
comprised of structurally distinct compartments, the crypts of Lieberkihn
which are invaginations of epithelium into the submucosa, and villi which are
protrusion of epithelium into the intestinal lumen (Beumer & Clevers, 2020).
While crypts of Lieberkihn are found throughout both the large and small
intestine, villi are contained to the small intestine and the large intestine has a
flat epithelial surface (Figure 1.4) (Mowat & Agace, 2014).

Figure 1.4: Anatomical and physiological differences along the length of the murine intestine. The
intestine is broadly divided into two physically contiguous compartments. Firstly, the small intestine
containing the specialised regions of the duodenum, jejunum and ileum. Secondly, the large intestine
containing the caecum and colon. The anatomy, cellular composition, mucus structure and bacterial load
change throughout different regions and are visualised using sliding scales to represent various features
across the length of the intestine. In duodenum, the most proximal region of the intestine villi are their

longest, a single minimal layer of mucus is present, and bacterial load is low due to high numbers of
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Paneth cell which secrete antimicrobial peptide (AMPs). At the most distal end in the colon there are no
villi, a high bacterial load which is physically separated from the epithelial cells by two layers of mucous,
and no Paneth cells. The colon does however contain Reg4+ deep secretory cells which have similar
functions to Paneth cells.

Physiologically, villi help to increase the surface area of the intestine assisting
in maximal absorption of intraluminal water and nutrients (Kiela & Ghishan,
2016). Along the length of the small intestine villi decrease in length, with the
longest in the duodenum at the most proximal end of the small intestine (1.5
mm) thereafter they reduce in length progressively towards the distal end of
the small intestine with ileal villi of 0.5 mm (Ross & Pawlina, 2011). Intestinal
villi are comprised primarily of enterocyte cells (80% - 90%) which are
absorptive, polarised cells that form tight junctions with neighbouring cells
critical for the barrier integrity of the intestinal epithelium (Cheng & Leblond,
1974; Kiela & Ghishan, 2016). Enterocytes absorptive capabilities are assisted
by microvilli protrusions on their luminal surface that, together with villus
structures, multiply the surface area of the intestine by 30-600 fold (Fevr et al.,
2007; Korinek et al., 1998; van Es et al., 2012). Intestinal crypts on the other
hand form the anatomical boundaries of the stem cell niche, and are home to
the both intestinal stem cells (ISCs) (also known as crypt-base columnar cells
CBCs) and Paneth cells (Barker et al., 2007; Cheng & Leblond, 1974). ISCs
constantly replenish this tissue in an escalator like fashion, new cells move
upwards out of the crypt towards the villi exposing them to differentiation
signals. As cells move towards the end of the villi connection with the
underlying basement membrane is disrupted inducing cells to undergo a
programmed cell death pathway called anoikis, and these are sloughed off into
the lumen allowing for replacement by IECs below (Beumer & Clevers, 2020).
At the cellular level, IECs are also organised by a strict basal-apical polarity
with the basal end of the cell anchoring to the basement membrane, and the
apical side facing towards the intestinal lumen and forming the actin rich brush
border of microvilli (Snoeck et al., 2005). The basal side is accessible to
underlying mesenchymal cells, immune cells and neurons as well as secreted
factors. Some receptors, for example TLRs, have been shown to localised to

either the basal or apical plasma membrane (Price et al., 2018).
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The Vvillus-crypt architecture of the intestinal epithelium is controlled by
gradients of morphogens and growth factors. Two major growth factors form
opposing gradients that pattern the crypt and villus structure of the epithelium:
Wnt proteins and bone morphogenic proteins (BMPs) (Figure 1.5). Wnt
proteins are critical for the proliferative capacity of the intestine, and are highly
concentrated in intestinal crypts(Fevr et al., 2007; Korinek et al., 1998; van Es,
Haegebarth, et al., 2012); while (BMPs) are highly concentrated at the villus
tips and help induce differentiation (Hardwick et al., 2004; Kosinski et al.,
2007). Mesenchymal cells at the villus tips secrete high levels of BMPs, while
stromal cells beneath intestinal crypts such as muscle cells and myofibroblasts
secrete BMP antagonists including chordins, gremlin and noggin, resulting in
high BMP concentrations in the villi and low concentrations in the crypt
(Kosinski et al., 2007) (Figure 1.5). Wnt proteins on the other hand are supplied
in a redundant fashion by multiple cells types including Paneth cells (Wnt3a)
which reside in the crypt interspersed between ISCs, as well as mesenchymal
cells below the crypt (Sato et al., 2011). Additionally, R-spondin which is a
potent Wnt enhancer is supplied in a non-redundant fashion by mesenchymal
cells (Beumer & Clevers, 2020; de Lau et al., 2014).

Maintenance of the intestinal stem cell niche

In 2007 Barker et al hypothesised that due to the requirement of proliferative
cells in the intestine on Wnt signalling, a Wnt target gene would allow for the
identification of the elusive stem cell population within the intestine (Barker et
al., 2007; Korinek et al., 1998). Indeed, although many Wnt target genes are
expressed throughout the crypt, leucine-rich-repeat-containing G-protein-
coupled receptor 5 (Lgr5) expressing cells were found to represent intestinal
stem cells (ISCs) (Barker et al., 2007). The distribution of Lgr5+ cells within the
crypt also demonstrated, for the first time, that ISCs reside interlaced between
the previously described Paneth cells within the crypts of the small intestine
(Barker et al., 2007; Paneth, 1887). Paneth cells are terminally differentiated
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secretory cells that unlike most IEC populations, are relatively long-lived (8
weeks) and provide critical signals for ISCs (Table 1.1) (Ireland et al., 2005).
Whnt signalling has long been implicated in ISC maintenance, four additional
known factors co-operate to control and maintain ISC stemness: i) R-spondin,
ii) Notch signalling, iii) epidermal growth factor (EGF) and iv) BMPs (Beumer
& Clevers, 2020). i) R-spondin in the presence of Wnt directly binds its ligand,
the stem cell marker Lgr5, as well as closely related proteins Lgr4 and Lgr6
leading to internalisation (de Lau et al., 2014; Ruffner et al., 2012). In turn,
once internalised this complex binds proteins Znrf3 and Rnf43, in the absence
of R-spondin signalling these proteins degrade the Wnt receptor Frizzled
(Fzd5), therefore R-spondin binding of Znrf3 and Rnf43 potentiates Wnt
signalling by protecting Fzd5 (de Lau et al., 2014; Ruffner et al., 2012). R-
spondin is supplied exclusively in this niche by mesenchymal cells, and as
such organoid cultures are critically dependant on supplementation of
exogenous R-spondin even in presence of high Wnt concentrations (Sato et
al., 2009). ii) Notch signalling is supplied to ISCs through direct cell-to-cell
contact between notch receptor expressing cells (in this case ISCs) and the
notch ligand delta-like 1 or 4 (DII1/4) expressing cell which in the ISC niche is
supplied by interlacing Paneth cells (Beumer & Clevers, 2020; Sato et al.,
2011). Sufficient notch signalling results in expression of hairy and enhancer
of split 1 (HES1) which represses transcription factors involved is
differentiation (T.-H. Kim & Shivdasani, 2011). iii) EGF is required for ISCs to
undergo cell cycle and fulfil their proliferative capacity. Paneth cells contribute
to the supply of EGF in this niche, however organoid cultures demonstrate a
requirement for further EGF supplementation suggesting that in vivo additional
cell types also supply EGF (Sato et al., 2011, 2009). iv) Finally, BMP’s
negatively regulate the ISC niche, BMP signalling induces downstream
recruitment of histone deacetylases to stem cell genes leading to repression
of their expression and inducing differentiation (Hardwick et al., 2004; Kosinski
et al., 2007; Qi et al., 2017). Together these signals maintain stores of Lgr5+
ISCs (~4-6 per crypt), and result in the unmatched ability for this tissue to
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rapidly renew itself faster than any other tissue in human and mice (3-5 days

in mice, 5-7 days in humans) (Sato et al., 2009).

As ISCs supply the constant turnover of intestinal epithelial cells, they must be
highly protected in order to avoid being damaged by the nearby digestive
environment of the intestinal lumen (Gehart & Clevers, 2019). ISCs are
protected firstly by the anatomical restriction of the crypt which creates a
narrow entrance of ~6 ym (Gehart & Clevers, 2019). In addition to physical
protections of the crypt, Paneth cells have been described as custodians of
ISCs owing to both their supplementation of critical stemness signals
described above, and their secretion of antimicrobial peptides (AMPs) (H. C.
Clevers & Bevins, 2013; Sato et al., 2011). Paneth cells have high secretory
activity and are found only in the small intestine, where they decrease in
number from proximal to distal end, and are absent in the caecum or colon
except under certain conditions (Ross & Pawlina, 2011). Paneth cell secrete
of AMPs in response to infection including lysozyme 1 (Deckx et al., 1967); a-
defensins (A. J. Ouellette et al., 1992; Andre J. Ouellette et al., 1999);
phospholipase A2 (Qu et al., 1996); Regllly and ribonucleases such as
angiogenin 4 (Ang4) (Bevins & Salzman, 2011). Consistent with these
responses, the ablation of Paneth cells results in significant changes in
bacterial colonisation in the small intestine, and Paneth cell distribution (only
found in the small intestine) correlates with regions of the intestine where there
is lower bacterial abundance (Beumer & Clevers, 2020; Teltschik et al., 2012;
Vaishnava et al., 2008). Growth of organoid cultures from single stem cells is
greatly improved if co-cultured with Paneth cells, although in this artificial
environment in which exogenous growth factors are also present Paneth cells
are not essential (Sato et al., 2011). The necessity of Paneth cells for
maintaining the ISC compartments is unclear, while these cells provide both
Whnt and EGF signals which are absolutely required for ISCs, in vivo these can
be provided by other cell types (Beumer & Clevers, 2020). Ablation of Paneth
cells has been attempted in mice by knocking out several Paneth cell
differentiation factors (Gfi1, Sox9 and Atoh1), or through diphtheria toxin

mediated knockout of the cryptdin promoter; in these models ISCs were still
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present, however a reduction of ISCs was described (Bastide et al., 2007;
Durand et al., 2012; T.-H. Kim et al., 2012; Mori-Akiyama et al., 2007; Shroyer
et al., 2005). Although at least for some of these models’ results were
confounded by shared expression of some genes with ISCs. For example,
SRY-box transcription factor 9 (Sox9) is a Wnt target gene, and accordingly is
expressed by both ISCs and Paneth cells which are both in high Wnt
environments (Figure 1.5) (Blache et al., 2004). Sox9 expression is critical for
the differentiation of Paneth cells (Bastide et al., 2007) and Sox9 conditional
knockout mice have depleted ISCs. However, due to shared expression of
Sox9 by ISCs and Paneth cells whether ISC depletion in Sox9 KO mice is
caused by loss of Paneth cells, or by direct loss of Sox9 within ISCs is unclear
(Bastide et al., 2007; Mori-Akiyama et al., 2007).

Differentiation in the intestinal epithelium

ISC have the capacity to differentiate into all terminally differentiated cells of
the intestinal epithelium, which are divided into two committed lineages either
secretory which gives rise to Goblet cells, Paneth cells, Tuft cells and
Enteroendocrine cells; or absorptive progenitors with eventually become
enterocytes (Beumer & Clevers, 2020). A seventh terminally differentiated cell
originates from ISCs, the Microfold cell (M-cell). However, M-cells localise
specifically to the follicle associated epithelium (FAE) surrounding gut
associated lymphoid tissue (GALT) such as the Peyer’s patches, and do not
currently fall into either secretory or absorptive differentiation lineages (Figure
1.5) (Kobayashi et al., 2019; Mabbott et al., 2013).

ISC undergo rapid cell proliferation (24 h), as they proliferate the physical
constraints of the crypt leads to one daughter cell being pushed upwards
towards the villi (Ballweg et al., 2018; Christopher S. Potten, 1998; Schepers
et al., 2011). As cells move out of the crypt, they are exposed to changes in

the concentrations of aforementioned growth factors required for stemness

Page 43



Chapter 1
Whnt, Rspo, EGF and Noggin, and this induces transition into one of two kinds
of progenitor cells. Broadly, the terminally differentiated cells of the intestinal
epithelium are either i) absorptive or ii) secretory, and progenitors of each
lineage are defined by the expression of mutually exclusive transcription
factors Hes1 (absorptive) and Atoh1 (also known as Math1) (secretory) (Figure
1.5) (Beumer & Clevers, 2020). The determination of secretory lineage cells is
controlled stochastically in response to the loss of contact mediated Notch
signalling, as cells lose contact with DLL1/4 expressing Paneth cells of the
crypt. Sufficient notch signalling controls the expression of Hes1, and in turn
Hes1 represses the secretory lineage marker Atoh1 (Fre et al., 2005). So long
as notch signals are maintained cells will remain on track to remain absorptive.
The loss of notch signalling is the key fate determining step for lineage
commitment, as the loss of notch signalling ablates Hes1 expression, and
switches on Atoh1 resulting in a secretory progenitor (Fre et al., 2005; Yang et
al., 2001).
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Figure 1.5 | Major cell fate determining pathways in the intestinal epithelium. Growth factor and
morphogen gradients play a major role in controlling cellular differentiation in the small intestine. Namely,
two opposing gradients Wnt ligands, which are highly concentrated in the intestinal crypt, and bone
morphogenetic proteins (BMPs) which are concentrated at the villus. High Wnt concentrations are
essential for maintenance of Lgr5+ intestinal stem cells (ISCs) that reside in the base on the crypt. As
ISCs divide, they are pushed out of the crypt and exposed to lower Wnt concentrations and higher BMP
concentrations inducing differentiation. Cells leaving the crypt enter one of two differentiation pathways
and this is dependent on notch signalling. Cells that express notch ligands DII1/DIl4 provide notch
signalling to their neighbouring cells. If when cells leave the crypt, they maintain notch signalling they will
in turn remain expressing Hes1 and become absorptive progenitors which rapidly divide as transit-
amplifying cells, and eventually enterocytes. Hes1 expression inhibits the expression of Atoh1, which is
the determining factor that induces secretory progenitors. If cells lose contact with notch ligands (DlI1/4)
as they leave the crypt Hes1 expression is lost, and expression of the secretory progenitor defining gene
Atoh1 as well as notch ligands DII1/4 is induced resulting in a secretory progenitor cell. Secretory
progenitors give rise to several fully differentiated cell types depending on expression of particular cell
fate determining genes (in grey boxes), the deletion or disruption of these genes in mouse models leads
to loss or depletion of these cells from the epithelium. Fully differentiated cells that arise from secretory
progenitors include tuft cells which require expression of Pou2f3; Enteroendocrine cells reliant on
expression of Neurog3 for differentiation; Paneth cells which require transient expression of Gfi1,and
then Spdef and Sox9; or Goblet cells which require Spdef and Kif4 for differentiation. Microfold (M) cells
differentiate independent of the secretory or absorptive progenitors. M cell differentiation requires
exposure to RANK ligands which induces the cell fate determining expression of SpiB. Genes in grey
boxes indicate genes essential for each stage of differentiation. Made with BioRender.com
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Only a small fraction of cells exiting the intestinal crypt will become secretory
progenitors because notch signalling can be provided by DDL1/4 expressing
secretory progenitors to its neighbouring cells, in a process termed lateral
inhibition. In fact, secretory progenitors are the minority because the next 6-8
cells will receive notch signals provided by their secretory progenitor
neighbour, and this maintains expression of absorptive progenitor determining
transcription factor Hes1 (Figure 1.5). Lateral inhibition therefore results in a
skewing of differentiation towards the absorptive lineage. Additionally, Atoh1+
secretory cells are post-mitotic limiting the numbers of secretory cells they
provide (Basak et al., 2014); while the Hes1+ absorptive progenitor, also
referred to as transit-amplifying (TA) cells, are able to rapidly undergo cell cycle
(~12 hr) (Ballweg et al., 2018; Riccio et al., 2008). Lateral inhibition and the
differential proliferative capacities of these cells lead to the skewing of cell
proportions greatly in favour of enterocytes which make up ~80-90% of IECs
(Cheng & Leblond, 1974; Riccio et al., 2008).

Enterocytes

Enterocyte differentiation is controlled by the loss of Wnt signalling as cells
leave the crypt (X. Yin et al., 2013). This is demonstrated by inhibition of Wnt
in organoids resulting in increased enterocyte numbers, showing that in
response to the loss of Wnt signalling which maintains stemness,
differentiation occurs (Beumer & Clevers, 2020; X. Yin et al., 2013). In addition,
they must receive notch signals from neighbouring cells which maintains
expression Hes1 in enterocyte progenitors and suppression of Atoh1 to
prevent them entering the secretory lineage (Kazanijian et al., 2010; T.-H. Kim
& Shivdasani, 2011).

Paneth cells

Paneth cells derive from their secretory progenitor and critically require
expression of the transcription factor Sox9 (Bastide et al., 2007; Mori-Akiyama

et al., 2007). Paneth cells differentiation occurs when cells are within a high
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Whnt environment, leading to expression of Sox9, while simultaneously losing
notch signals from neighbouring cells thus inducing Atoh1 expression (Bastide
et al., 2007; Blache et al., 2004). Unlike the rest of the terminally differentiated
cells of the intestinal epithelium, upon differentiation Paneth cells move
retrograde back down into the crypt in order to fulfil their functional roles
(described above) (Beumer & Clevers, 2020). Paneth cells quickly replace
themselves even after depletion, this is logically explained by the fact that
Paneth cell ablation removes notch signals within the crypt, leaving ISCs
exposed to high Wnt in the absence of notch signals, the exact determining
factors that induce Paneth cell differentiation (Gehart & Clevers, 2019).

Goblet cells

Goblet cells reside in the villi of the intestine and are the most abundant
secretory cell type (~4% in duodenum) (Cheng, 1974). Goblet cells generate
mucus granules containing mainly extracellular glycosylated mucin proteins
e.g., Muc2 that form the mucus barrier atop the intestinal epithelium, as well
as the proinflammatory cytokine resistin-like molecule 3 (RELM@) and trefoil
factor 3 (Tff3) (Artis et al., 2004). These granules are released into the lumen
to form the mucus barrier that prevents invasion of pathogens. Goblet cells
increase in abundance along the length of the intestine, in the caecum and
colon higher goblet cell numbers leads to increased mucus required as stool
becomes more compact, whereas in the small intestine less mucus production
is needed. Goblet cells, like Paneth cells, also derive from Atoh1+ secretory
progenitor cells like however goblet cells require reduced Wnt concentrations
for their development (Milano et al., 2004; van Es et al., 2005). The expression
of transcription factor SAM pointed domain ETS factor (Spdef) is required for
goblet cell development, however there is conflicting data as to whether it may
also be important for Paneth cell differentiation (Gregorieff et al., 2009; Noah
et al., 2010). Kif4 is another transcription factor required for the differentiation
of goblet cells in the colon, and is negatively regulated by Hes1 when notch

signals are present (Ghaleb et al., 2008; Katz et al., 2002). Finally, the
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cytokines IL-4 and IL-13 can also induce goblet cell differentiation, and are at
least partially responsible for helminth associated goblet cell hyperplasia
during infection (Khan et al., 2001; Marillier et al., 2008). Whether these
cytokines act on stem cells, or on secretory progenitors, and the exact
signalling cascade that induces hyperplasia is unknown (Gehart & Clevers,
2019).

Enteroendocrine cells

Enteroendocrine cells (EECs) are endocrine cells which release hormones.
Although EECs can be further subdivided depending on which hormones they
secrete, plasticity does exists within which hormones EEC subtypes can
secrete (Svendsen et al., 2015). Despite the rarity of these cells throughout
the intestine (~1%), the intestine represents the largest endocrine system in
the body due to its large surface area (Furness et al., 2013; Sternini et al.,
2008). EEC production of hormones play important roles in many of the major
functions of the intestine through their ability to act on distal organs (endocrine)
(Worthington et al., 2017). For example, EEC derived hormones control
responses to nutrients such as hunger, satiation, gastric emptying, peristalsis
and digestion (Worthington et al., 2017). Hormones released by EECs achieve
this through signalling in many cases to the surrounding nervous system, in
turn relaying information to the brain, making them key communicators of the
gut-brain axis. The expression of Neurogenin 3 (Neurog3) within secretory
progenitors leads to differentiation of EECs, and all subtypes of EECs are
depleted in Neurog3 intestinal knock out mice implicating it as a key EEC
differentiation factor (Gerbe et al., 2011; Jenny et al., 2002). Neurog3
expression is repressed by the Paneth and Goblet cell specific transcription
factor Gfi1 (Shroyer et al., 2005).

Tuft cells

Tuft cells are very rare (~0.4%) sentinel cells specialised at sensing

environmental signals and are found in other mucosal sights throughout the
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body (Gerbe et al., 2012). Tuft cells play roles in both detection of helminths
and initiating immune responses via the secretion of alarmin cytokines
(discussed further in section 1.5.3) (Gerbe et al., 2016; Howitt et al., 2016; Von
Moltke et al., 2016). Tuft cells are derived from DII1+ secretory progenitors
(van Es, Sato, et al., 2012), but contradictory reports have described tufts cells
as either requiring (Gerbe et al., 2011) or not requiring (Bjerknes et al., 2012)
Atoh1 for their differentiation. However, disruption to Neurog3, Sox9 or Gfi1
does not ablate tuft cells suggesting they diverge from secretory progenitors
by an independent lineage from that of Goblet, Paneth and EECs (Gerbe et
al., 2011). Tuft cells can be identified by cell type specific markers Dckl1,
Pou2f3 and Trpm5, of these genes the transcription factor Pou2f3 is required
for generation of Tuft cells (Gerbe et al., 2016; Haber et al., 2017). Tuft cells,
like goblet cells, are induced by the cytokines IL-4 and IL-13 through an ill-
defined mechanism, although IL4-Ra is required as KO mice are unable to
induce tuft cells in response to these cytokines (Gerbe et al., 2016; Howitt et
al., 2016; Von Moltke et al., 2016).

Microfold cells

Microfold (M) cells are specialised cells of the intestinal epithelium that home
specifically to the FAE surrounding Peyer's patches, and mediate the
transcytosis of luminal antigen to underlaying B- & T- cells of the Peyer’s patch
(Kobayashi et al., 2019; Mabbott et al., 2013). M cells differentiate directly from
Lgr5+ ISCs independently of secretory or absorptive progenitors. Immature M
cells differentiate and express Anxa1, Marckl1 and SpiB (Kobayashi et al.,
2019). For maturation however, M cells require stimulation of the receptor
RANK by RANK ligand (RANKL). in vivo RANKL is provided by subepithelial
mesenchymal cells, but can be supplemented in organoid cultures resulting in
gene expression of immature M cells but not complete differentiation (Knoop
et al., 2009; Kobayashi et al., 2019). RANK signalling increases the expression
of M-cell signature genes SpiB and GP2 as well RANK itself (S. Kimura et al.,

2015). SpiB and Sox8 play roles in the development of mature M-cells
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(Shunsuke Kimura et al., 2019). In addition, signals from haemopoietic cells
such as B-cells also play a role in M-cell differentiation which may explain the
difficulty to induce fully mature M-cells in organoid cultures (Kobayashi et al.,
2019; Mabbott et al., 2013). Although supplementation of RANKL in organoid

media induces M-cells that resemble in vivo M-cells (Haber et al., 2017).
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Table 1.1 | Summary of cell types of the intestinal epithelium. Summary of the known signals that
drive differentiation, and genes that are critical for the development of each cell type as well as their
proportions in the epithelium, cell type specific genes, their lifespan and function. Figure made with
BioRender.com. SC = stem cells; ISC = intestinal stem cells; EEC = Enteroendocrine cell; M cell =
microfold cell; IEC = intestinal epithelial cell;, RANKL = receptor activator of NFkB ligand; Lyz1 =
Lysozyme 1; Ang4 = Angiogenin 4; Chga = Chromogranin A; Chgb = Chromongranin B; GALT = gut
associated lymphoid tissue.

Recovery in the intestinal epithelium after injury

The intestinal epithelium is incredibly robust in the face of damage. Several
hypotheses of a reserve stem cell population have been proposed to describe
how ISCs are rapidly replaced after damage, but there is not complete
consensus on this within the stem cell field (Beumer & Clevers, 2020). Initially
the idea of ‘4+ cells’ was proposed that suggested cells positioned 4 cells
above the crypt base represented a quiescent reserve stem cell population
that contained the template or ‘immortal’ DNA strand to prevent accumulation
of mutations (C. S. Potten et al., 1978). Several genes were proposed to be
4+ markers (Bmi1, Tert, Hopx, Lrig1) however these were all later found to be
expressed more promiscuously by CBCs and EECs, and the ‘immortal’ strand
hypothesis was also rejected (Haber et al., 2017; C. S. Potten et al., 1978).
These 4+ cells were later found to be secretory precursors that gradually
disappear over time (Buczacki et al., 2013). It is now understood that multiple
cell types of the epithelium can regenerate CBCs upon damage, including
secretory and absorptive progenitors which have overlapping expression of
previously hypothesised 4+ cell marker (Jadhav et al., 2017; Schmitt et al.,
2018; Tetteh et al., 2016; van Es, Sato, et al., 2012). Furthermore, even
‘terminally differentiated’ Paneth cells have been seen to replenish CBCs after
damage in a process termed dedifferentiation (Murata et al., 2020; Schmitt et
al., 2018; Yu et al., 2018). Dedifferentiation can be induced by notch signalling
in Paneth cells (caused by Paneth cell — Paneth cell interactions after loss of
interlacing CBCs). Additionally, Ascl2 which is downstream of Wnt signalling,
and the il11ra1 have been implicated in the dedifferentiation process (Murata
et al., 2020; Yu et al., 2018).
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Hippo signalling is a well described pathway that regulates organ size during
development. Hippo signalling initiates a kinase signalling cascade that results
in the phosphorylation of YAP and TAZ, which control the expression of
proliferation and cell survival genes (Moya & Halder, 2019). Expression of
YAP/TAZ increases in crypts during regeneration, and loss of these
transcriptional regulators results in the inability to repair the intestinal
epithelium after irradiation or chemical damage (Barry et al., 2013; Jing Cai et
al., 2010; Gregorieff et al., 2015; Karpowicz et al., 2010). YAP/TAZ has been
shown to interact with other signalling pathways (Wnt, Notch, EGF) in the

epithelium to mediate repair (Beumer & Clevers, 2020).

During L4 stage of H. bakeri infection (d 6), when the parasites are in the
submucosa, it has been described that stem cells overlaying larvae display a
loss of Lgr5+ expression (Nusse et al., 2018). Simultaneously, a specific type
of reparative stem cell arises that expresses genes associated with the fetal
epithelium termed revival SCs (revSC) (Karo-Atar et al., 2022; Nusse et al.,
2018). revSCs were marked by a transient early expression of Ly6a (Sca1)
which can be induced by interferon signalling, indeed this study found the
revSC phenotype was found to be dependent on IFN-y at day 6 p.i. (Nusse et
al., 2018). Interestingly, authors found that during N. brasiliensis infection
revSCs were not induced, leading them to conclude that damage as H. bakeri
burrows through the epithelium induces these changes. However a
subsequent study by Karo-Atar et al, found that HES alone induced these cells
which indicates that damage associated with larvae burrowing is not required
(Karo-Atar et al., 2022). revSC were subsequently found to be a more
generalised response to ISC damage, and appear to be induced by irradiation,
dextran sodium sulphate (DSS) intestinal damage, and ablation of Lgr5+ cells
(Ayyaz et al., 2019; Nusse et al., 2018).
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1.5.2 Intestinal organoids

Research that defined the key growth factors required for intestinal epithelial
renewal and differentiation has allowed for the development of in vitro culture
of the epithelium termed organoids (Aguilar et al., 2021; Sato et al., 2009).
Organoids can be generated from tissue derived from many organ sources
including from the Gl tract e.g. from the small intestine (enteroids), caecum
(caecaloids), and colon (colonoids) (Duque-Correa, Schreibera, et al., 2020;
Sato et al., 2009). Sato et al first demonstrated the growth of enteroids in 2009
by culturing Lgr5+ stem cells, or whole intestinal crypts, in a laminin rich
hydrogel that mimics basement membrane interactions, and supplementing
growth media with critical factors EGF, Noggin, Wnt and R-spondin (Sato et
al., 2009). Initial intestinal organoid cultures resulted in a self-organised three-
dimensional (3-D) spherical organoids with the apical membranes facing
inwards, that are capable of differentiation into all terminally differentiated cell
types and mimic some features of intestinal epithelium (Aguilar et al., 2021;
Sato & Clevers, 2013). Although 3-D organoids recapitulate the intestinal
epithelium well, a major limitation of this culture method is inaccessibility of the
apical epithelium. The internal apical epithelium in 3-D organoid cultures
presents two problems. Firstly, an accumulation of dead cells and mucus
trapped within these enclosed structures eventually leads to organoids
bursting. This can is resolved by passaging organoids for enteroids and is
required approximately every 5-7 days limiting the length of culture (Sato et
al., 2009). Secondly, inaccessibility of the apical lumen makes mimicking in
vivo infection dynamics difficult as this is where most exogenous material and
incoming pathogens are encountered by the epithelium (Ruby White et al.,
2022). Delivering infectious agents to 3-D organoids is possible by
microinjection however it has major caveats — it is laborious requiring individual
injection of each organoid, the volume injected to each organoid cannot be
controlled, and it requires specialised equipment and training (Ruby White et

al., 2022). Additionally, the technique of microinjection is not be suitable for
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large multicellular pathogens such as helminths, as even the eggs or larval

stages are too large for the needles (Duque-Correa, Maizels, et al., 2020).

1.5.3 Intestinal organoid use in helminth infection

Organoids as models of Gl nematode niches

Gl nematodes have a tropism for specific organs of the Gl tract of their host
e.g., whipworms colonise the caecum and proximal colon, hookworms and
threadworms establish in the small intestine, while sheep Gl parasites find a
niche in the abomasum. In vivo the epithelium of these organs/regions vary
greatly in their cell type content, mucus layer composition and thickness, size,
architecture, and expression of toll-like receptors, and these features are
replicated to some extent by their respective organoid cultures (Duque-Correa,
Maizels, et al., 2020; Kayisoglu et al., 2021; Mowat & Agace, 2014; Price et
al., 2018). Traditional organoid cultures use basement membrane extracts
(BME), which mimic the laminin rich extracellular matrix, alongside the
supplementation of key growth factors and morphogens that are specific to the
host and organ of origin, and allow for the division and differentiation of stem
cells (Beumer & Clevers, 2020; Puschhof et al., 2021; Sato & Clevers, 2013).
These cultures result in self-organised three-dimensional (3-D) structures that
display cellular polarisation, with the apical surface of the epithelium (basal-
out) facing inwards towards the lumen, and that are capable of differentiating
into multiple cell types of the epithelium of origin (Kayisoglu et al., 2021;
Puschhof et al., 2021). Apical-out organoids are an alternate approach to 3-D
organoid cultures that allow access to the apical surface of the epithelium.
Apical-out organoids are generated by mechanical disruption of traditional 3-
D organoids followed by suspension culture in the absence of BME. This
procedure induces the inversion of the polarity and repair of the epithelium,
thus the apical membrane faces outwards, while the organoid 3-D structure is
maintained (Co et al., 2019, 2021).
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Organoids can also be cultured in a 2-D conformation by dissociating 3-D
organoids into single cell suspensions and then seeding into either cell culture
plates, or semi-permeable membranes (transwell) coated with BME, laminin
or collagen (Aguilar et al., 2021; Moon et al., 2014). 2-D organoids maintain
cellular polarisation and show a degree of crypt-like spatial organisation, albeit
to a lesser extent than 3-D cultures. 2-D organoids grown on semi-permeable
membranes create a model with physically separated apical and basal culture
compartments, which allows for greater control over delivery of growth factors,
cytokines, pathogens and other cellular populations, to either the basal or
apical membrane of the epithelium (Aguilar et al., 2021; Kozuka et al., 2017;
Moon et al., 2014). 2-D organoids grown on semi-permeable membranes also
enable longer culture lengths than 3-D models with recent studies extending

culture for up to 2 months (Boccellato et al., 2019).

Unravelling Gl nematode invasion using organoids

Infection by Gl nematodes occurs via ingestion/swallowing of parasite eggs or
infective larvae. The first crucial step for Gl nematodes to establish a
successful infection is the sensing by the parasites of a suitable environment
to hatch and/or invade the host epithelium (Mkandawire et al., 2022). The
specific cues, signalling pathways and mechanisms behind these processes
are currently not well defined, but represent a key stage for intervention in the

transmission of these parasites.

Organoids are an attractive model for understanding Gl nematode invasion
because they recapitulate many physico-chemical and cellular characteristics
of the in vivo host niche that may promote infection. Moreover, organoids could
allow real time visualisation of invasion dynamics. For example, murine
caecaloids reproduce the mucus layer and cellular composition of the caecal
epithelium and successfully promote the epithelium invasion and formation of
syncytial tunnels by Trichuris muris first-stage (L1) larvae in vitro (Duque-

Correa, Goulding, Rodgers, Cormie, et al., 2022).
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When developing organoid models to study Gl nematode invasion, it is critical
to consider which surface of the epithelium the parasites are in contact with
when interacting with their hosts in vivo. For Gl nematodes that invade apically,
modelling invasion using 3-D organoids is difficult due to the large size of the
parasites. Smaller organisms such as viruses, bacteria or protists can be
delivered to traditional (basal-out) 3-D organoids by microinjection, or by
shearing of the organoids followed by co-incubation (Aguilar et al., 2021;
Puschhof et al., 2021). However, microinjection is not suitable for delivery of
any life stage of GI nematodes, as even eggs and larval stages are too large
for the microinjection needles, and the luminal volume of 3D-organoids is not
big enough to host the parasites (Duque-Correa, Maizels, et al., 2020).
Moreover, shearing of 3-D organoids followed by co-incubation with whole
parasites is unlikely to result in their successful incorporation into the organoid
lumen. An alternative method to deliver live Gl nematodes into the lumen of
traditional 3-D organoids is to simply add these to the organoid culture media.
This strategy was used to infect both ovine and bovine abomasum organoids
with Teladorsagia circumcincta (T. circumcincta) and Ostertagia Ostertagi (O.
ostertagi) respectively (Faber et al., 2022; D. Smith et al., 2021). Strikingly,
both T. circumcincta and O. ostertagi L3 larvae migrated through the BME and
transverse the organoid membrane into the lumen (Faber et al., 2022; D. Smith
et al, 2021). O. ostertagi infection of bovine organoids additionally
demonstrated L3 larvae transversing the epithelium in both directions, from the
basal to apical side in order to invade the lumen of the organoid, and from the
apical side to the basal side (Faber et al., 2022). However, as the authors
noted, T. circumcincta and O. ostertagi are not previously described to cross
the epithelial barrier during their life cycles, instead they are thought to invade
through the gastric neck opening of gastric glands, and whether transversion
of the epithelium occurs in vivo or is unique to these in vitro cultures is not
known (Faber et al., 2022). Whether other Gl nematodes co-cultured in this
fashion can invade the BME and migrate across the epithelium into the
organoid lumen is unknown, and this ability may be species or life-cycle-stage

specific.
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2-D organoids grown in semi-permeable membrane systems allow for both
basal and apical delivery of Gl nematodes, which is advantageous for the in
vitro modelling of invasion by some species. For instance, L3 H. bakeri larvae
burrow from the Gl lumen through the epithelium into the submucosa, where
they moult twice to reach adulthood; the adult parasites then transverse the
epithelium to emerge into the duodenal lumen (Camberis et al., 2003).
Therefore, apical delivery would be better suited to studies on invasion of L3
H. bakeri of the epithelium, while basal delivery of H. bakeri adult parasites

could mimic conditions for re-emerging into the lumen.

2-D organoid systems also enable the study of interactions between the mucus
layer and Gl nematodes. The mucus layer, or layers in the case of the caecum
and colon, overlays the epithelial cells and acts as a substantial physical
barrier that protects the epithelium from incoming luminal contents, microbiota
and pathogens (Bergstrom & Xia, 2022; Herbert et al., 2009). Gl nematodes
need to transverse the mucus layer(s) to reach the epithelial cells, but the
mechanisms used by the parasites are not well understood. On the other hand,
the mucus layer could provide uncharacterised cues for parasite egg hatching
and larvae invasion. Therefore, modelling the mucus barrier in an accessible
way is important for investigations of Gl nematode invasion. Studying these
processes in vivo is challenging due to the size of infective larvae and the lack
of protocols to generate stably labelling nematodes for in vivo imaging (Duque-
Correa, Goulding, Rodgers, Cormie, et al., 2022). For instance, in vivo studies
on mucus degradation by L1 T. muris larvae during invasion of the caecal
epithelium are impeded by the small ratio of larvae versus caecal epithelial
cells, which dilutes any effects the larvae have on the mucus layer. However,
using 2-D transwell caecaloid cultures in which higher numbers of L1 larvae to
a smaller surface area can be achieved, degradation of mucus during early
infection was detectable (Duque-Correa, Goulding, Rodgers, Cormie, et al.,
2022).

Page 58



Chapter 1
In vitro modelling of epithelial changes and immunomodulation during Gl

nematode infection

A major focus of Gl nematode research is on understanding the impact of
parasite ES products on the modulation of host tissues (Rick M. Maizels et al.,
2018). Research in this area has focussed on the effects these molecules on
immune cells. However, during Gl nematode infection there are significant
modifications of the host Gl epithelium that result either in parasite expulsion
or promote parasite persistence (Coakley & Harris, 2020). As detailed above,
there is also emerging data on mechanisms of regeneration of intestinal
epithelium following helminth infection and the long-term effects on ISCs is
unknown. Currently, little is known on the specific interactions and
mechanisms by which Gl nematodes and their ES molecules alter epithelial
cell proliferation and differentiation (Duque-Correa, Maizels, et al., 2020; Rick
M. Maizels et al., 2018).

Organoids are the perfect system to address these questions, but their use to
model host— parasite interactions requires careful consideration of epithelium
polarity. The apical and basolateral epithelium have different functions partly
defined by the differential localisation of proteins including receptors (Weisz &
Rodriguez-Boulan, 2009). Therefore, the accessibility to target receptors could
influence the detection of functional effects and should be considered in terms
of how parasites and their products are delivered when designing organoid
experiments. Unlike live nematodes, ES products can be delivered into the
organoid lumen via microinjection. For example, extracellular vesicles (EVs)
derived from T. muris, Ascaris suum and Nippostrongylus brasiliensis have
been successfully microinjected into traditional 3-D organoids (Chandra et al.,
2019; Duque-Correa, Schreibera, et al., 2020; Eichenberger, Ryan, et al.,
2018; Eichenberger, Talukder, et al., 2018). However, microinjection is
laborious, does not allow control over the volume/dose injected, and requires
specialised equipment and training (Duque-Correa, Maizels, et al., 2020). An

alternative approach to study ES products interactions with traditional 3-D
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organoids is to administer these molecules in the culture media in the hope
that functional molecules will diffuse through the BME and find their target cells
(Drurey et al.,, 2021; Faber et al., 2022). However, depending on the
localisation of the particular parasite life stage this method may not reflect in
vivo infection context. Apical-out organoids could facilitate the replication of
interactions of Gl nematodes with the apical epithelium and thus, may be used
in future studies (D. Smith et al., 2021).

Teasing apart the direct effects of the parasites on the epithelium from those
driven indirectly by host immune responses using in vivo models is difficult.
For instance, several Gl nematode infections induce goblet and tuft cell
hyperplasia with subsequent increases in mucus and alarmin production that
mediate parasite expulsion (Baska & Norbury, 2022; Coakley & Harris, 2020).
The goblet and tuft cell hyperplasia is a consequence of host production of the
cytokines interleukin (IL) 25, IL4 and IL13 in a feed-forward loop that is driven
by tuft cell sensing of nematode infection (Howitt et al., 2016; Luo et al., 2019;
Schneider et al., 2018; Von Moltke et al., 2016). In parallel, GI nematodes
immunomodulatory molecules may act to minimise these responses in order
to persist in their hosts. In vivo investigations on the mechanisms by which ES
products interfere with these processes are challenging. Conversely, the
reductionistic nature of organoid cultures enables the introduction of live
parasites, ES products and immune factors in a controlled manner, and thus
they allow the dissection of their individual effects on the Gl epithelium. For
example, the sole addition of adult H. bakeri ES products to the media of
traditional 3-D enteroids resulted in suppression of tuft cell differentiation
(Drurey et al., 2021). Surprisingly, this effect was observed when ES treatment
was given in combination with IL4 and IL13, indicating that H. bakeri ES
products counteracts the tuft cell hyperplasia driven by the immune response
to the parasite (A. H. Buck et al., 2014). However, because adult H. bakeri
parasites reside within the lumen of the small intestine and thus interact with

the apical surface of the epithelium, it is unclear how this co-culture approach

Page 60



Chapter 1
where the ES products are in contact with the basal membrane, reflects in vivo

interactions.

2-D organoids grown in semi-permeable membranes overcome the limitations
of 3-D organoids by allowing a more accurate modelling of the stimuli the
epithelial cells encounter during infection. This includes: 1) the controlled (dose
and volume) co-culture of nematodes or their ES products with the apical or
basal compartment that mimics the interactions of larval and adult stages with
the Gl epithelium, and 2) the stimulation with cytokines on the basal
compartment to replicate interactions with immune cells that can occur before

or after exposure to ES products.

To advance our understanding of how nematode ES interacts with the host
epithelium and the functional implications of these interactions on underlying
cells, it will be beneficial to introduce additional cell types such as immune and
stromal cells, or microbiota, alongside organoids (Duque-Correa, Maizels, et
al., 2020; Puschhof et al., 2021; Sasaki et al., 2020). Introducing immune
components to 2-D organoid cultures with controlled timings could be used to
model nematode-host interactions during either primary or secondary
infections, or to increase numbers of rare cell types of interest for experimental
purposes which are difficult to study in vivo due to low numbers. Similarly,
micro-engineered scaffold organoids can allow for the co-culture of multiple
cellular populations, but additionally have the potential to introduce
vascularisation, fluid-flow and better replicate in vivo architecture (Nikolaev et
al., 2020; Y. Wang, Gunasekara, et al., 2017). In the future these systems
could allow for better understanding of interactions between helminths and

their secretion products and the host epithelium.
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1.6 Thesis aims

As detailed in this chapter, the intestinal epithelium is a key tissue for the
detection of helminths, initiation of immune responses, and mediating effector
functions during infection. H. bakeri, like many helminths, is a master
manipulator of the host environment and achieves this by secreting bioactive
molecules that interact with the host. HES has been discovered to contain EVs
which cargo nucleic acids, proteins and lipids. Based on previous data (Buck
et al., 2014) | hypothesize that H. bakeri EVs modulate the host intestinal

epithelium.

To address our hypothesise | modelled the intestinal epithelium using 2-D
enteroids which allowed us to untangle helminth induced changes from those
driven by host factors (e.g., by cytokines) and allowed delivery of EVs to the
apical epithelium. A proportion of the thesis therefore focused on developing

methods for these studies (Aims 1&2):

1. Optimise H. bakeri EV preparation and labelling — this will allow for
tracking of EVs within 2-D enteroids (Chapter 3)

2. Develop a 2-D enteroids model that re-capitulates the intestinal
epithelium — this allows us to investigate this multicellular tissue in vitro
(Chapter 4)

After successful progress in aims 1&2 | then investigated whether H. bakeri
EVs modify the intestinal epithelium and characterised the host response to
EVs (Aims 3&4):

3. Determine whether H. bakeri EVs are taken up by 2-D enteroids cells
and whether specific subtypes are targeted (Chapter 5)

4. Define the host transcriptional response to H. bakeri EVs in 2-D
enteroids cultures, and by comparison to co-cultures of 2-D enteroids

with live parasites (Chapter 6)
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Chapter 2: Materials & Methods
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2.1 Cell culture medias

Complete DMEM
Dulbecco's Modified Eagle Media (DMEM) (Sigma-Aldrich)

5% FBS (Gibco)

2 mM L-glutamine (Gibco)

100 U/ml Penicillin/100 pg/ml Streptomycin (Gibco)

(For HEK293 STF cells supplement with 200 ug/ml G418 (Gibco)

Complete RPMI
Roswell Park Memorial Institute (RPMI) (Sigma-Aldrich)

5% FBS (Gibco)
2 mM L-glutamine (Gibco)
100 U/ml Penicillin/100 pg/ml Streptomycin (Gibco)

R-spondin basal growth and selection media

Dulbecco's Modified Eagle Media (DMEM) (Sigma-Aldrich)

5% FBS (Gibco)
2 mM L-glutamine (Gibco)
100 U/ml Penicillin/100 pg/ml Streptomycin (Gibco)

(For selection media supplement with 300 ug/mL of Zeocin)

L-Wnt-3a basal growth and selection media

Dulbecco’s Modified Eagle Media (DMEM) (Sigma-Aldrich)

5% FBS (Gibco)
2 mM L-glutamine (Gibco)
100 U/ml Penicillin/100 pg/ml Streptomycin (Gibco)
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(For selection media supplement with 125 pyg/mL of Zeocin)

Organoid base growth media

Advanced DMEM/F12 (Gibco)

2 mM L-glutamine (Gibco)

1x N2 supplement (Life Technologies)
1x B27 supplement (Life Technologies)
10 mM HEPES (Gibco)

Organoid isolation media — used for 1 week after crypts are retrieved from
in vivo tissue.

Organoid base media (see above) supplemented with
100 U/ml Penicillin/100 pg/ml Streptomycin (Gibco)
30% Wnt conditioned media — made in house

10% R-spondin conditioned media — made in house

1 mM N-acetylcysteine (NAC) (Merck)

50 ng/ml Recombinant Epidermal Growth Factor (EGF) (Thermo Fisher
Scientific)

100 ng/ml Recombinant mouse noggin (PeproTech)

10 uM Rho kinase inhibitor (ROCKi) (also known as Y-26732) (Sigma-
Aldrich)

For caecal organoids only, media was also supplemented 100 ng/ml
Human Recombinant Fibroblast Growth Factor 10 (FGF-10) (PeproTech,
100-26)
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Organoid expansion media — used for maintaining organoid lines after first
week of culture

Organoid base media supplemented with

30% Wnt conditioned media — made in house

10% R-spondin conditioned media — made in house
1 mM N-acetylcystiene (Merck)

50 ng/ml Recombinant Epidermal Growth Factor (EGF) (Thermo Fisher
Scientific)

100 ng/ml Recombinant mouse noggin (PeproTech)

For caecal organoids only, media was also supplemented with 100 ng/ml
Human Recombinant Fibroblast Growth Factor 10 (FGF-10) (PeproTech,
100-26)

Organoid stem cell enrichment media — used for 4 days prior to 2-D
enteroid seeding and during 2-D enteroid culture

Organoid base media supplemented with
10 uM CHIR99021 (Cayman chemicals)
10% R-spondin conditioned media

1 mM N-acetylcystiene (Merck)

50 ng/ml Recombinant Epidermal Growth Factor (EGF) (Thermo Fisher
Scientific)

100 ng/ml Recombinant mouse noggin (PeproTech)

10 uM Rho kinase inhibitor (ROCKi) (also known as Y-26732) (Sigma-
Aldrich)

Caecaloid differentiation media 1

Organoid expansion media (above) supplemented with 10% vol/vol Wnt
conditioned media
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Caecaloid differentiation media 2

Organoid expansion media (above) supplemented with 2.5% vol/vol Wnt
conditioned media

2.2 Buffer solutions

FACs buffer

Phosphate buffered saline (PBS) (Sigma-Aldrich)
0.1% Bovine serum albumin (BSA) (Fisher Bioreagents)

0.1% Sodium azide (NaNs3) (Sigma-Aldrich)

Sorting buffer

Phosphate buffered saline (PBS) (Sigma-Aldrich)
*0.1% Bovine serum albumin (BSA) (Fisher Bioreagents)

*For experiments that were sorted for the purpose of single cell sequencing
BSA was reduced to 0.04%

Microscopy buffers

Paraformaldehyde (PFA) 4%

16% Paraformaldehyde (Pierce) diluted in PBS to 4%

Permeabilisation & block buffer — for 2-D enteroids & MODE-K cells

Phosphate buffered saline (PBS) (Sigma-Aldrich)
5% Fetal bovine serum (FBS) (Gibco)
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0.2% Triton X (Sigma, x100-500mls)

Diluent — for 2-D enteroids & MODE-K cells

Phosphate buffered saline (PBS) (Sigma-Aldrich)
5% Fetal bovine serum (FBS) (Gibco)
0.25% Triton X (Sigma)

Permeabilisation buffer — for tissue sections

Tris buffered saline (TBS) (made in house and autoclave sterilised)

0.1% Triton X (Sigma, x100-500mls)

Block buffer — for tissue sections

Tris buffered saline (TBS) (made in house and autoclave sterilised)

5% Bovine serum albumin (BSA) (Fisher BioReagents)

Diluent — for tissue sections

Tris buffered saline (TBS) (made in house and autoclave sterilised)

Silver stain buffers

Fixation buffer

100 ml 100% Ethanol
25 ml Acetic acid (Scientific Laboratory Supplies)
125 ml dH20

Sensitisation buffer

Page 68



Chapter 2
17 g Sodium acetate (Merck)

10 ml Sodium thiosulfate (Sigma)
75 ml 100% Ethanol
Make up to 250 ml with dH20

Silver stain buffer

25 ml of 2.5% (w/v) Silver nitrate solution (Fisher Scientific)

225 ml of dH20

Developing buffer

6.25 g Sodium carbonate (Sigma)
50 ul Formaldehyde (37%) (Pierce)
Make up to 250 ml in dH20

Gel electrophoresis and western blot buffers

NuPAGE MOPS SDS buffer

50 ml 20x NuPAGE MOPS SDS buffer (Thermo Fisher Scientific)

9950 ml dH20

2.3 Cell culture

2.3.1 R-spondin conditioned media

To generate R-spondin conditioned media HA-R-spondin-1-Fc 293T cells (R-
SPO1) (Amsbio) were first cultured for at least 5 days in R-spondin selection

growth media containing Zeocin. Cells were passaged using trypsin-EDTA
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0.25% (Thermo Fisher, C-25200072) and cultured for 10 days in R-spondin
basal growth media at 37°C 5% CO?. Conditioned media was then collected
after 10 days and centrifuged (Beckman Coulter) at 3000 rpm at 4°C for 15
min. Conditioned media was filtered through a 0.22 ym PES membrane filter
bottle (VWR, 514-0332). R-spondin conditioned media was aliquoted and
stored at -70°C.

2.3.2 L-Wnt3a conditioned media

L-Wnt3a cells were gifted from Hans Clevers Laboratory. L-Wnt3a cells were
cultured in L-Wnt3a selection media containing 125 ug/mL of Zeocin for at
least 4 days and then passaged using TrypLE™ Express Enzyme (Thermo
Fisher Scientific, 12605010). To generate L-Wnt3a conditioned media, cells
were then cultured in L-Wnt3a growth media for 7 days. Conditioned media
was collected and centrifuged for 5 min at 1500rpm at 4°C (Beckman Coulter)
and filtered through a 0.22 ym PES membrane filter bottle (VWR, 514-0332).

L-Wnt3a conditioned media was stored at 4°C.

2.4 Organoid culture

2.41 3-D Organoid Isolation

Mice were sacrificed, for small intestinal organoids the entire small intestine
was dissected by cutting at junction of the stomach pylorus and duodenum,
and at the ileocecal junction. For duodenal organoid lines only the first 2 inch
distal to the stomach pylorus junction was dissected. Intestine sections were
flushed gently with sterile PBS using a 1ml pipette to remove contents and
opened longitudinally. Intestinal tissue was washed serially in a 6 well plate
containing sterile PBS to further remove intestinal contents and mucus.
Samples were processed from this point in a sterile TC hood on ice. Tissue

sections were cut into approx. 2 mm sections and placed in a 50 ml falcon of
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sterile ice-cold PBS. Washes were performed by pipetting up and down using
a pre-wetted 10 ml serological pipette. Intestinal pieces were left to settle by
gravity on ice, and the supernatant containing mucus and luminal contents was
removed. Washes were repeated 10-15 times until the supernatant remained
clear after washing. Intestinal pieces were collected by centrifugation at 600
rom for 3 min at 4°C. Tissue pieces were digested in 25 ml of gentle cell
dissociation media (Stem Cell Research, 7174) and incubated on a rocker for
15 min at RT. Tissue pieces were allowed to settle by gravity on ice and
dissociation media was removed. Using a pre-wetted serological pipette tissue
pieces were washed with PBS + 0.1% BSA (Fisher Bioreagents, BP9700-100)
by pipetting 3 times, at this point crypts are dissociated and therefore come off
with the washes. Tissue was allowed to settle by gravity and then the wash
was removed and filtered through a 70 uym cell strainer (Thermo Fisher
Scientific, 11597522). Washes were repeated a total of 4 times to collect 4
sequential fractions. The number of crypts in each fraction was then
enumerated. The fraction(s) enriched for intestinal crypts were then
centrifuged at 1200 rpm for 3 min at 4°C. Crypts were re-suspended in
Matrigel® at ~50crypts/100 ul Matrigel (Corning, 35623). Crypts suspended in
Matrigel® were then plated in ~50 ul domes in a 6-well cell culture plate
(Corning) and incubated at 37°C 5% CO, for 10 min for Matrigel® to solidify.
After which, 2.5 ml of pre-warmed organoid isolation media was added per well
and incubated at 37°C 5% CO>. Organoid isolation media was replaced every
second day thereafter until the organoid appearance suggested that passage

was required (~ 1 week).

Caecal organoids were established by Maria Duque Correa at the Wellcome
Sanger Institute using published methods and gifted for use in this thesis

(Duque-Correa, Schreibera, et al., 2020).

2.4.2 3-D Organoid maintenance
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Organoid cultures were kept in isolation media until the first passage (~ 1
week) and then maintained indefinitely in organoid expansion media.
Organoids were maintained in 2.5 ml of media that was replenished every
second day, or in 3 mL of media over a weekend. Organoids were passaged
~5-7 days depending on the speed of growth. To passage organoids, all steps
are performed on ice to prevent Matrigel® from solidifying. Organoid containing
Matrigel® patties were detached from the culture plate using a cell scraper.
Using a p1000 organoid containing Matrigel® was gently broken up by pipetting
3-5 times and collected into a pre-chilled 15 ml Falcon tube (Sarstedt,
62554502). Suspended organoids were washed in ~10 ml of ice-cold PBS, and
then centrifuged at 2000 x g for 2 min and then the wash was aspirated to
remove dead cells, debris and Matrigel®. Organoids were re-suspended in 1
ml of ice-cold Cell Recovery Solution (Corning, 354253) and incubated on ice
for 40 min to dissolve remaining Matrigel® and release organoids. 1 mL of
organoid base media was added to stop dissociation, and the material was
centrifuged at 2000 rpm for 2 min at 4°C. The supernatant was aspirated, and
the organoid pellet were re-suspended in 200 pl of organoid base growth
media and broken into small cell clusters using a pipette set at 150 ul and
pipetting ~200 times until there are no visible intact organoids. 2 ml of organoid
base media was added, and organoid cells pelleted by centrifuge at 1500 rpm
for 5 min at 4°C. Organoid pellets were re-suspended in an appropriate volume
of Matrigel® for a 1/3 - 1/6 split. Organoid cells suspended in Matrigel were
seeded in patties into a 6 well plate and allowed to solidify and at 37°C 5%
CO2for 10 min before adding 2.5 ml of organoid growth media to the well and
incubated at 37°C 5% CO2.

2.4.3 2-D Transwell organoid cultures

In Chapter 4 of this thesis, | optimise the growth of 2-D enteroids and trial

various alterations to the culture conditions. Here | detail the methods that were
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successful and implemented for subsequent experimentations in Chapter 5 &
6.

In order to enrich for stem cells, enteroids or caecaloids were grown for 4 days
in stem cell enrichment media, or caecal differentiation media respectively,
prior to seeding into 2-D cultures. For Collagen coated Transwell™ surfaces,
12 mm Snapwell™ cell culture inserts with 0.4 um pores (1x108 pore/cm?)
(Corning, 3407) were coated with Collagen | rat tail (Life Technologies,
A10483-01) diluted in 0.2 M acetic acid (Scientific Laboratory Supplies,
CHE1014) at a final concentration of 50 mg/ml and incubated at RT for 1hr
prior to seeding. Collagen was then aspirated, and the transwell surface
washed 3x with 500 pl of PBS at RT. The final wash was left on until cells ready
to be seeded. For Matrigel® coated Transwell™ surfaces, Transwell™ were
coated with a ‘thin’ layer of Matrigel (Corning, 35623) as described by Liu et
al, 2018. In brief, Matrigel® was diluted at a ratio of 1:50 diluted in PBS and
incubated on the Transwell™ surface for 1hr at 37°C prior to aspirating the
excess volume (Y. Liu et al., 2018). While Transwell™ surface coating was
incubating, 3-D organoids were digested into single cell suspensions and all
steps completed on ice and all washes were ice-cold unless specified. Matrigel
patties containing 3-D organoids were detached from the plate surface using
a cell scraper and gently broken up using a p1000 to pipette 3-5 times, these
were then transferred to 15 ml falcon tubes. Organoids were washed with 5 ml
ice cold PBS and centrifuged at 2000 rpm for 2 min at 4°C. Supernatant was
aspirated, and organoid containing pellet was re-suspended in 1 ml PBS using
a p1000, then made up to a volume of 10ml with PBS. Organoids were allowed
to settle by gravity for 10 min on ice. Supernatant was aspirated to the 1 ml
mark, and organoids re-suspended using a p1000 before 9 ml of PBS was
added for a total volume of 10 ml and centrifuged at 2000 rpm for 2 min at 4°C.
The supernatant was aspirated, and organoids were re-suspended in 3-5 ml
of TrypLE™ Express Enzyme (Gibco, 12605010) (3 ml for 1 well — 5 ml for 3
wells) and incubated 37°C for 3-5 min to dissociate 3-D organoids into a single
cell suspension. Suspensions were vortexed briefly to assist dissociation and

checked under the microscope for complete dissociation of cell clusters aiming
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for a mostly single cell suspension. Dissociation was stopped by adding 6 ml
of organoid base growth media. Single cells were then centrifuged at 1,500
rom for 5 min at RT. Cell pellets were re-suspended in 1 ml organoid base
growth media and cells counted. Cell concentration was then adjusted to
1x108/ml and 200 ul seeded into apical side of the pre-coated Transwell™
surface (200,000 cells/well). 4 ml of stem cell enrichment media, or caecal
expansion media was added to the basal compartment of the Transwell™ for
enteroids and caecaloids respectively. 2-D organoids were incubated at 37°C
5% COo..

On day 1 after seeding the apical media containing dead cells that failed to
adhere or proliferate was aspirated and replaced with 200 ul of warm base
growth media. Apical media was replaced every second day onwards, on day
5 of culture this was reduced to 50 ul volume. On day 2 after seeding the basal
media was aspirated and replaced, and this was repeated every second day
thereafter. At day 4 the basal media was reduced from 4 ml to 2 ml for
remainder of the culture. For enteroids, stem cell enrichment media was used
throughout culture as enteroids demonstrated ability to differentiate even in
presence of stem cell enrichment media (detailed further in Chapter 4). For
caecaloid experiments | followed published protocols for lowering Wnt CM
concentrations to induce differentiation (Duque-Correa, Goulding, Rodgers,
Gillis, et al., 2022). In brief, on day 2 post seeding basal media was changed
to caecaloid differentiation media 1 (10% Wnt CM), and again on day 4 to
(2.5% Wnt CM) for the remainder of culture. For some experiments during the
optimisation of this protocol the media composition during culture was

modified, where relevant this is described in the text.

2.5 H. bakeri lifecycle and HES production

CBA x C57/BL6 F1 male mice received 200 L3 larvae by oral gavage. At day
14 post infection (p.i.) mice were sacrificed and adult H. bakeri worms were

collected from the intestine and washed following methods previously
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described methods by Camberis et al before culturing in serum free RPMI 1640
at 37°C (Camberis et al., 2003). After the first 24 hr in culture the media was
removed and replaced as it may contain contaminants or secreted material
from the host (referred to as Day 0 HES). The culture containing H. bakeri
excretory/secretory products (HES) was then collected every 3-4 days for a
total of 2 weeks. Worms are assessed by eye under dissection microscope for
changes to motility and colour changes from rust coloured to grey, which is
indicative of non-viable parasites. For studies of H. bakeri EV function, only
HES collected in the first week of culture was used. HES was centrifuged at
1,200 rpm for 5 min to pellet eggs, the supernatant was collected and filtered
using a 0.2 ym syringe filter (Merck, SLGPO33RS). HES was stored at -20°C
until time of use. For experimental use HES was concentrated to 0.5-1.0 ml
using a 5 kDa MWCO Vivaspin columns (GE Healthcare, 10646375)
centrifuged at 4000 x g, if this was to use for EV isolation it was concentrated
to <12.5 ml for UC isolation and ~ 1 ml for SEC isolation. If HES was to be
used as total HES then it was PBS exchanged twice (total PBS volume 40 ml),

concentrated to ~ 1 ml and stored at -80°C.

2.6 EV separation, concentration & quality control

2.6.1 EV separation & concentration by ultracentrifugation

EVs were separated from HES, for some experiment’s large volumes of HES
were pooled (50-100 ml) for EV separation and in these instances the HES
was first concentrated to <12.5 ml before ultracentrifugation. EVs were
separated by ultracentrifugation using a SW40 rotor (Beckman Coulter) and
polypropylene tubes (Beckman Coulter, 331374) and centrifuged at 100,000 x
g for 70-90 min at 4°C. The supernatant was collected, referred to as “EV-
depleted HES” and concentrated in 5 kDa MWCO Vivaspin columns (GE
Healthcare, 10646375). The pelleted EVs were washed with sterile 0.22 ym
filtered PBS at 100,000 x g for 70-90 min at 4°C for a total of 2 washes. PBS
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was then aspirated and the EV pellet was re-suspended in ~100-200ul of
sterile 0.22 um filtered PBS, and transferred to protein LoBind tubes
(Eppendorf, 0030108094) to generate a highly concentrated EV preparation.
Protein concentrations were determined by Qubit. EV preparation that were to
be used within 1 week of preparation they were stored at 4°C, otherwise they
were stored at -70; more than one freeze thaw cycle of a given preparation

was avoided.

2.6.2 EV separation & concentration by Sepharose size exclusion
column
Single use Sepharose (CL-2B) size exclusion columns were made in house in
a sterile filtration hood using PD10 columns (Sigma-Aldrich, 17-0435-01). A
glass filter was placed at the base of a PD10 column and a PD10 column
reservoir (Sigma-Aldrich, 18-3216-03) was attached. Sepharose (CL-2B) was
then mixed by inversion and poured into a column to a final height of 7 cm.
Once Sepharose settled, 25 ml of HBSS with Ca?* Mg?* was added to the
column reservoir and allowed to drip through to remove ethanol. A second
glass filter was then placed at the top of the Sepharose bed, 1 ml of PBS was
added to keep column saturated and the column was capped. Columns were

kept sterile in a 50 ml falcon at 4°C until use.

EVs were separated/concentrated either directly from concentrated HES (1
ml), as a secondary separation/concentration method following UC
purification, or to clean up EVs after fluorescent labelling. Prior to the use,
columns were equilibrated by adding 25 ml HBSS with Ca?* Mg?* (Thermo
Fisher Scientific, 14025092) using a PD10 column reservoir and allowing this
to run through the column. 1 ml of EVs or HES was then added to the glass
filter of a fresh SEC and a 1 ml fractions collected (representing fractions 1&2),
followed by 1 ml of HBSS with Ca?* Mg? collected as fraction 3&4, a final 0.5
ml of HBSS with Ca?* Mg? was added and collected as fraction 5 for a total
void volume of 2.5 ml. HBSS with Ca?* Mg? was then added 0.5 ml at a time

and 0.5 ml fractions collected. This was repeating using 0.5 ml for fraction 6-
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30 for a total volume of 12 ml of non-vesicular protein containing fractions. For
some experiments, fraction 7 was combined with EV fractions. For EV
depleted HES purified by SEC fractions 8-30 were pooled in equal volume and

concentrated.

2.6.3 Qubit
Protein quantification of EV preparations was performed using the Qubit
protein assay kit (Thermo Fisher Scientific, Q33211) with 3-10 ul of neat EV

preparation and measured using Qubit 3.0 Fluorometer.

2.6.4 Zetaview® size quantification and concentration

The Zetaview® TWIN (Particle Metrix) was used to measure particle
concentration and size in EV preparations as well as labelling efficiency of
fluorescent dyes. After initialisation of the machine the flow cell was rinsed with
0.2 pym filtered dH20 and the cell quality checked before loading with 100 nm
polystyrene alignment beads (Applied Microspheres, Netherlands) at a dilution
of 1:250,000. Using scatter mode on the 488 laser autoalignment was
performed using these diluted beads and then focus optimised. Once the
Zetaview® passed the autoalignment and autosymetry the polystyrene beds
were measured to ensure machine performance. Prior to measurement the
flow cell was rinsed with appropriate buffer such as 0.2 ym filtered PBS or
HBSS with Ca?* Mg?* depending on which the sample was eluted in. Samples
were diluted until the number of visible particles on the Zetaview® was within
the acceptable range and the concentration and size of particles was
measured using scatter mode with the standardised settings of sensitivity —
85, shutter - , and 3 repeated measurement of 11 different positions were taken

ensuring >1000 particles were tracked.

For fluorescent measurements, the laser (488 nm or 640/660 nm) was
selected as well as the appropriate filter. Optimisation of the focus was then

performed using standardised DR660 fluorescent standard beads (Zetaview®
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user guide) and a measurement of the beads was taken. Fluorescently labelled
EVs were then loaded into the cell and measurements performed using
standardised settings of sensitivity = 95 , trace length = 7, and shutter = 100-
150, with low bleaching mode selected. For determining labelling efficiency,
the same EV sample was measured both in scatter mode and in fluorescent
mode, however depending on the label efficiency some samples had to be
measured using different dilutions for scatter and fluorescence due to the

range of the machine.

2.6.5 Silver stain

1-5 ug of EV, EV-depleted HES or HES sample was heat inactivated at 70 for
10 min in 1x LDS sample buffer. Gel electrophoresis was performed on
samples using NUPAGE SDS-PAGE gel system (Thermo Fisher Scientific)
and SDS MOPS buffer. All silver stain steps were performed on a rocker. Gels
were fixed in fixation buffer for 2-3 h. Fixation buffer was removed and replaced
with sensitisation buffer for 30 min. The gel was then washed in dH20 5 min for
a total of 3 washes. Silver stain buffer was added to the gel for 20 min covered
from light. Gels were then washed twice in dH20 for 1 min. The developing
solution was added for 2-15 min and watched for the development of bands.
Developing solution was removed and stopping solution added for 10 min once
bands became visible (~ 8 -12 min) and gels imaged using the ChemiDoc gel

imager (Bio-Rad).

2.6.6 Cryogenic Electron Microscopy (cryoEM)

EVs were prepared for cryoEM by Martin Singleton at the Centre Optical
Instrument Laboratory (COIL) at the Wellcome Centre for Cell Biology,
Edinburgh. EV samples were prepared by vitrification on lacey carbon grids
(TAAB) detailed elsewhere (Dobro et al., 2010). In brief, grids were glow-

discharged for 90 s at 25 mA using a Pelco EasiGlow and used immediately.
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Vitrification was carried out at 4 °C, 100% humidity with no wait time. Sample
was applied to the grids at approximately 0.1 — 0.2 ug/ul protein concentration

and blotted for 4-5 s before plunging into liquid ethane.

Grids were examined using a Tecnai F20 microscope operating at 200 kV and
Gatan Rio CMOS detector. Grids were held in a Gatan 626 cryoholder and
imaged under low-dose conditions. Typically, final images were collected at a
nominal magnification of 19,000x (3.2 A/pixel) with a total accumulated dose
of ~ 50 e-/A and -4 to -6 pym defocus. Images were processed and

quantification performed using FIJI Imaged.

2.7 Fluorescent labelling of H. bakeri EVs
2.7.1 TFP ester labelling (AF488) & NHS ester labelling (AF647)

Accessible amines on EV transmembrane proteins were labelled using a
tetrafluorophenyl (TFP) ester in AF488 (Thermo Fisher Scientific, A37570) or
using an NHS ester/succinimidyl ester in AF647 (Thermo Fisher Scientific,
A37573). For either dye reaction, EV preparations were diluted for a 1 ml
labelling reaction in PBS containing 100 ul of 1M sodium bicarbonate pH 8.3
and 10 pg of TFP-AF488. Reactions were incubated for 1hr at room
temperature on a spinning wheel covered from light. After labelling, excess dye

was removed by SEC purification.

2.7.2 Memglow™ labelling

Labelling of the bilipid membrane of EVs in PBS was achieved by adding
Memglow™ 660 fluorogenic membrane probe to a final concentration of 200-
400 nM in 100-200 pl total volume and incubating for 30 min at RT covered
from light.

2.8 EV uptake assays
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2.8.1 MODE-K

For flow cytometry uptake experiments 5x10* MODE-K cells were seeded into
24 well cell culture plates and grown overnight at 37°C 5% CO2. For
microscopy uptake experiments 5x10* MODE-k cells were seeded into cell
culture treated 8 well y-slide (ibidi®, IB-81816) and grown overnight at 37°C
5% CO2. After 24 h, MODE-k cells for flow cytometry or microscopy were
treated with 1-5 pg EVs/well, depending on the experiment, equating to
>10,000 EVs/cell. Cells were cultured with H. bakeri EVs for 16-24 h before

harvesting for flow cytometry, or fixation and analysis by microscopy.

2.8.2 2.D Enteroids

2-D enteroids were grown as described in Section 2.4.3 of this thesis for 3
days. On day 3 the apical media was aspirated, and the apical surface was
washed with 200 ul of warm PBS. 20 pg/ml of EVs was then given per transwell
diluted in organoid base growth media containing 100 ug/ml Primocin™

(Invivogen, ant-pm-05).

2.9 Microscopy

For both MODE-k cells and 2-D enteroid cells media was aspirated, and a PBS
wash was performed prior to fixing with 4% PFA for 20 min at 4°C. If samples
were treated with fluorescently labelled EVs they were covered from light
throughout microscopy preparation. Samples were then washed 3x with PBS
for 5 min per wash at RT to remove PFA. Samples were blocked using
permeabilisation block buffer in Section 2.2 of this thesis for 1 hr at RT.
Permeabilisation block buffer was removed and primary antibodies were then
diluted in diluent to specific concentrations detailed in Table 2.1 and added
incubated with samples overnight at 4°C (Table 2.1). The following day

antibodies were removed, and samples were washed three times (Diluent, 5
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min, 200 pl). Any secondary antibodies, DAPI and Phalloidin were added for
1hr at RT covered from light (Table 2.1). After which, secondary antibodies
were removed by washing 3 times (Diluent, 5 min, 200 ul). For imaging,
MODE-K cells 200 pl of ibidi Mounting Medium (ibidi, 50001) was added onto
the sample prior to imaging. For 2.D enteroids, all PBS was removed and the
membrane carefully excised using a scalpel, the Transwell™ membrane was
then placed apical side face up on a clean glass microscopy slide and 200 pl
of Prolong Gold Antifade Mountant (Thermo Fisher Scientific, P36930)
pipetted on top, a glass coverslip was then used to mount the slide. Samples
were left at RT overnight for prolong gold to cure and sealed with clear nail
varnish the following day prior to imaging. Imaging was performed using the
Zeiss LSM980 Airyscan 2, or the Zeiss LSM880 Airyscan microscope at the
Centre Optical Instrument Laboratory (COIL) at the Wellcome Centre for Cell
Biology, Edinburgh.
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Table 2.1: Reagents for immunofluorescence microscopy

Reagent Host Dilution Supplier Clone Purpose
Antibodies
Anti-Lysozyme 1 Rabbit  1:40 DAKO Polyclonal  Binds lysozyme 1
(A0099) expressed by Paneth
cells
Anti-DCAMKLA1 Rabbit  1:200 Abcam Polyclonal  Binds doublecortin like
(Dckl1) (ab31704) kinase 1 expressed by
tuft cells
Anti-Villin Rabbit  1:100 Abcam SP145 Binds villin expressed in
(ab130751) microvilli, primarily
expressed by
enterocytes
Anti- Rabbit  1:50 Abcam Polyclonal  Binds chromogranin A
Chromogranin A (ab15160) expressed by
enteroendocrine cells
Anti-ki67 Rabbit  1:250 Abcam SP6 Binda ki67 expressed in
(ab16667) proliferating cells
including stem cell and
TA cells
Anti-EV sera Rat 1:400 In house Polyclonal Polyclonal sera raised
against H. bakeri EVs
4’ ,6-diamidino-2- N/A 1:1000 Invitrogen N/A Counter stain for A-T rich
phenylindole (D1306) regions of DNA
(DAPI)
Secondary antibodies
Anti-Rat IgG2a Mouse 1:1000 Biolegend MRG2a- Secondary antibody used
AF647 (407511) 83 to detect primary binding
Anti-Rabbit AF594 1:1000 Biolegend 6B9G9 Secondary antibody
(410407)
Counterstains
Sambucus Nigra N/A 1:50 Vector N/A Binds sialic acid in mucus
Lectin FITC (SNA) laboratories on goblet cells
(FL-1301)
Ulex europaeus N/A 1:1000 Sigma-Aldrich  N/A Binds a-L-fucose in
agglutinin FITC (19337) mucus on goblet cells
(UEA)
Phallodin iFluor N/A 1:2000 Abcam N/A Binds F-actin to visualise
AF594 (ab176757) cell borders
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2.10 Harvesting 2-D transwell organoids for flow cytometry

For flow cytometry of 2-D transwell organoids, EV treatment was the same as
for microscopy. For harvesting the cells, the apical media of 2-D transwell
organoids containing EVs was aspirated, and 3x washes with warm PBS were
performed to remove dead cells, mucus and debris. To dissociate cells, 500 pl
of pre-warmed Trypsin 0.25% EDTA (Thermo Fisher Scientific, 25200056)
containing 10 yM ROCKIi was added to the apical surface and 2 ml added to
the basal side and incubated at 37°C. Dissociation was monitored and assisted
by rinsing the apical transwell surface with a p1000 set to 400 ul every 10 min;
the suspended cells were then immediately collected into a falcon containing
DMEM-F12 (10% FBS, 10 uM ROCK:Ii) on ice, and apical transwell surface
replaced with fresh Trypsin. Once adequately dissociated from the membrane
(~ 30 min) suspensions were transferred to a falcon tube containing DMEM-
F12 10%FBS, 10 uM ROCKIi and centrifuged at 200 x g for 4 min at RT to
pellet cells. The cell pellet was when re-suspended and washed in 10 ml of
base growth media containing 10 uM ROCK:i for a total of 3 washes. At this
stage large cell clusters are still present, using wide bore tips the cells were
then re-suspended in 1-2 ml of pre-warmed TrypLE™ Express Enzyme
containing 10 yM ROCKi, 1 mM NAC and 10 pg/ml DNase (STEMCELL
Technologies, 7469) and incubated at 37°C for 3-5 min, once mostly single
cells are present the reaction was stopped by adding 10 ml of base growth
media containing 10 uM ROCKI. Single cells were pelleted by centrifugation at
300 x g 5 min at 4°C. Cell pellets were then re-suspended in 1-2 ml of DMEM-
F12 10% FBS, 10 yM ROCK:I using wide bore tips and filtered using a 40 um
cell strainer. Cells were then counted if necessary, centrifuged to pellet and re-
suspended in 100 pl of PBS or an adequate volume for downstream use. For
flow cytometry analysis the cells were plated in a 96-well plate (Corning) for
staining. Plate containing cells were then centrifuged at 300 x g for 5 mins and
washed with 100 ul of PBS. In order to differentiate live cells from dead cells,

samples were stained in 10l of live/dead Aqua (Thermo Fisher Scientific,
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L34957) at a 1:1000 dilution in PBS for 10 mins covered from light at RT. Cells
were washed in FACs buffer twice before re-suspending in 200 pl FACs or
Sorting buffer. Samples were acquired using the MacsQuant flow cytometer

(Miltenyi Biotec) or the LSR |l flow cytometer (BD Biosciences).

2.11 Fluorescence-activated cell sorting (FACS)

For sorting organoid cells methods from section 2.10 were followed with the
use of sorting buffer in place of FACs buffer. Sorting was performed using the
FACS Aria (BD Biosciences) operated by Martin Waterfall at the Institute of
Infection and Immunology Research (IlIR) Flow Cytometry Core Facility. For

scRNA seq cells were sorted at 4 °C using a 70 um nozzle at 60 psi.

2.12 RNA methods

2.12.1 RNA extraction

Prior to RNA extraction, the apical membrane 2-D transwell organoids were
washed with warm PBS to reduce mucus and dead cells. Cells were then lysed
on the membrane using 350 pl of RTL lysis buffer (Qiagen, 79216) with 1:10
B-mercaptaethanol. Lysate was transferred to a DNase/RNase free LoBind
tubes (Eppendorf, E0030108094) and RNA extracted using RNeasy micro kit
(Qiagen, 74004) following manufacturer’s instructions, including the on column
DNase step. RNA was eluted using 14 ul of RNase free H20 , for 2-D enteroid

samples RNA was eluted twice for a total volume of 28 pl.

2.12.2 Reverse transcription and quantitative PCR

Cellular RNA was reverse transcribed into cDNA using the miScript Il RT kit
(Qiagen, 218161) using 2 ul of 5x HiFlex buffer, 1 yl of 10x nucleics mix, 1 pl
reverse transcriptase mix per reaction along with RNA diluted in RNase free

H20 to a final volume of 10 pl. For sorted cells, or 2-D transwell organoids 100-
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200 ng of input RNA was used for RT reactions. RT reaction was performed at
37°C for 1 hr, followed by 5 min at 95°C to deactivate RT enzymes. cDNA was

stored at -20°C until use.

Subsequent cDNA was diluted 1:10 in RNase H20 for use in quantitative PCR
(qPCR). gqPCR was performed in duplicate using miScript SYBR green kit
(Qiagen, 218075). Each reaction contained 0.7 pl forward primer, 0.7 pl
reverse primer, 5 yl 2x QuantiTect SYBR green PCR master mix, 2.6 pl of H20,
and 1 pyl of pre-diluted template cDNA for a final volume of 10 ul.
Oligonucleotide primer sequences are details in Table 2.2. qPCR cycle
conditions were, 94°C for 5 min pre-denaturation followed by 45 cycles of 10
s at 95°C for denaturation, 60°C for 10 s for primer annealing, 10 s at 72°C for
elongation. Nuclease free H20 was used as in non-template control for each

primer set.
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Target F/R Primer sequence PrimerBank
ID/source
Lgr5 F CCTACTCGAAGACTTACCCAGT 67538424
R  GCATTGGGGTGAATGATAGCA
Muc2 F ATGCCCACCTCCTCAAAGAC
R  GTAGTTTCCGTTGGAACAGTGAA
Chga F ATCCTCTCTATCCTGCGACAC
R  GGGCTCTGGTTCTCAAACACT 6680932a1
Lyz1 F GAGACCGAAGCACCGACTATG
R  CGGTTTTGACATTGTGTTCGC 7305247af
Dckl1 F TCCACCGGAATTGAACTCGG
R  GGGAGCGAACAGTCTCAGA 26328245a1
Pou2f3 F CTGGAACAGTAACGTCATCCTG 388914af
R  AGTTCATTGCTGCTTTGGAGTT
Mucl3 F GGAGGCAGGTGCTAACACATT 2049972311
R CCTGAGTAAGAGGGAGTAAGTGA
Olfm4 F CAGCCACTTTCCAATTTCACTG £1892419¢1
R GCTGGACATACTCCTTCACCTTA
Sst F ACCGGGAAACAGGAACTGG
R  TTGCTGGGTTCGAGTTGGC 6678035a1
Ghrl F GAAGCCACCAGCTAAACTGCAG Origene
R CTGACAGCTTGATGCCAACATCG (MP205441)
Pigr F CCGGCACACCCGGAAATAC
R  TGCCTGAATACTCCTTGGAGA 255759935¢3
Actb F GGCACCACACCTTCTACAATG
R GGGGTGTTGAAGGTCTCAAAC
GAPDH F CATGGCCTTCCGTGTTCCTA
R GCGGCACGTCAGATCCA
Spib F GGGGGCCTTGACTCTA (de Lau et al.,
R CTCTGGGGGGTACACC 2012)
Gp2 F CCTGCGTTCTGACACTG (de Lau et al.,
R GCCGTGCAGGTTATCA 2012)
Rank F ATGCGAACCAGGAAAGT (de Lau et al,
R TGCCTGCATCACAGACT 2012)
AnnexinV F AGGGCTGATGCAGAAGT (de Lau et al.,
R TCCCTGCCAAACACAG 2012)
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2.13 Sequencing methods

2.13.1 10x Chromium scRNA-seq

Single cell RNA sequencing (scRNA seq) was performed on 2-D organoids
treated with H. bakeri ES products to determine cell type specific differential
gene expression. were harvested as per protocol in section 2.10 of this thesis.
All 10x Chromium scRNA seq GEM generation and library preparation was
performed by Susan Campbell and Elisabeth Freyer at the FACS facility in the
Institute of Genetics and Cancer (IGC) at the University of Edinburgh. In brief,
prior to performing scRNA seq, samples were enriched for live single cells by
sorting live cells based on live/dead Aqua staining as detailed above. After
sorting, cells were spun down and re-counted using a haemocytometer as the
cytometer can overestimate numbers. The Chromium Next GEM chip G was
then loaded with ~30,000 cells per sample (targeted 10,000 cell recovery) at
1000 cells/pl for Gel bead-in-emersion (GEM) generation which was performed
following the reagents and manufacturer’s instructions from Chromium Next
GEM Single cell 3’ Kit v3.1 (10x user guide). The subsequent steps of
barcoding, RT, Post-GEM RT clean up, cDNA amplification and library
construction were performed following the manufacturer’s instructions (10x
user guide) and are summarised in Figure 2.1. After library construction the
quality of each sample was assessed using Aligent High Sensitivity DNA kit
(Aligent, 5067-4626) on the Aligent 2100 Bioanlayzer. Sequencing of scRNA
seq libraries were sequenced by the Genetics Core at the Edinburgh Wellcome
Trust Clinical Research Facility (WTCRF) using the NextSeq 2000 P3 v3 for
100 cycles.
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Figure 2.1 | Schematic of steps for generation of libraries using Chromium Next GEM Single cell
3’ Kit v3.1. Figure adapted from the 10x user guide. Gel bead in emulsion (GEMs) contain attached
TruSeq1 read followed by 10x barcode and the Unique Molecular Identifier (UMI) which will allow for
computational identification of the single cellular identity of each read, and then a Poly(dT)VN sequence
to allow for capture of polyadenylated mRNA. Single cell suspension is then mixed with GEMs on the
chromium chip to allow for single cells to merge with a single bead. Reverse transcription, template
switching, and extension occurs followed by cDNA amplification. Enzymatic fragmentation occurs and
TruSeq Read 2 is added before addition of a sample index (this is unique for each condition e.g. mock,
EV and EVdepHES to allow for computational sample identification). Finally, p7 and p5 are added which
are required for lllumina bridge amplification during sequencing. Libraries are then amplified using PCR
amplification and final product is depicted in Figure 6.16.

2.13.2 Whole transcriptome sequencing
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Transcriptome sequencing of 2-D organoids co-cultured with H. bakeri or
treated with ES products was performed to assess differential gene expression
in this tissue. RNA was extracted using methods described in section 2.12.1
of this thesis. RNA was checked for quality using the Aligent 2100 Bioanalyzer
and the High Sensitivity DNA kit (Aligent). Ribodepletion, library preparation
and sequencing were performed by the WT CRF using the NextSeq 200 P2
for 100 cycles.

2.14 Bioinformatic analysis

2.14.1 Whole transcriptome sequencing analysis

The bioinformatic analysis of transcriptome sequencing data was performed
by Roberto Jose Bermudez Barrientos Data in discussion with author.
Sequencing files were first assessed for quality and filtered using FastQC, and
adapter sequences removed (Andrews, 2010). Sequences that passed initial
quality control were then mapped to the mus musculus genome from Ensembl
release103 (genome GRCm39.primary_assembly.genome.fa). Reads were
aligned to the genome using hisat2 version 2.2.1 using the non-deterministic
parameter. The non-deterministic parameter makes hisat2 use the current time
as a seed to restart its pseudorandom generator instead of the read sequence,
this may be more appropriate in situations where the input consists of many
identical reads. The resulting bam files were indexed using SAMtools (release
1.13) (Danecek et al., 2021; Li et al., 2009).

Read counts

For generating read counts for each gene the function featureCounts was used
within the packge Rsubread 2.6.4 (Y. Chen et al., 2016; Liao et al., 2014). The
default parameters were used with the following modification to certain

parameters, as follows. genelD was used for retrieving reads to generate
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counts. Multimapping reads were counted for all their reported mapping
locations by setting countMutliMappingReads to true and fraction also set to
true. Reads that overlapped multiple genome feature were only counted for
one genome feature and this was the feature with the largest number of bases

aligned.

Differential expression analysis

Differential expression analysis (DEA) was performed using edgeR 3.34.1 on
R version 4.1.1 (Y. Chen et al., 2016; Robinson et al., 2010). For pulling gene
annotations (chromosome, gene symbol and description) biomaRt 2.48.3 was
used. Genes with low expression which had less than 1 CPM in at least 3
libraries were filtered out of the analysis. Tagwise dispersion estimates was
performed using the function estimateDisp. Plots of DEA results were
generated in R using the packages ComplexHeatmap and ggplot2 by the

author.

CAMERA pathway analysis

Competitive gene set accounting for inter-gene correlation (CAMERA) was
performed using the all of the gene expression changes resulting from DEA
analysis (no fold change or P-value cut offs were used). CAMERA was
performed in R using the limma package and the function camera (Wu &
Smyth, 2012). For CAMERA analysis using gene ontology, the gene ontology
(GO) annotations were retrieved from org.Mm.eg.db 3.13.0. GO terms with
fewer than 50 genes or more than 300 genes were removed from the analysis.
For CAMERA analysis using cell type specific genes, the top 100 enriched
genes for each cell type were used. Cell type specific enriched genes were
retrieved from Haber et al, 2017 publicly available single cell RNA seq dataset

of cells from Mus musculus intestinal epithelium (Haber et al., 2017).
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2.14.2 scRNA-seq analysis

scRNA seq was performed by Yenetzi Villagrana Pacheco with supervision

from Cei Abreu-Goodger and in discussion with the author.

Generating the single matrix

From the raw sequencing files (FASTQ) a single-cell expression matrix was
construct using kallisto (Bray et al., 2016) and BUSpaRse R package (Moses
& Pachter, n.d.)using the Mus musculus reference genome. Cells that likely
represented dead cells were filter out by using a barcode rank strategy with
DropletUtils (Lun et al., 2019). Further filtering was performed to remove low-
quality cells and double cells using Seurat (Hao et al., 2021) based on the total
number of detected genes per cell and the percent of mitochondrial genes
(<20%).

UMAP and visualisation

Uniform Manifold Approximation and Projection (UMAP) dimensional
reductions (using 20 Principal Components) were made using Seurat in R
(Hao et al., 2021). UMAP methods were used because it presented the best
separation between the cells by comparison to other methods tested, and
preserved more of the global structure than the other methods (Mclnnes et al.,
2018). UMAP feature plots and Violin feature plots were made in R using the
package Seurat (Hao et al., 2021).

Identifying cell types

Cell types were predicted SingleCellNet which employs a machine-learning
approach with (Tan & Cahan, 2019). SingleCellNet is accurate method when
compared with alternative methods (Abdelaal et al., 2019), and requires a
training dataset for which a published single-cell survey of intestinal cells was
used (Haber et al., 2017). Finally, a differential expression analysis (DEA)

between cell types was made and the agreement with the expected
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biomarkers according to the databases PanglaoDB was determined (Franzén
et al., 2019) and CellMarker (Zhang et al., 2019). Alternatively, | used only the
cell specific markers to determine the identity of clusters obtained with Seurat

and checked the agreement with previous findings (Chapter 6).

2.15 In vivo experiments

2.15.1 Vaccination experiments

To generate anti-EV polyclonal sera used for microscopy detection of EVs. CD
rats (n = 2) were vaccinated at day 0 with 70 ug of purified EVs mixed at a 1:1
ratio with Imject alum adjuvant (Thermo, 77161). Mice then received two
booster vaccinations of 15 ug each of EV-alum (prepared as above) at day 28
post prime and day 35 post prime. Animals were sacrificed at day 42 post
prime and cardiac bleeds performed by Elaine Robertson. Serum was
collected from whole blood samples by incubating at RT from 30 min to allow
red blood cells to coagulate. Samples were then centrifuged at 2,000 x g for
10 min at 4°C to separate the serum fraction. Serum was collected by pipette

and stored at -70°C until use.

2.15.2 Intraluminal injections under anaesthetic

Dr. David Donaldson at the Roslin Institute, Edinburgh performed the surgery
with assistance from the author as a training experiment. C57/BL6 male mice
were anesthetised by intraperitoneal (i.p.) injection of Ketamine and
medetomidine. Once non-responsive a small incision was made in the
abdomen and intestine exposed. A small section of jejunum containing a
Peyer’s patch was exposed and ligated using sterile cotton and 50 -100 ul of
100 ug/ml H. bakeri EVs, or equivalent volume of sterile PBS was injected into

ligated gut section. Incisions were closed using a bulldog clip, and animals
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remained anesthetised for 1.5 hr to allow for EV uptake. After 1.5 hr the
animals were euthanised by schedule one neck break and the ligated gut
tissue was dissected. Samples were fixed in 4% PFA for 4 hrs. Once fixed, the
tissue was processed using following standard dehydration steps of 2x 70%
Ethanol washes of 10 min and 30 min, 2x 90% Ethanol washes for 40 min
each, 3x 100% absolute Ethanol washes for 40 min each and 30 min for final
wash, followed by 3 x washes in xylene for 30 min each. All dehydration steps
performed at all at 37°C by David Donaldson. Tissue was then washed 3x in
paraffin wax for 25 min at 62°C and then paraffin embedded and stored at RT
until sectioned. Sectioning of was performed by the author at the Roslin

Institute under the supervision of Dr. Barry Bradford.
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Chapter 3: Optimisation of EV isolation & methods for EV
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Chapter 3
Abstract
Several species of helminth release extracellular vesicles (EVs) and these are
hypothesised to modulate host cells during infection. However, isolating
helminth EVs is technically challenging with several methods available that
may result in different populations of EVs. Furthermore, assessing whether
helminth EVs enter host cells in vitro or in vivo requires labelling of EVs.
Fluorescent lipid dyes have been used previously to identify uptake of helminth
EV into host cells, more recent studies show that dye aggregates formed by
these dyes may interfere with results. In this chapter | compare ultracentrifuge
(UC) and size exclusion chromatography (SEC) for H. bakeri EV isolation, as
well as the sequential use of both these methods. Using particle tracking,
cryoEM, silver stain and protein measurement | then assess the yield, purity
and morphology of the resulting EV isolations. | determine that while SEC
provides higher yield isolations, combining multiple methods increases purity.
Finally, | investigate the use of protein reactive dyes to generate low
background labelling of H. bakeri EVs. | then present a standardised set of

protocols for the optimal isolation and fluorescent labelling for H. bakeri EVs.
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3.1 Introduction

Helminth EVs have only been discovered within the last decade but, already
EVs from many different species have been shown to be taken up and
modulate gene expression in recipient hosts (Drurey & Maizels, 2021;
Sanchez-Lopez et al., 2021). Helminth is a broad term referring to a very large
group of parasitic worms, including several evolutionarily distinct phyla
including Platyhelminths, Nematoda, Cestodes and Trematodes (Coghlan et
al., 2019). Each phylum is comprised of diverse species that have distinct
lifecycles, passage through different host tissues, and induce distinct host
immune responses (Henry J. McSorley & Maizels, 2012). Therefore, helminth
EVs reflect this diversity with regard to both their composition and host
interactions (Sanchez-Lépez et al., 2021; Sotillo et al., 2020). For example,
Schistosoma japonicum (S. japonicum) EVs polarise macrophages towards a
pro-inflammatory M1 phenotype which protect against fibrosis during the adult
stage of infection (L. Wang et al., 2015). Conversely, H. bakeri EVs suppress
activation of both M1 and M2 macrophages (Coakley et al., 2017).

The protein and miRNA composition of EVs from various helminth species has
also been compared, and while some common EV proteins and miRNAs exist
within phylum’s, no universal pan-helminth EV markers have been identified
across all four phylum’s (Sotillo et al., 2020). To add to the complexity, the term
EVs encapsulates a heterogeneous population of vesicles that vary in size,
protein content and biogenesis pathways (van Niel et al., 2018) and the choice
of EV isolation method may bias towards isolation of particular EV populations
(Théry et al., 2018). At least for F. hepatica EVs, as is well documented for
mammalian EVs (Veerman et al., 2021), the choice of isolation technique
influences the population of EVs that are isolated (Davis et al., 2019). The
Minimal Information for Studies of Extracellular Vesicles (MISEV) 2018
guidelines, which outline best practice for EV research, do not recommend one
particular EV isolation method. However they strongly recommend the use of

combining multiple isolation methods to achieve high purity EV preparations
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(Théry et al., 2018). Combinational approaches have been gaining traction in
the EV field (Stam et al., 2021), however high purity comes at the cost of
reduced vyield, which is problematic when ES products are already limited
(Appendix IV).

In this chapter | aimed to compare the methodologies used for isolation of H.
bakeri EVs. Prior work in our lab primarily used ultracentrifugation (UC)
isolation which has been the gold standard approach, more recently size
exclusion chromatography (SEC) has been favoured as being a higher purity
method (Davis et al., 2019; Monguié-Tortajada et al., 2019; Théry et al., 2018).
UC uses high speed centrifugation (100,00 x g) to pellet particles including
EVs based on their sedimentation coefficients, while this method greatly
increases EV concentrations it also contains non-vesicular protein
contaminants from ES (Davis et al., 2019). Despite being the most utilised
method UC is a low efficiency, and low recovery method (Monguié-Tortajada
et al., 2019). Size exclusion chromatography (SEC) separates EVs from non-
vesicular components of HES by running HES through a porous polymer (e.g.
Sepharose) under gravity (Boing et al., 2014). Larger particles such as EVs do
not enter particle pores, and therefore move quickly through the column and
are eluted first. Whereas smaller molecules (e.g. proteins) become trapped by
pores and elute in subsequent fractions (Boing et al., 2014). | aimed to identify
how UC and SEC isolation compared in yield and purity of H. bakeri EVs

isolated.

MISEV 2018 state that for functional studies a combination of sequential
methods to EV isolation is strongly encouraged. Therefore, in addition to
comparing UC vs. SEC, | also investigated the EV populations yielded by
sequential isolation. EVs were isolated first using UC followed by SEC, with
the aim of increasing purity. Most EV isolation methods also result in some
loss of EVs, therefore whilst sequential approaches are preferable in terms of
purity come with the trade-off of lowered yield. As it is understood that UC EV
isolation is low yield, | also investigated the presence of EVs within EV
depleted HES (EVdepHES), which represents the non-vesicular components

of HES present in supernatant after EV depletion. In functional studies
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EVdepHES is used as a comparison to identify the effects of EVs. Therefore,
as well as investigating sequential EV isolations | also investigated sequential
EV depletions from HES. | characterise further the successful depletion of EVs

from HES upon both UC, and subsequent SEC purification.

An overarching goal of this thesis was to understand the cell specificity for
uptake and the functional effects of H. bakeri EVs within the intestinal
epithelium in vitro and in vivo. However, the ability to detect EV uptake is not
straightforward and optimisation of methods for detection was required. A gold
standard approach for fluorescent labelling of mammalian EVs is genetic
modification to introduce fluorescent tagging of EV associated proteins (e.g.
CD9) (Chow et al., 2019; Coakley, 2017). However, genetic modification of
nematodes is notoriously challenging (Hagen et al., 2021). Previously, studies
have used lipid intercalating dyes such as PKHG67 for tracking EVs, but later
PKHG67 was found forms fluorescent aggregates that have a similar size to EVs
leading to confounding results (Puzar Dominkus$ et al., 2018). Therefore, in this
chapter | investigated alternative fluorescent labelling techniques for H. bakeri
EVs.
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3.2 Results

3.2.1 EV preparation methods

In order to determine the best methodology for EV isolation in this thesis | first
wanted to determine which of the available methods would yield i) high purity
EVs and ii) high yields of EVs. Our lab had previously implemented UC for
purification which was golden standard at the time the research started,
however more recently SEC had risen in popularity (2.6.1). | first aimed to
compare UC and SEC isolation of EVs for yield and quality. HES was pooled
and split equally with half being purified following our standard protocol for UC
purification and the other half was fractionated using SEC (2.6.2) (Figure 3.1
A). To determine which SEC fractions contained EVs | quantified these by flow
cytometry using the Attune Nxt Cytometer which is capable of detecting
particles as small as ~500 nm. EVs were briefly labelled with Violet Ratiometric
Membrane Asymmetry Probe/Dead Cell Apoptosis Kit (Thermo Fisher) which
is a lipid intercalating dye in order to differentiate EVs from other small particles
and background. Due to the size limitations (> 500 nm), this is not a highly
accurate method of EV quantification but was used to first quickly assess the
presence of EVs in each fraction from SEC. Fractions 7-10 were found to
contain fluorescent particles indicative of EVs, and all other fractions contained
only very low numbers of these particles close to the background
measurement seen in HBSS buffer (Figure 3.1 B&C). UC isolated EVs were
also measured by flow cytometry for comparison (Figure 3.1 B&C). UC EVs
had a similar profile by flow cytometry to SEC isolated EVs (Figure 3.1 B). SEC
isolated EVs appear less concentrated in flow cytometry plots (Figure 3.1. B)
as they re-suspended in a larger volume (0.5 ml) over four fractions for a total
of 2 ml, whereas UC EVs were re-suspended in 200 ul so are ~10-fold more
concentrated than SEC EVs. Total EV yields based on flow cytometry were
calculated to account for total sample volume (UC = 200 ul, SEC = 0.5 ml) and

SEC isolation showed higher EV yields by flow cytometry (Figure 3.1 C). | also
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measured SEC EV containing fractions 7-10, and UC isolated EVs by
nanoparticle tracking analysis (NTA) using the Nanosight LM10 (Malvern
Panalytical). NTA uses light scattering properties and Brownian motion of
small particles to give accurate measurements of both particle size (20 nm —
1000 nm range) and concentration. NTA showed similar results to flow
cytometry, however particle numbers are much higher owing to the enhanced
accuracy and ability to detect smaller particles compared to flow cytometry.
Quantification of all SEC fractions 7-10 combined yielded higher total particles
(2.7x10"") than those isolated by UC isolation (5.4x10"°) from equivalent

volumes of the same starting material (Figure 3.1 E).

Figure 3.1 | Comparison of EV isolation by UC or SEC. A) Schematic of EV isolation comparison
between UC and SEC purification. Total HES from multiple batches was pooled and spilt equally (100
ml per isolation) for UC or SEC isolation. B) Flow cytometry analysis using performed on the Attune Nxt
Cytometer. Presence of EVs was gated using side scatter (SSC) on the y-axis and violet lipid intercalating
dye was measured on the x-axis (VL2-H). On the top row from left to right is the initial total HES used for
isolation, HBSS buffer, UC supernatant/EVdepHES, UC EVs. Bottom row left to right fraction 7 — 10 of
SEC puirification. C) Quantification for each sample of number of EVs from flow cytometry data. D&E)
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Total EV yield by D) flow cytometry or by E) Nano tracking analysis (NTA) from size exclusion
chromatography (SEC) isolated EVs coloured by EV containing fractions, or from ultracentrifuge (UC). n

| wanted to assess not only the quantity of EVs isolated by both methods, but
also the sample composition. Silver stain analysis of EV and EVdepHES
protein profiles has been routinely used in our lab as a quality control
assessment (2.6.5) (Chow et al., 2019; Coakley, 2017). | implemented this
method to assess which SEC fraction of HES gave the expected EV
associated profile and which had EVdepHES associated profiles. Silver stain
was also performed for the UC isolated EVs from this experiment however the
amount of UC EVs was limited, and | was not able to load sufficient protein for
visualisation. Instead for comparison, a representative silver stain of UC
isolated EVs showing the expected banding profile in three independent
sample preparations, as well as for their matched EVdepHES (Figure 3.2 A).
Silver stain analysis showed that EV associated protein profiles were present
in fractions 7-10, but primarily within fractions 8 & 9 with 6 & 10 showing
differential intensity of certain bands; perhaps suggesting different
subpopulations of EVs that have specific protein cargos (Figure 3.2 B). Clear
separation was detected between EVs (frac 7-10) and the majority of non-
vesicular proteins (frac 16-27) (Figure 3.2 B). Protein profiles give us an
indication of purity of preparations, but transmission electron microscopy
(TEM) allows better qualitative assessment of the morphology of EV isolations.
By TEM | found numerous EVs from both isolation methods. UC EVs showed
a higher amount of non-vesicular electron dense staining which could be
protein contaminants, while SEC EVs were highly pure although dense with
EVs. All four SEC fractions assessed (7 — 10) contained numerous EVs (Figure
3.2 C). It is worth noting that the UC isolated EVs were diluted to achieve
approximately similar particle concentration to the most concentrated SEC

fractions, particle concentrations for each sample is provided (Figure 3.2 D).
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Figure 3.2 | QC of H. bakeri EVs purified by UC or SEC. A) An example of representative silver stain
banding patterns in three independent UC isolated H. bakeri EVs samples, and their matched EVdepHES
(1 pg of protein loaded per sample). B) Silver stain of SEC fractionated HES, 5 pl of each fraction was
loaded. Well numbers refer to each 0.5 ml fraction. C) Transmission electron microscopy of UC isolated
EVs and EVs isolated by SEC in fractions 7 — 10 (same experiment as Figure 3.1). D) Table describes
concentration (particles/ml) for each sample used for TEM. Scale bars = 200 nm. L = Ladder, B = blank
well, EVs = extracellular vesicles, EVdepHES = EV depleted HES kDa = kilodalton. n =1.

During the sample preparation process for TEM samples are fixed and then
dehydrated, as a result EVs appear with a cup like morphology (Chuo et al.,

2018). By contrast, cryogenic electron microscopy (cryoEM) embeds EV
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samples in vitreous ice (which does not form ice crystals), and maintains the
spherical structure of hydrated native EVs (2.6.6) (Chuo et al., 2018). In
addition, because cryoEM maintains spherical structure the diameter of EVs is
usually large than those visualised by TEM. A subsequent experiment in which
EVs were purified either by SEC or UC for cryoEM analysis was performed.
This yielded qualitative data that gives insight into the heterogeneity of
morphology within our EVs isolations from either method. For all cryoEM
images in this Chapter, there are regions that capture the vitreous ice
sections,, and regions that capture the carbon grid. Example images
illustrating the appearance of the ice layer compared to the carbon grid, and
where the formation of ice crystal contamination has occurred, are shown in in
Figure 3.3 A&B.Both UC and SEC showed similar EV populations, however
due to low numbers of EVs imaged in this experiment, quantification and

comparison was not possible.

Previous publications have used cryo-EM to describe various morphologies
found in EVs from cerebrospinal fluid (Emelyanov et al., 2020). Similar
morphologies were identified for H. bakeri EVs in this study and therefore used
similar terminology: i) ‘bare’ EVs showed defined lipid bilayer with no electron
dense proteins at their surface (Figure 3.3 C) ii) ‘decorated’ EVs showed
electron dense staining at their surface indicative of proteins (Figure 3.3 D) iii)
‘double’ EVs showed two lipid bilayers (Figure 3.3 (E) iv) ‘multiple’ EVs have
>2 lipid bilayers forming concentric circles (Figure 3.3 (F) v) ‘electron dense’
EVs are single layer circular EVs with electron dense contents (Figure 3.3 G)
vi) ‘polymorphous’ EVs had non-circular morphology (Figure 3.3 (H) and vii)
‘incomplete’ EVs did not have a completely intact lipid bilayer (Figure 3.3 1).
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Figure 3.3 | Example of EV morphologies identified by cryoEM in this study. Example images of A)
Example of carbon grid (within the yellow dotted lines) and vitreous ice sheet. B) ice crystal contaminant
that are present in some cryoEM images. C) A ‘bare’ EV, D) a ‘decorated’ EV. E) EV with double
membrane, F) Multiple membrane EV, G) Electron dense EV, H) Polymorphous EV & 1) an incomplete
EV.

Both incomplete and polymorphous EVs may be the result of damage during
EV isolation, freezing and thawing of samples, processing samples for cryo-

EM, or these could be present in native HES.

The majority of EVs isolated both by UC were circular in formation and
approximately between 60 — 100 nm, some were seemingly bare (Figure 3.4

A-E). EVs were also found that were decorated with electron dense halos
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similar to previously described EV coronas (Palviainen et al., 2020; Téth et al.,
2021) (Figure 3.4 F-H).

Figure 3.4 | Representative cryoEM images from UC isolated EVs. CryoEM of UC isolated EVs
showing heterogeneity. A- E) Bare EVs F-H) Decorated EVs Scale bars = 100 nm. n = 1.

Initial SEC preparations by cryoEM were not highly concentrated so this was
repeated this experiment with higher EV concentrations, which allowed more
quantitative assessment of EV diversity in SEC EV isolations (Figure 3.5).
CryoEM images confirmed the majority of EVs are small circular EVs, however
a diverse range of EV sizes and morphologies were also identified including

polymorphous EVs (Figure 3.5).

Page 105



Chapter 3

Figure 3.4 | Representative cryoEM images of SEC isolated EVs. A-l) SEC isolated EVs were imaged
by cryoEM showing the diversity of EV morphology present in these preparations. Arrows indicate A)
Large polymorphic EV and small oval EV. B) many circular EVs of variable sizes, some demonstrate
protein coronas C) Oval EV D) Coated E) Large polymorphous and incomplete EV, large EV. F) Double
concentric EV G) Unknown contaminant, double concentric EV. 1) Electron dense EVs. n = 1.

3.2.2 Sequential isolations of H. bakeri EVs

MISEV 2018 recommends the sequential isolation of EVs using multiple
methods for highly pure EV isolations free of non-vesicular contaminants
(Théry et al., 2018). The use of two isolation methods for EVs should generate
higher purity and specific EV subpopulations but has significant draw backs

with regard to EV yield and could impact diversity of EVs isolated. Standard
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UC isolation was performed which resulted in an EV pellet and EV supernatant
(also termed “EVdepHES”). Upon NTA performed on the Zetaview (Particle
Metrix) a significant number of particles was found in both the EV pellet after
UC, and the EVdepHES (the supernatant generated during UC) which led us
to hypothesis that UC EV isolation might be highly inefficient such that many
EVs remain present in EVdepHES (data not shown). To assess the presence
of EVs within EVdepHES, and to identify whether non-vesicular protein
contaminants were isolated by UC alongside our EV pellet, | performed SEC
fractionation of both UC products (EV and EVdepHES) as summarised in
schematic Figure 3.5 A. Silver stain of fractionated UC EVs yielded EV
associated protein profiles in neat samples from fractions 7 — 10, as expected.
For EVdepHES, while | also identified an EV associated profile by pooling and
concentrating fractions 7-10 (EVs), neat fractions 7-10 showed only very faint
staining (Figure 3.5 C). Suggesting that although EVs were present in fractions
7-10 of fractionated EVdepHES, they were not as abundant as in fractionated
UC purified EVs (Figure 3.5 C). For UC isolated EVs that were fractionated,
small amounts of non-vesicular proteins were recovered in fractions 15-30 with
the exception of fraction 25-26 which yielded a large amount of protein,
suggesting indeed UC EV isolations could contain non-vesicular contaminants

that are further separated upon sequential SEC isolation (Figure 3.5 B).
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Figure 3.5 | Double isolation of H. bakeri EVs. A) Schematic of methodology for H. bakeri EV isolation
(pink) and preparation of EV-dep HES (green). B) Representative silver stain of 1 batch of UC isolated
EVs fractionated by SEC. C) Representative silver stain of 1 batch of UC prepared EV-depleted HES
fractionated by SEC L = Ladder, B = blank well, EVs = fractions 7-10 of UC +SEC isolated EVs were
pooled and concentrated. kDa = kilo Daltons, numbers refer to fraction number. 1-5 represents a total of
2.5 ml of void volume, subsequent fractions are all 0.5 ml. Some fractions were combined for purpose of
running silver stain (as noted). n = 1.
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While initial particle measurement by Zetaview measurement of EVdepHES
suggested EVs were abundant in these fractions, silver stain analysis of
fractionated EVdepHES (fractions 7-10) did not show strong banding patterns
associated with EVs. Finally, | assessed the resulting EV populations that were
isolated by sequential UC then SEC fractionation by cryoEM. CryoEM of
putative EV populations isolated by SEC fractionation from EVdepHES was
also performed. Fewer images were able to be obtained of EVs isolated from
EVdepHES indicating they were only present in low numbers (Figure 3.7 A-F).
The large number of images that was obtained in this experiment from
sequentially isolated EVs allowed for quantification of EV diameters and
morphologies represented (Figure 3.7 G&H). The EVs isolated from
EVdepHES had a smaller mean diameter (60.59 nm) compared to sequentially
isolated EVs (79.26 nm) and were predominantly ‘bare’ EVs (80.49%) (Figure
3.7 G&l). For sequentially isolated EVs, a greater diversity of morphologies
was found with the most represented morphologies being ‘decorated’ EVs
(62.9%) followed by ‘bare’ EVs (28.8%) (Figure 3.7 G&l). Other morphologies
described in previous sections of this Chapter were also found but at lower
proportions (Figure 3.7 G&l). Finally, previous data indicated EVdepHES
containing substantial particles by Zetaview however although silver stain and
cryoEM evidenced the presence of EVs within EVdepHES they were not very
abundant. | then measured our sequentially isolated EVs (UC + SEC) as well
as the EVs isolated from EVdepHES by SEC (fractions 7-10) (Figure 3.7 1). |
still found abundant particles in the putative EV sample isolated from
EVdepHES by SEC (fractions 7-10) with overlapping size profile to
sequentially isolated EVs (Figure 3.7 |). For batch 1, the particle concentration
was much higher for EVs isolated from EVdepHES by SEC than it's
sequentially isolated EV counterpart. Taken together data from this section
suggests that while EVdepHES contains some EVs, Zetaview measurements
likely capture other molecules present in HES that have similar light scattering
and Brownian motion properties to EVs. This also has ramifications for our
understanding of EV isolation purity, as contaminants from HES may be

difficult to distinguish by Zetaview measurement alone.
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Figure 3.6 | CryoEM of H. bakeri EVs double isolated by UC & SEC. A-F) Representative images of
EVs A) Red arrow highlights electron dense EV with surrounding corona. B) Red arrow highlights
instance of EV with concentric circles G & H) Quantification of G) EV diameter and H) proportions of
various EV morphologies present, using cryoEM images for two batches of sequentially isolated EVs
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(pink) and double purified EV-dep HES fractions 7-10 (green). Data was pooled for quantification (n = 2).
Quantification performed using ImagedJ software. I) Zetaview measurements of particle concentration
and size in sequentially isolated EVs (pink) and EVs isolated by SEC fractionation from EVdepHES
(fractions 7-10) /(green) from two independent batches. n =1.

3.2.3 CryoEM of EVs in native HES

EV isolation methods are inherently biased and may remove certain EV
subtypes. Additionally, multiple isolation steps may alter the morphology of
EVs or remove associated molecules. Therefore | aimed to assess the
morphology of EVs in native HES. The need to first concentrate the HES in
order to increase EV concentration in the hope of capturing EVs by cryoEM
could not be avoided. To do this HES was concentrated by ultrafiltration using
5 kDa MWCO vivapspin columns at 4°C. Despite concentration, only a handful
of EVs in native HES was found at these concentrations. EVs that were imaged
were small and circular, representing previous findings from isolated EVs
which are mostly small circular EVs. | did not find any polymorphic EVs, double
EVs or multiple concentric EVs in these samples, but this likely reflects the low

numbers of EVs imaged, and not their absence from native HES.
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Figure 3.7 | Native H. bakeri EVs in HES. CryoEM of H. bakeri concentrated HES to identify morphology
of native EVs. Scale bar = 100 nm.

3.2.4 Methods of fluorescent EV labelling for in vitro & in vivo use

A major aim of this project was to study H. bakeri EV interactions with the host
intestinal epithelium using 2-D organoid models which is described in
subsequent chapters. In order to assess H. bakeri EV uptake in this system a
method for labelling H. bakeri EVs for detection upon uptake into host cells
was required, that demonstrated low background signal. UC isolated H. bakeri
EVs were then isolated by SEC to remove any non-vesicular protein before
labelling using a tetrafluorophenyl ester (TFP) AF488 which reacts with
primary amine residues (R-NH2) on proteins, presumably in this case on the
surface of intact EVs based on previously published studies (Ferguson et al.,
2022). EV fluorescent labelling protocols require a clean-up step to remove
excess dye aggregates that could be misidentified as labelled EVs.
Additionally, because non-specific dyes were used that could also react with

mammalian cells upon treatment the excess dye needs to be adequately
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removed to minimise this. To control for ‘background’ staining that could arise
as a result of excess dye, buffer was labelled (HBSS or PBS depending on
experiment) and clean-up protocols were performed side-by-side with EVs and
delivered to host cells. A protein labelling strategy was trialled using UC
isolated EVs followed by SEC isolation to remove non-vesicular contaminant
proteins, labelling was then performed as per established methods (methods
detailed in Chapter 2) (Figure 3.9 A). After the labelling reaction excess dye
was removed by SEC clean-up (Figure 3.9 A). In subsequent experiment
throughout this thesis, it was decided sequential isolation prior to labelling was
excessive and would increase EV loss. For future experiments EVs were UC
isolated and then directly labelled before SEC clean-up to remove both excess

dyes, as well as non-vesicular contaminants in a single step.

NTA showed some particle loss after labelling and SEC clean up, this is
expected as all EV isolation methods can lead to some particle loss (Figure
3.8 B & C). Labelled EVs had with similar size profile to unlabelled input EVs
(Figure 3.8 B). | tested the ability to detect AF488 signal in a dose dependant
manner in treated MODE-K cells, which have been shown to take up H. bakeri
EVs previously (Buck et al., 2014). | found detectable uptake at doses of 5x107
particles and above (Figure 3.9 D). Treatment with 1x108 EVs resulted in
62.6% of live single cells being EV-AF488 positive and the greatest separation
from the HBSS-AF488 which showed 8.2% of cells were AF488 positive
(Figure 3.9 E). These data demonstrate this methodology to effectively label
H. bakeri EVs that can be detected in host cells upon uptake, with HBSS-
AF647 control showing minimal background (MFI = 251) although
fluorescence was slightly above naive cells (MFI = 189) indicating this to be a

necessary control (data not shown).
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Figure 3.8 | Fluorescent labelling of EV proteins. A) Schematic of labelling protocol. B) Nano tracking
analysis (NTA) of input H. bakeri EV preparation (grey) and AF488 labelled and cleaned up H. bakeri EV
(green) C) Total yield by NTA of input (grey) and AF488 labelled H. bakeri EV (green). D&E) MODE-K
cells treated with AF488 labelled EVs for 24 h and then analysed by flow cytometry for uptake of EV-
AF488 D) Percentage of live single MODE-K cells positive for AF488, gating based on fluorescence of
naive samples at differing doses (n =1). E) Percent of live single MODE-K cells AF488 positive treated
with 1x10® EVs (green filled), treated with AF488 labelled HBSS buffer (green line, white fill) or Naive

(grey line).
Initial results with TFP AF488 were promising, however our eventual aim was
to detect H. bakeri EVs within organoid cultures. The intestine as well as
intestinal organoids are notoriously auto fluorescent tissues particularly in the
green channel (GFP, AF488). Therefore, from the onset | was aware AF488
would not be a suitable fluorophore choice for downstream application. |

trialled a succinimidyl ester (NHS ester) available in AF647 dye, which has

Page 114



Chapter 3
very similar chemistry to TFP AF488. | labelled EVs using the same
methodology and found minimal loss with SEC clean up and higher loss with
UC clean up, consistent with previous findings that SEC isolation is higher yield
(data not shown). This labelling strategy was utilised in subsequent chapters
and yielded detectable uptake in MODEK cells and 2-D enteroid cultures
(Chapter 5 of this thesis).

For our earlier experimentation, H. bakeri EV particle measurements were
performed using the Nanosight LM10 which only allows measurement of
scattered light to determine particle concentration and size. Later on, a twin
laser Zetaview (Particle Metrix) was purchased allowing us to directly measure
particles in two ways: using scattering of light, and by fluorescence. This
allowed measurement of both total particles and the proportion of EVs that
were successfully labelled with the various dyes. | first assessed the proportion
of EVs that were AF647 labelled using our standardised methods. Surprisingly,
it was found that a relatively low proportion of total particles were labelled
(19%) (Figure 3.10 A). In addition, | identified an increase in the mean diameter
and diameter of highest peak after protein labelling and in the standard
deviation of the measurement (Figure 3.10 B). This new data suggested that
NHS-AF467 is inefficient at labelling EVs, but is low background and

detectable in host cells.

Figure 3.9 | Labelling efficiency of H. bakeri EVs with NHS-AF647. Zetaview measurements were
performed on the same sample using scattered light to measure total particles and fluorescence (660
nm) to measure fluorescent particles A) Concentration and size distribution of measured particles for
(left to right) scatter measurement (blue line), fluorescent measurement (pink line), and overlayed scatter
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with fluorescent measurement. The diameter (nm) of the peak size is annotated on each measurement.
For the overlay the percentage of fluorescent particles of the total particles is annotated on the graph. B)
Table displaying the peak diameter (nm), mean diameter (nm) and standard deviation (SD) for scatter
and fluorescent measurements. SD = Standard deviation, nm = nanometre, nM = nanomolar, ml =
millilitre.

This chapter aimed to investigate best approaches for isolating and
fluorescently labelling EVs that allows for high confidence detection in host
cells. To summarise, | developed a pipeline for optimal isolation and
concentration of fluorescently labelled EVs that results in high quality EV-647
preparations (Figure 3.11). Three EV isolation and concentration methods are
combined namely, UC, ultrafiltration and SEC and mandatory QC to measure
protein and particle concentration are routinely carried out. CryoEM is an

additional QC method that is carried out for some experiments.

Figure 3.11 | Optimal EV isolation and labelling methods. 1. Describes the preparation of HES by
culturing adult H. bakeri, as a mock control RPMI media of equal volume is used. HES is concentrated
prior to EV isolation to a volume of <12 ml by ultrafiltration 2. EVs are isolated by a primary method in
this study | used ultracentrifuge followed by two PBS washes to remove HES protein contamiants 3. EVs
are labelled using NHS-ester 647 4. After labelling EV-647 are isolated from excess dye using a
secondary isolation method for clean up in this study this is size exclusion chromatography. EV
containing fractions are then concentrated by ultrafiltration to a volume of ~ 200 pl resulting in highly
conentrated and pure EV-647. Mandatory QC steps should be performed between stage 2&3 as well as
after stage 4, astricks indicates optional QC steps. Conc = concentration.
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3.3 Discussion

This chapter focuses on the comparison of different EV isolation methods;
identifies heterogeneity within H. bakeri EV morphologies; and tested
strategies for fluorescently labelling H. bakeri EV's with the goal of tracking their
uptake into host cells. Our project aim was to investigate the interactions of H.
bakeri with the intestinal epithelium. To address this aim | required pure EV
isolations in order to attribute functional responses to EVs, and high
confidence low background labelling methods were needed to confidently
assess uptake in host cells. While MISEV 2018 does not recommend a specific
isolation method (Théry et al., 2018), there has been a growing use of SEC
isolation as it produces high yield and high purity EVs preparations (Davis et
al., 2019; Monguio-Tortajada et al., 2019).1 found SEC isolation to give higher
yields by comparison to UC (Figure 3.1). MISEV encourages the use of
multiple isolation methods to enhance purity. H. bakeri EVs that were
sequentially isolated first by UC followed by SEC | identified by silver stain the
presence of non-vesicular contaminants in later fractions suggesting UC alone
co-purifies non vesicular protein (Figure 3.5). By cryoEM, heterogenous
morphologies were identified with H. bakeri EV isolations from sequentially
isolated EVs, but the majority are small either bare or decorated EVs
(indicating a protein corona), although multi-layered EVs were also found
(Figure 3.6). | also identified the presence of EVs in UC sup referred to as
EVdepHES, these were smaller in diameter and mostly bare and could
represent a population of EVs that is not captured by UC (Figure 3.6). Finally,
methods for labelling H. bakeri EVs were investigated | found protein labelling
using NHS-AF647 to successfully label EVs with minimal background (Figure
3.8). To summarise, | developed a rigourouspipeline of optimal methods for
isolating highly pure fluorescently labelled H. bakeri EVs which was used for

later chapters (Figure 3.11).
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3.3.1 Considerations and limitations of EV isolation

Several EV isolation methods have been described that were not tested in this
thesis. A method that is encouraged for highly stringent isolations of EVs is the
use of sucrose cushions or sucrose density gradients during UC (Mongui6-
Tortajada et al., 2019; Théry et al., 2018). Sucrose gradients are required for
the isolation of different EV subpopulations. However, it is difficult to assess
the contributions of different EV subpopulations when a well characterised
functional read out has not yet been established as in this project, therefore
we choose not to discriminate between different H. bakeri EV subpopulations.
Furthermore, when comparing sSRNA cargo of H. bakeri EVs we found a very
high correlation between the sRNA content of EVs isolated using either UC
alone, or in combination with sucrose gradient suggesting that these methods
may isolate very similar EVs (Appendix I). One advantage of sucrose cushions
and gradients is their improved ability to remove non-vesicular protein
contaminants over other methods (Monguié-Tortajada et al., 2019). The
increased purity that sucrose gradients offer comes as a cost to EV yield, and
this technique requires substantially longer (20 h) to perform. For reasons

listed above in this study | did not use sucrose gradients or cushions.

Some techniques, such as antibody based immunoaffinity purification are not
currently applicable for H. bakeri EVs due to a lack of well characterized
antibodies, and even when antibodies are available result in highly specific
subpopulations of EVs (Mongui6-Tortajada et al., 2019; Théry et al., 2018).
Other techniques were prohibitive either because of cost or specialist
equipment such as asymmetrical flow field-flow fractionation (AF4). Finally,
ultrafiltration is recognised as an EV isolation method, however it is a crude
method based on molecular weight cut offs (MWCOs) and results in highly
impure preparations. Ultrafiltration is utilised in this thesis (where stated) for

the concentration of total HES prior to EV isolation by other methods.
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Emphasis in the EV field has been put of ensuring increased EV purity,
although it is described that entirely pure preparations are not realistic (Théry
et al., 2018). While minimising contaminants is important, this comes at a cost
to total yield as all isolation methods led to some loss (van Niel et al., 2022).
Therefore, regarding EVs purified from HES, which is already a limited
resource that requires laborious work to generate, EV yield is a priority.
Additionally, multiple isolation steps likely limit the population of EVs isolated
— this is supported by the presence of smaller EVs that are not captured by UC
but upon SEC fractionation of EVdepHES could be identified (Figure 3.6).

The initial HES is also factors to consider when preparing H. bakeri EVs. For
example, although we qualitatively assess worms by eye, we did not routinely
perform standardised worm viability tests on each batch of H. bakeri parasites.
Future studies could be strengthened by implementing this in future studies.
Other HES preparations steps may also remove functionally relevant EV
subtypes and may need to be reconsidered. For example, during HES
collection a standard first step used to remove H. bakeri eggs also present is
filtration through a 0.2 um filter, and then concentration with using vivaspin
column. Filtering will likely remove any larger EV populations (> 200 nm) from
HES.

Sequential isolation enhanced EV isolation purity by combining UC and SEC
methods demonstrated by silver stain which showed some protein
contamination removed by SEC fractionation (Figure 3.6). Sequential isolation
was used for later where the research question regarded the functional effect
of EVs, for example in Chapter 6 where | aimed to distinguish the functions of
EVs from non-vesicular fractions. Experiments that required labelled EVs
(Chapter 5) were isolated by UC, and SEC was used as a method to both
clean-up excess dye, and as a sequential isolation method. While highly pure
EV preparations may be useful for demonstrating EVs functions from other
components of HES, on the other hand they could remove EV populations that
themselves induce functional effects on the host. Additionally, as EV mediated
cross-species communication is a young field it is not fully understand whether

EV-associated proteins (those commonly isolated with EVs) have roles in their
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uptake and function. For example, it may be that vesicle associated proteins
(as demonstrated by cryoEM (, Figure 3.4, Figure 3.6) play a role in attachment
and invasion of host cells. To address these concerns, cryoEM of native
concentrated HES was attempted to identify whether | see similar proportions
of EV morphologies, however even when HES was concentrated only very few

EVs were able to be imaged by cryoEM making comparison difficult.

3.3.2 Morphology of H. bakeri EVs

CryoEM demonstrated the heterogeneity of H. bakeri EVs present in our
isolations. The majority of EVs purified from H. bakeri by UC, SEC or by
sequential UC then SEC approach were small and circular. The mean EV
diameter measured by cryoEM was (79.06 nm) which is smaller than the
typical diameter peak measured by NTA (120-150 nm), this could be explained
by two factors i) NTA measurements captures more events (> 1000 traced
particles) than captured by cryoEM and ii) cryoEM images capture a cross-
section of each EV, and not all EVs will be captured at their centre EV leading

to bias in the data to underestimate size.

A few non-standard EV morphologies were identified in my H. bakeri EV
preparations which is interesting to note as only a handful of papers have
performed cryoEM on EVs derived from helminths, and of those none
described non-standard EV shapes (Boysen et al., 2020; Kuipers et al., 2020).
However, many of these morphologies have been described for EVs derived
from human cells including polymorphic EVs, incomplete EVs, double EVs,
EVs with electron dense centres (Zabeo et al.,, 2017) and EVs containing
multiple concentric circles (Emelyanov et al., 2020). EVs containing double
lipid bilayer and EVs with multiple-concentric lipid bilayers could represent
additional protection for EVs as they travel between cells. Additionally, how
EVs are taken up or deliver cargo molecules to the recipient cell is still an area
of active research, especially in cross-species contexts (Woith et al., 2019).
One proposed mechanism is via membrane fusion, and the presence of double

or multiple layered EVs could provide a mechanism in which the outer
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membrane fuses with the host cell membrane resulting in the release of the
inner EVs into the cytoplasm intact; However, this hypothesis requires further

investigation outside the scope of this thesis.

The presence of EVs coated in proteins has been described as EV protein
coronas, or “decorated EVs” elsewhere (Palviainen et al., 2020; Téth et al.,
2021). | also found evidence of a substantial proportion of EVs containing
electron dense ‘decoration’ which is likely to be proteins on their surface,
62.91% in sequentially isolated EVs. A substantial proportion of S. mansoni
EVs have been shown to have a filamentous glycosylated surface which can
be seen by cryoEM and results in a peak at 350 nm when EVs are measured
by NTA (Kuipers et al., 2020). The glycosylation on S. mansoni EVs binds C-
type lectin receptor DC-sign on host dendritic cells (Kuipers et al., 2020). | did
not see any evidence of multiple peaks in H. bakeri EV isolations by NTA,
although during HES collection | perform a 0.2 pm filtration step to remove
eggs and this may also remove these; nor did | detect any filamentous
projections similar to those described by Kuipers et al around our EVs by
cryoEM (, Figure 3.4, Figure 3.6).

3.3.3 Fluorescent labelling of H. bakeri EVs

Fluorescent labelling of H. bakeri EVs using NHS esters was successful and
led to detectable uptake in host cells (Figure 3.6). | implemented protein
labelling for the detection of EV uptake in later chapters, however | later
discovered that this method as well standard lipid dyes inefficiently labelled
only a low proportion of all particles detected by scatter NTA (< 20%) (Figure
3.10). There are several possible reasons for this, firstly total scatter particle
measurement likely measures some non-vesicular particles that are similar in
size and motion to EVs, as demonstrated in EVdepHES and this could account
for some proportion of unlabelled particles (Figure 3.10). Secondly, in the case
of lipid dyes specifically cell mask which is reported to label ~80% for

mammalian serum plasma EVs, | found very low labelling efficiency suggesting
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a fundamental difference in lipid composition of helminth EVs as opposed to
mammalian EVs (data not shown) (Carnell-Morris et al., 2017). The lipid
composition of H. bakeri EVs has been analysed and supports the claim that
H. bakeri EV lipid content is different from mammalian EVs (Simbari et al.,
2016). One factor | didn’t investigate was optimisation of the dye:particle ratio
for NHS-AF647 labelling of H. bakeri EVs. Our protocol was based on
established protocols for labelling mammalian EVs, and because at the time |
did not have the capability to measure the proportion of particles labelled | did
not test various concentrations of dye. NHS-AF647 labelled EVs were
detectable in host cells with minimal background (Chapter 5), therefore in the
future it would be worth optimising the dye:particle ratio for increased labelling
efficiency to determine if this could still be a suitable labelling method for H.
bakeri EVs. Finally, even in the mammalian EV field all dye options are not
entirely efficient, and the highest efficiency approach is genetic modification of
one, or multiple, EV specific transmembrane proteins (Verweij et al., 2021).
Successful genetic modification of H. bakeri has yet to be achieved and even
for facultative parasitic helminth species where successful modification has
been achieved the results were limited (Hagen et al., 2021), making this an

impractical choice for this project.

Use of antibody to detect H. bakeri EVs in infected tissue is an obvious
alternative to the other approaches described in this Chapter. | had minimal
success with antiserum raised against HPOL000582001 (a CD9 orthologue).
Instead, | generated a-EV serum against EV isolations, this antibody is used
in subsequent chapters (Chapter 5). More recently, antibodies have been
generated against EV specific proteins by our lab. For example, an orthologue
of SID2 (an RNA transporter protein enriched in EVs), and against the EV
cargo protein exXWAGO which is hypothesised to be involved in cross-species
RNA silencing. Although, exXWAGO can also be secreted out with vesicles so
it is not entirely EV specific. In the future, development of EV-specific
antibodies and successful genetic modification of helminths will drastically

improve our ability to track H. bakeri EVs through host tissues in vivo.
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Chapter 4: Development of 2-D enteroid cultures
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Abstract
Organoids are capable of self-renewal and differentiation in a regional specific
manner that closely represents their in vivo tissue of origin. Intestinal organoids
(enteroids) traditionally grow into 3-D spherical structures that are constricted
by size and length of culture. The spherical structure of 3-D limits the use of
this model for study of H. bakeri which is substaintially larger than individual
organoids. Furthermore, 3-D organoids have their apical epithelium facing
inwards making it inaccessible for treatment with helminth excretory secretory
products. In studies using colon (colonoids) or caecal organoids (caecaloids)
others have developed methods to grown organoids in 2-D structures using
transwell plates. In this chapter | optimise and develop a protocol for growing
2-D enteroids that replicates key features of the small intestinal epithelium.
The methods presented in this chapter allow for investigation of host-helminth
interactions explored in later chapter of this thesis and are applicable to studies

beyond this thesis.
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4.1 Introduction

Helminth infection is well known to modify the host environment, including
changes to the intestinal epithelium (Coakley & Harris, 2020; Rick M. Maizels,
2020; Henry J. McSorley & Maizels, 2012). Most studies rely on animal models
to investigate helminth-host interactions. However, these have limitations such
as requiring defined end points to assess host changes because helminths are
not tractable during infection. Additionally, during infection it is difficult to
distinguish which changes are a result of helminth modulation and which
reflect the host response to infection (Ruby White et al., 2022). Organoid
cultures, which are simplified recapitulations of their organ of origin, have
begun to be utilised for the study of host-pathogen interactions for example
with microbial species (Dutta & Clevers, 2017; Puschhof et al., 2021).
Helminths are much larger macroparasites and though organoid technologies
have promise for the helminth field, advancement of current organoid methods
is needed to address questions in helminth-host interactions, including those
raised in this thesis (Ruby White et al., 2022).

3-D intestinal organoids are grown from adult stem cells cultured within
artificial basement membrane extracts (BME), which acts as a replacements
for the extracellular matrix (ECM) found in vivo (Puschhof et al., 2021).
Organoids can be cultured from distinct regions of the intestine by isolating
adult stem cells from specific regions e.g., small intestine (enteroids), caecum
(caecaloids) and colon (colonoids) (Ruby White et al., 2022). Organoids are
then grown in culture media supplemented with specific combinations of the
critical growth factors and morphogens required, and these will vary depending
on region identity of the organoids (Dutta et al., 2017). Intestinal organoids are
usually grown with various concentrations of four main factors, Wnt CM (W),
EGF (E), Noggin (N), and R-spondin (R) (Sato & Clevers, 2013). The media
used throughout this chapter is referred to using acronyms e.g., WENR, to
denote the media composition. Wnt concentrations vary depending on the
specific intestinal region being cultured, for example the small intestine
produces exogenous Wnt3a and therefore it is not critically required like it is

for large intestinal cultures (Sato & Clevers, 2013). In these aforementioned
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conditions, 3-D organoids will form spherical enclosed structures of polarised
epithelial cells with their apical surfaces facing inwards to a central ‘lumen’,

and their basal surface accessible (Puschhof et al., 2021).

Organoid cultures have recently begun to be used as a model for helminth
epithelial interactions, demonstrated for example by studies investigating the
effect of HES on these cultures (Drurey et al., 2021; Karo-Atar et al., 2022;
Nusse et al., 2018). 3-D cultures however are limited by the fact that the apical
epithelium is inaccessible. During the adult stage of infection delivery of HES
components, including H. bakeri EVs, will come in contact with the apical
epithelium, however delivery to the apical epithelium using 3-D organoid is
possible only by microinjection. Microinjection delivery of helminth EVs to 3-D
colonoids has previously been demonstrated for N. brasiliensis and T. muris
(Eichenberger, Ryan, et al., 2018). However, microinjection has significant
draw backs such as the dose injected cannot be controlled, and it is a laborious

method that requires specialised equipment.

We aimed to generate 2-D enteroid cultures that would provide an improved
experimental model of the small intestinal epithelium over 3-D models,
recapitulate the cellular populations of the small intestinal epithelium and fulfil
two requirements: i) an accessible and contiguous apical epithelium that allows
for practical delivery of H. bakeri EVs, or other HES components ii) a physically
separate basal compartment allowing for delivery of basally localised proteins
e.g., cytokines. Prior to this project 2-D systems (also referred to as
monolayers) were described for colonoids (Ahmad et al., 2014; Y. Wang,
DiSalvo, et al., 2017), and for caecaloids (Duque-Correa, Goulding, Rodgers,
Gillis, et al., 2022). Publications in 2018 and 2019 demonstrated various
methods for 2-D enteroid culture, although these showed variable success in
achieving complete monolayers (summarised in Table 4.2). | therefore began
by modifying 2-D caecaloid protocols through collaboration with Maria Duque-
Correa at the Wellcome Sanger Institute. In this chapter, | demonstrate the
growth of 2-D enteroid cultures that successfully fulfii our pre-defined
requirements and allow us to address our downstream research questions
(Chapter 5 & 6).
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4.2 Results

4.2.1 Defining the conditions for 2-D enteroid growth

Primary enteroid cultures were generated from the small intestine of mice
using established protocols (2.4.1). 3-D enteroids demonstrated round cystic
morphology in the the first two days of culture and then formed branching
morphology described from day 4 through 7 (Figure 4.1 A). These cultures

grew similarly following their first passage (Figure 4.1 B)

Figure 4.1 | 3-D enteroid growth over time. Representative images of 3-D enteroid in culture A) with
isolation media over the first week in culture B) in organoid growth media after the first passage. P =
passage, D = day
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We began by adapting 2-D caecaloid methods through collaboration with Dr.
Maria Duque-Correa for the generation of 2-D enteroid cultures (Duque-
Correa, Goulding, Rodgers, Gillis, et al., 2022). The overall design of our 2-D
culture system is summarised by a schematic (Figure 4.2). In brief, 3-D
organoids are passaged and cultured for 4 days before being dissociated and
seeded on transwell plates (0.4 pm pore) coated with an ECM mimic (Figure
4.2). The lower transwell compartment is supplied with growth media
containing required growth factors and morphogens simulating the basal
environment, while the top compartment receives 200,000 enteroid cells in 200
Ml of base media simulating the intestinal lumen. After 24 h in culture, the non-
adherent cells are removed from the top compartment, and media replaced
and changed every second day onwards. On day 2 in culture the growth media
in the lower chamber is changed and every second day onwards. Cultures
were initially maintained for 7 days after seeding, however later | modify the

length of culture which is discussed further below.

Figure 4.2 | Summary of 2-D enteroid culture model. 3-D organoids were grown as per established
protocols based on Sato et al, 2009 with modifications detailed throughout this Chapter for 4 days. After
which cells were dissociated using protocols from Duque-Correa et al, 2022 and seeding in base growth
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media (200 pl) into the apical chamber of transwell plates coated with an ECM mimic to encourage
adherence. Growth media (4 ml) was supplied in the basal compartment, the conditions of this media
were optimised throughout this Chapter. Non adherent and dead cells were removed from apical
compartment after 24 h and apical media replaced every second day onwards. After 48 h the basal media
\S/‘v::dci:::-nged as well as every second day thereafter. Cultures were maintained initially until day 7 after
To achieve 2-D enteroid cultures, | modified 2-D caecaloid methods by
optimising two major features i) the composition of growth media and ii) the
ECM mimic used for coating the transwell surfaces. This chapter details
several modifications, a summary table is provided with the media composition
and outcome of each (Table 4.1). The growth media of caecaloid cultures
requires supplementation with fibroblast growth factor (FGF-10), as this is
secreted by the caecal mesenchyme in vivo (Burns et al., 2004; Duque-Correa,
Schreibera, et al., 2020). FGF-10 is not required for 3-D enteroid growth,
therefore this was omitted from all 2-D enteroid growth medias trialled (Burns
et al., 2004; Duque-Correa, Schreibera, et al., 2020; Sato et al., 2009) (Table
4.1). Wnt ligands initiate signalling cascades that result in expression of stem
cell genes, and therefore are crucial for stem cell maintenance (H. Clevers et
al., 2014; Fevr et al., 2007). In the small intestinal epithelium Wnt ligands can
be provided by Paneth cells, as well as by mesenchymal cells, while in the
caecum and colon Paneth cells are thought not to be present, although they
may arise in response to inflammation (H. C. Clevers & Bevins, 2013). Paneth
cells provide an epithelial intrinsic source of Wnt ligands in enteroid cultures,
specifically Wnt3a. Intestinal organoids containing Paneth cells (enteroids)
therefore do not require supplementation; while in the Paneth cell devoid
caecaloid or colonoid cultures Wnt3a supplementation with Wnt3a CM is
absolutely required (Duque-Correa, Schreibera, et al., 2020; Sato & Clevers,
2013; Sato et al., 2009). Therefore, during culture caecaloids require relatively
high Wnt CM, 30% vol/vol, to support stem cell proliferation and monolayer
formation, concentrations are then successively reduced during culture to 10%
and then 2.5% to stimulate differentiation of the monolayer (Table 4.1).
Although, Wnt supplementation is not essential for enteroid growth, Wnt3a
conditioned media (CM) has been shown to enhance enteroid culture and is
required for long term cultures (Wilson et al., 2021). Initially, | trialled caecaloid
culture methods for 2-D enteroid culture (without FGF-10) using Wnt CM
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starting at a lower vol/vol concentration than caecaloids of 10% for 48 h, 2.5%
for 48 h, and 0% for remaining culture (Table 4.1). Our second trial repeated
this except used the same Wnt concentration schedule used for 2-D
caecaloids. However, both attempts failed to result in monolayer cultures
(summarised in Table 4.1) and instead resulted only in small patches of cells

(data not shown).
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Table 4.1 | Summary of conditions trialled in this study for the optimisation of 2-D enteroid cultures.

Chapter 4

Culture & Base media Growth media ECM Figure(s) | Complete
origin Schedule monolayer
(Y/N)
2-D Caecaloid Advanced DMEM/F12 WENRF Collagen rat tail | Figure Y
(Duque-Correa, 2mM L-glutamine W - Wnt CM (50% — 2.5% vol/vol)* 4.2
Goulding, 1x N2 supplement E - EGF (50 ng/ml)
Rodgers, Gillis, 1 x B27 supplement N - Noggin (100 ng/ml)
et al., 2022) 10 mM HEPES R - R-spondin CM (10% vol/vol)
F — FGF-10 (100 ng/ml)
N-acetylcysteine (NAC) (1 mM)
made up with base medium to total volume required
*Whnt was reduced every 2 days from 50%, 10%, 2.5%
2-D Enteroid WENR Collagen rat tail | | Data not N
W - Wnt CM (10% — 0% vol/vol)* shown
E - EGF (50 ng/ml)
N - Noggin (100 ng/ml)
R - R-spondin CM (10% vol/vol)
N-acetylcysteine (NAC) (1 mM)
made up with base medium to total volume required
*Whnt was reduced every 2 days from 10%, 2.5%, 0%
WENR Collagen rat tail | | Data not N
Wnt was reduced every 2 days from 30%, 10%, 2.5% shown
WENR Collagen rat tail | | Figure N
Whnt kept at 30% throughout cultures (30% WENR) 42,43
ENR Collagen rat tail | | Figure N
0% Wnt throughout cultures (ENR) 42,43
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Culture & Base media Growth media ECM Figure(s) | Complete
origin Schedule monolayer
(Y/N)
WENR "Thin” Matrigel® Figure N
Whnt kept at 30% throughout culture (30% WENR) (1:50 in PBS) 42,43
ENR "Thin” Matrigel® Figure N
0% Wnt throughout cultures (ENR) (1:50 in PBS) 42,43
ENR + CR "Thin” Matrigel® Figure Y
+ CHIR99021 (10 mM) (1:50 in PBS) 4.5, and
+Y-27632/ROCKi (10 uM) subseque
ntly
througho
ut this
thesis
Intesticult™ "Thin” Matrigel® Figure Y
(1:50 in PBS) 4.5
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3-D enteroids only contain a proportion of cells that are able to proliferate (stem
and TA cells), and these stochastically differentiate during culture into post-
mitotic terminally differentiated cells that are unable to undergo cell cycle
(Gehart & Clevers, 2019). Additionally, in our hands even in high
concentrations of Wnt CM, organoids quickly showed signed of differentiation.
Therefore, | reasoned that in order to form a successful monolayer during 2-D
organoid growth | must seed transwell with a high density of proliferating cells
capable of forming a monolayer and covering the transwell surface and this
could be our major problem. Additionally, recent literature had also described
similar approaches to 2-D enteroids with variable success (summarised in
Table 4.2). Another variable that proved important for successful generation of
monolayers by other groups was the choice of ECM coating of transwell
surfaces prior to seeding (Table 4.2). Published methods used either Collagen
which was what | had previously trialled (Duque-Correa, Goulding, Rodgers,
Gillis, et al., 2022; Y. Liu et al., 2018; Thorne et al., 2018), or Matrigel® (Altay
etal., 2019; Thorne et al., 2018) and found Matrigel® to improve results (Table
4.2). | therefore trialled side-by-side collagen coated or Matrigel® coating in
combination with enteroids grown in the presence of Wnt (30% WENR) without
modifying concentrations throughout culture, or when it was removed all
together (ENR) (Table 4.1, Figure 4.2).
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Table 4.2 | Summary of murine intestinal 2-D organoid publications.

Reference ECM Media Time | Monolayer | Seeding Conclusions
(d) density
(Thorne etal., | Matrigel® | ENR 5 Claim 50-100 Single cells
2018) poly-L- CHIR99021 monolayer crypts/well | better than
lysine Y-27632 but holes 50,000 crypts
Collagen present in cells/well Matrigel®
microscopy coating best
images CHIR99021 +
ROCKi (Y-
27632)
improved
culture but

switched back
to ENR after 4-

6 hr
(Y. Liu et al., Collagen | | ENR 4 Monolayer 500 No cells
2018) Matrigel® | Blebbistatin forms but do | crypts/well | adhered to
LDN-193189 not report Collagen |
(LDN) on coverage coated plate.
CHIR99021. Blebbistatin &
ROCKi (Y- CHIR99021
27632) improved
culture

Noggin can be
replaced with

LDN-193189
(LDN)
(Altay et al., Matrigel® | ENR 7-21 ~100% by 100,000x ‘Thin’
2019) ‘thin’ and | Wnt3a 10d cm2 Matrigel®
‘thick’ ISEMF CM Grew best with
CHIR99021 all media
Valproic acid components
combined

Measurement of transepithelial electrical resistance (TEER) gives an
indication of monolayer growth, and over the course of culture should increase
as monolayers form (Altay et al., 2019). | found TEER indicates minimal
differences between culture conditions for enteroids, however our caecaloid
control showed consistent increase in TEER followed by rapid decline
indicating differentiation (Maria Duque-Correa, personal communication)
(Figure 4.3 A). Consistent with recently published papers, coating with
collagen | resulted in poor adherence of enteroid cells (Figure 4.3 B) (Thorne
et al., 2018) despite resulting in successful monolayers for caecaloid cultures
(Duque-Correa, Goulding, Rodgers, Gillis, et al., 2022). ‘Thin’ Matrigel® coating
described by Altay et al, resulted in improved coverage of the transwell surface
in both ENR media and 30% Wnt WENR media compared to those coated with

collagen (Figure 4.3 B). Microscopy showed that while supplementation of

Page 134



Chapter 4
30% Wnt WENR improved the coverage of transwell cultures compared to

growth in ENR media, complete coverage was not achieved (Figure 4.3 B).
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Figure 4.3 | Growth of 2-D enteroids. 2-D enteroid cultures on collagen | coated or Matrigel® coated
transwell and grown in the presence or absence of 30% Wnt CM. Caecal organoids were grown side-
by-side as a comparison using published methods. A) transepithelial electrical resistance (TEER)
measured each day of culture for caecaloid monolayer (purple), enteroids generated from the entire small
intestine grown in 30% WENR (light purple), and enteroids from entire small intestine grown in ENR
(green). Filled circles indicate collagen coated and empty circles indicate Matrigel® B) Fluorescence
microscopy of enteroid monolayers, image is an overlay of fluorescent channels of DAPI staining nuclei
(blue), actin stained using phalloidin for visualisation of cell boundaries (red), lectins SNA/UEA which
binds mucus on goblet cells (green), and ki67 for proliferative cells (yellow). Tiled image of transwell
surfaces coated with collagen | (top row) or Matrigel® coated (bottom row) grown in presence of 30%
Wnt (WENR) (right-hand column) or in absence of Wnt (ENR) (left-hand column). Scale bars = 2 mm.
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An explanation for failure to achieve a complete monolayer could be that not
enough proliferative cells were seeded. Yet, despite unsuccessful coverage of
the transwell surface, the presence of proliferative cells was demonstrated by
immunofluorescence microscopy staining of Ki67+ proliferative cells (Stem
and TA cells). Ki67+ proliferative cells were present in all conditions, with the
exception of collagen coated transwell grown in ENR media in which no cells
adhered (Figure 4.4). Proliferative cells did not form foci as described for 2-D
organoid cultures elsewhere (Altay et al., 2019; Duque-Correa, Goulding,
Rodgers, Gillis, et al., 2022). | identified goblet cells using the fluorescent
lectins Ulex europaeus agglutinin (UEA) and Sambucus nigra (SNA) which
bind mucus on goblet cells. Goblet cells were present in all conditions where
there were cells present, indicating differentiation of stem cells was occurring
in these cultures even in the presence of high concentrations of Wnt. These
data suggested that | had successfully seeded proliferative cells, but either i)
too few proliferative cells were seeded to achieve coverage or ii) differentiation
occurs too quickly hampering the ability of these cells to achieve complete

coverage or iii) both factors play a role.
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Figure 4.4 | 2-D enteroid cultures contain proliferating cells. Fluorescence microscopy of monolayers, DAPI staining nuclei (blue), actin
stained using phallodin for visualisation of cell boundaries (red), lectins SNA/UEA which binds mucus on goblet cells (green), and ki67 for
proliferative cells (yellow). A&B) Collagen | coated transwell in A) ENR media B) 30% Wnt3a CM (vol/vol) ENR media or C&D) Matrigel® coated
transwell in C) ENR media D) 30% Wnt3a CM (vol/vol) ENR media. Scale bars = 100 ym.
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The generation of large 3-D organoids that yield sufficient numbers of cells for
seeding 2-D cultures requires at least 3-4 day of culture however our 3-D
enteroid cultures rapidly differentiated even in 30% CM WENR media by Day
3-4 (Appendix I). Therefore, | tested alternative methods to strongly enrich for
stem cells firstly in our 3-D organoid so that when seeded into transwell plates
these would be enriched. Publications summarised in Table 4.2 used a variety
of combination of growth factors, morphogens, and growth factor CM, some of
which | were using already (WENR) and others | decided to trial. Y-27632 is a
Rho-associated protein kinase inhibitor (ROCKIi) that helps prevent anoikis that
occurs when epithelial cells lose contact with basement membrane, and in
general improves epithelial survival during dissociation and culture. | added
this to our media for 4 days prior to 2-D enteroid cultures, and during the course
of 2-D cultures to enhance overall survival. Even at relatively high Wnt CM
concentrations (30%) our 3-D enteroids differentiated. Another way to activate
Whnt signalling is through the use of the molecular agonist CHIR99021 (An et
al., 2012). CHIR99021 is an inhibitor of the protein kinase GSKp, which
functions to phosphorylate B-catenin in the absence of Wnt signalling, labelling
it for destruction (An et al., 2012) (Figure 4.5). Inhibition of GSKp by
CHIR99021 subsequently leads to increased activation and translocation of 3-
catenin to the nucleus to enhance expression of stem genes (An et al., 2012)
(Figure 4.5). Some papers use the BMP inhibitor LDN-193189 (LDN) as an
alternative to Noggin (Table 4.2), however as | already included the BMP
inhibitor Noggin, | proceeded with to use this. Alternatively, some researchers
use Intesticult™ media to grow organoids, which is a pre-defined media sold
by Stem Cell Technologies that does not specify which growth factors it
contains, or their concentrations. | also trialled Intesticult™ " the growth of 2-

D enteroids.
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Figure 4.5 | Schematic of Wnt signalling pathway demonstrating effect of CHIR99021 inhibitor. In
the presence of available Wnt (right-hand side of image) Wnt binds its receptor and co-receptors Frizzled
(Fzd) and Lrp respectively, upon binding this leads to activation of dishevelled. Activated dishevelled
then inhibits a protein complex termed the destruction complex which is comprised of APC, Axin, CKla
and GSK-3pB. Dishevelled mediated inhibition of the destruction complex allows (-catenin to enter the
nucleus and transcribe genes involved in stemness. In the absence of Wnt signalling (left-hand side) the
destruction complex phosphorylates B-catenin which leads to ubiquitin mediated proteolysis and no
transcription of stemness related p-catenin target genes. CHIR99021 inhibits GSK-3f of the destruction
complex in the presence and absence of Wnt and this leads to an inability to phosphorylate 3-catenin,
allowing translocation to the nucleus and active gene transcription of B-catenin target genes. This figure
was adapted from “Wnt signalling pathway Activation and Inhibition” by BioRender.com.

3-D enteroids were grown in either 30% Wnt WENR media, ENR media
supplemented with 10 ym CHIR99021 and 10 yM ROCKi (ENR + CR), or
Intesticult™ media (Figure 4.6, Table 4.1). High concentrations of CHIR99021
induced very large cystic organoids indicative of stem cell enrichment, as did

culture in Intesticult™ media (Figure 4.6).
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Figure 4.6 | 3-D organoid growth in stem cell enriching media. 3-D enteroid morphology when grown
in ENR media + 10 ym CHIR99021 (right-hand column), 30% Wnt3a (vol/vol) ENR media (middle
column), or Intesticult™ (right-hand column) at days 2 (top-row), 3 (middle row) and 4 (bottom row) of
post passaging. Scale bars = 500 pm.

We then dissociated 3-D organoids grown in ENR + CR for 4 days, and seeded
cells into transwell plates coated with ‘thin’ Matrigel® layers. 2-D enteroid
cultures were then maintained in stem cell enriching media, either ENR + CR
or Intesticult™ media for the entire length of culture (7 days). TEER values
increased over the course of growth in both media conditions, indicating
monolayer coverage of transwell surfaces (Figure 4.7 A). DAPI staining of
nuclei demonstrated successful coverage in both media conditions of the
entire transwell surface (Figure 4.7 B). Coverage was complete for ENR + CR,
or nearly complete for Intesticult™ (Figure 4.7 B). Due to the architecture of
these cultures some areas appear to have less DAPI fluorescence, and appear

as holes, but upon subsequent investigation using confocal microscopy these
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were found to contain cells on different planes. Intesticult™ media showed no
advantage over ENR + CR, and since it is costly and does not allow for
controlled modification of various growth factors, | did not proceed with using
this media further.

Figure 4.7 | CHIR99021 leads to successful transwell coverage with Sl enteroids. A&B) 2-D
enteroids were grown in ENR + 10 ym CHIR99021 A) Trans epithelial electrical resistance (TEER)

measurements for first 5 days of 2-D enteroids culture. B) Immunofluorescence of DAPI staining enteroid
cell nuclei.
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We initially cultured 2-D enteroids for 7 days post seeding which was based
on methods developed for caecaloid culture by our collaborator Dr. Maria
Duque-Correa (Duque-Correa, Goulding, Rodgers, Gillis, et al., 2022). Upon
successful monolayer growth | then aimed to determine the growth dynamics
specific to 2-D enteroid cultures. | performed a time course experiment using
two separate enteroid organoid lines, one originated from the murine duodenal
tissue, and one from the entire length of the murine small intestine (2.4.1). 2-
D enteroids were grown as previously described and a well was taken for
microscopy at each day from day 2-7 post culture. Full coverage of the
transwell surface was demonstrated as early as day 2 as well as substantial
Ki67+ staining of proliferative cells. By day 3&4 the numbers of proliferative
cells has increased and clear proliferative foci had spontaneously formed
(Figure 4.8 and Figure 4.9) as described for 2-D enteroid and caecaloid
cultures (Altay et al., 2019; Duque-Correa, Goulding, Rodgers, Gillis, et al.,
2022). Using the fluorescent lectins Ulex europaeus agglutinin (UEA) and
Sambucus nigra (SNA) which bind mucus and thereby marking goblet cells, |
identified terminally differentiated goblet cells. Surprisingly these were present
as early as 2 days in culture, even in the presence of this highly stem enriching
media, demonstrating the strong ability of these enteroid cultures to
differentiate (Figure 4.8). Growth dynamics between duodenal organoids and

S| organoids were consistent (data not shown).
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Figure 4.8 | Growth and differentiation dynamics of 2-D enteroid cultures. Immunofluorescence of duodenal 2-D enteroids from each day 2-7 of culture. DAPI =
Nuclei, orange = Phalloidin staining actin, red = Ki67+ cells (Stem and TA cells), green = Lectins SNA/UEA bind mucus on goblet cells and overlay of channels.
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4.2.2 2-D enteroid cultures recapitulate the host intestinal epithelium

We illustrate 2-D enteroid cultures spontaneously form proliferative foci of
densely clustered cells that are positive for Ki67, as described by others for
caecaloid and enteroid cultures (Altay et al., 2019; Duque-Correa, Goulding,
Rodgers, Gillis, et al., 2022; Y. Liu et al., 2018; Thorne et al., 2018) (Figure
4.9). In addition, goblet cells were identified by SNA/UEA staining and
localised to regions where cells were distributed away from densely packed
proliferative loci (Figure 4.9 and Figure 4.10). | aimed to determine whether
the remaining terminally differentiated cell types of the intestinal epithelium,
that are known to be present in 3-D organoids, are present in our 2-D enteroid
model. | used immunofluorescence microscopy to detect Dckl1 (Dcam1)
specific to tuft cells, lysozyme 1 (Lyz1) specific to Paneth cells, Chromogranin
A (ChgA) specific to enteroendocrine cells and villin which is highly expressed
in the microvilli of enterocytes (Figure 4.10 A&B). In addition to goblet and
proliferative cells, the presence of all other cell types investigated was
confirmed (Figure 4.10). Tuft and enteroendocrine cells are rare cell types
within these cultures. M cells are the only remaining cell type that | did not
quantify as they require RANK signalling to induce their differentiation (Knoop
et al., 2009). When 2-D and 3-D enteroid growth media was supplemented
with RANKL | observed M cell specific genes by qPCR for the 3-D setting only
and did not pursue this further (data not shown). The presence of differentiated
cell types was also supported by the identification of well established cell type
specific marker genes of specialised intestinal epithelail cells using RT gPCR
in both 2-D and 3-D organoid cultures (Figure 4.10 C&D). In Chapter 6 of this
thesis, single cell RNA seq (scRNA seq) was performed and further confirms
the presence of different cell populations as well as indicates the proportions

of each cell type. Finally, by confocal microscopy these cultures did not form
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flat monolayers and instead demonstrated a ‘hill and valley’ like structure

(Supplemental file 1 and Supplemental file 2).
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Figure 4.9 | 2-D enteroids spontaneously form proliferative foci and generate terminally differentiated cells. Immunofluorescence microscopy of 2-D enteroid
cultures after 7 days. DAPI staining of cell nuclei (blue), SNA/UEA bind lectins present within mucus of goblet cells (green), Actin visualises cell boundaries and microvilli
(red). A) Ki67 labels proliferative cells (yellow). Scale bar = 100 um. B) Z-stack image showing orthogonal view of 2-D enteroid cultures, villin was labelled to identify
microvilli at the apical surface (white). Scale bar = 50 ym
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Figure 4.10 | Validation of 2-D enteroid cultures. A) Immunofluorescence microscopy of villin labelling
enterocytes (yellow), actin to identify cell boundaries (red), lectin+ goblet cells (green) and DAPI stained
nuclei (blue). B) Representative immunofluorescence microscopy of Dckl1+ tuft cells, Lyz1+ Paneth
cells, Chga+ enteroendocrine cells and Ki67+ proliferative cells (stem and TA cells). C) RT gPCR
analysis of RNA from 2-D (empty columns) and 3-D organoid (shaded columns) cultures for cell type
specific marker genes purple = Alpi (enterocytes), violet = Chga (Enteroendocrine cells), blue = Lyz1
(Paneth cells), turquoise = Muc2 (Goblet cells) and green = Lgr5+ (Stem cells). Y-axis shows normalised
(GAPDH) mRNA expression fold change (2*-AACT) of 2-D organoids vs. 3-D organoids. D) as in C but
for expression of Dckl1 (same experiment). C&D) mean values +SD plotted; points plot individual
biological replicates; for 2-D (n = 3), 3-D (n = 2).
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In summary, the methods trialled in this chapter that allowed for growth of 2-D
enteroids were using CHIR99021 and ROCKIi to supplement enteroid media
both 4 days prior to seeding transwells and throughout culture (2.4.3) (Figure
4.11). Matrigel® coating of 2-D transwells was required for monolayer
formation, and both apical and basal media requires changing every other day
on alternating days (Figure 4.11). In this study cultures were grown for a
maximum of one week but the monolayer is established by day 4, longer

culture lengths were not investigated (Figure 4.11).

Figure 4.11 | Summary of 2-D enteroid protocol. 3-D enteroids are grown for 4 days in stem cell
enriching media. 3-D enteroids are then digested into a single cell suspension in base growth media and
seeded into the upper compartment of a 0.4 um pore transwells pre-coated with a ‘thin’ layer of Matrigel®.
Stem cell enriching media is added to the bottom compartment. After 1 day of culture, the media and
non-adherent cells in the upper compartment are aspirated and replace with fresh media, and every
other day onwards. On day 2 of culture the basal media is aspirated and replaced, and every other day

onwards. In this thesis cultures were maintained for up to one week.

4.2.3 Modulating the cellular composition of 2-D enteroids

Th2 cytokines IL-4 and IL-13 drive both goblet (Khan et al., 2001; Marillier et
al., 2008) and tuft cell (Gerbe et al., 2016; Howitt et al., 2016; Von Moltke et
al., 2016) hyperplasia in the intestinal epithelium during helminth infection, and
addition of these cytokines to 3-D enteroid cultures also induces goblet and
tuft cell differentiation (Drurey et al., 2021; Karo-Atar et al., 2022; Lindholm et
al., 2022). | seeded 2-D enteroids, allowing 48 h for cells to adhere and form a

monolayer before supplementing growth media with 50 ng/ml of IL-4 and 50
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ng/ml of IL-13 and culturing for a further 48 h. As expected, | found hyperplasia
of tuft and goblet cells by fluorescence microscopy (Figure 4.12 A). | also found
higher background fluorescence; | predict this is a result of increased mucus
production by goblet cells. RT gPCR was used to assess the expression of cell
type specific genes in response to cytokines IL-4 and IL-13 after 72 h. |
assessed the mucus component Muc2 specifically expressed by goblet cells,
and the tuft cell specific marker Dckl1 after 72 h of growth in the presence of
IL-4 and IL-13. While | saw an increases in goblet and tuft cells by microscopy,
gPCR analysis of goblet and tuft cell specific genes Muc2 and Dckl1 showed
no significant difference (Figure 4.12 B). Interestingly, this experiment also
revealed that in response to IL-4 and IL-13 the expression of Lgr5 is strongly
downregulated and could not be detected in 2-D enteroids grown with

cytokines (Figure 4.12 B).

Figure 4.12 | 2-D enteroid composition in presence of IL-4 and IL-13. A) Immunofluorescence of 2-
D enteroids grown without (top row), or with (bottom row) IL-4 (50 ng/ml) and IL-13 (50 ng/ml) for 48 hr
stained for Actin (red), goblet cells using lectin binding dyes UEA and SNA (green), nuclei (DAPI) and
tuft cells using Dckl1 (yellow). Scale bars = 100 um. B) normalised (GAPDH) mRNA expression fold
change (2*-AACT) of Muc2, Dckl1 and Lgr5 in 2-D enteroids grown in presence or absence of IL-4 (50
ng/ml) and IL-13 (50 ng/ml) for 72 h. Mean + SD is plotted. Statistical test student t test, ns = non-
significant, (n = 3). N.D. = not detected.
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4.3 Discussion

In this chapter 2-D enteroid cultures that form contiguous monolayers of
polarised cells epithelial cells were developed (Figure 4. and Figure 4.). Our 2-
D enteroid cultures self-organise into proliferative loci (Figure 4.) and
spontaneously differentiate into all specialised cells of the intestinal epithelium
with the exception of M cells (Figure 4. and Figure 4.10 ). Enteroid cells require
BME substitutes for adherence to transwell surfaces, unlike caecaloid cells
which adhere well to rat collagen type |. The biology underpinning this
difference is unknown (Figure 4.). Furthermore, despite enteroids possessing
Paneth cells which can provide an endogenous source of Wnt ligands, in order
to enrich for stem cells, | required the use of Wnt agonist CHIR99021 and
ROCKIi to enhance survival and monolayer formation (Figure 4.). Our 2-D
enteroids exhibit some degree of architecture with a ‘hill and valley’
appearance, however a caveat of these cultures is that they do not reflect well
the in vivo structures of crypts and villi which may impact cellular differentiation
within these cultures. Nevertheless, these 2-D cultures provide an advantage
over 3-D enteroids specifically for the delivery of H. bakeri EVs to the apical
epithelium, and for subsequent studies of the host intestinal epithelial response

to helminth parasites and their secreted products (Chapters 5 & 6).
Limitations

While 2-D organoids have many advantages over 3-D organoids especially for
the study of large multicellular pathogens, they don’t necessarily replicate all
of the features that 3-D organoids do. For example, 3-D organoids replicate
much more closely the structure of the intestinal epithelium while 2-D
organoids poorly represent crypts and villi. In the future 2-D organoids may be
supported by the use of scaffolds to better replicate the architecture of the

epithelium.

Another limitation of this study was the small number of biological replicates
used to generate enteroid lines. This study could have been strengthed by
generating enteroids from several mice to determine variability between

biological sources.
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To date a handful of publications have utilised 3-D organoids for the study of
helminths or their ES products (Drurey et al., 2021; Faber et al., 2022; Karo-
Atar et al., 2022; D. Smith et al., 2021). However, 2-D models circumvent many
of the limitations that 3-D organoids have for studying helminth-host
interactions. For example, livestock infective L3 larvae from both T.
circumcincta and O. ostertagi have been co-cultured with ovine, or bovine, 3-
D abomasum organoids respectively (Faber et al., 2022; D. Smith et al., 2021).
In these studies a small proportion (<2%) of L3 O. ostertagilarvae could invade
BME domes (in this case Matrigel® ) that contained organoids, but not the
Matrigel® only dome controls (Faber et al., 2022). Of those L3 larvae that
successfully invaded organoid containing Matrigel® , 50% (T. circumcincta) or
61% (O. ostertagi) were able to transverse the epithelium and enter organoid
lumens (Faber et al., 2022; D. Smith et al., 2021). These studies suggest that
epithelial cells provide at least some of the cues required for L3 larval invasion,
although it should be noted these species are not known to transverse the
epithelium in vivo as noted by the authors (Faber et al., 2022; D. Smith et al.,
2021). While these studies are the first to allow for in vitro studies of epithelial
invasion by these species, further investigations would be limited by the small
fractions of L3 larvae that successfully invaded organoids. On the other hand,
2-D organoid models can provide an enhanced platform for similar studies of
helminth invasion and interactions at the epithelium because burrowing
through Matrigel® and transversing the epithelium is not required. The use of
2-D organoids has recently been exemplified for T. muris (Duque-Correa,
Goulding, Rodgers, Gillis, et al., 2022). Co-culture of L3 T. muris larvae with
2-D caecaloids allowed for in-depth monitoring of the early stages of invasion
and development of syncytial tunnels previously difficult to assess in vivo

(Duque-Correa, Goulding, Rodgers, Gillis, et al., 2022).

Another major benefit of 2-D models for co-culture studies is their open
confirmation and larger format compared to 3-D organoids. For instance,
studies that demonstrate burrowing of L3 larvae into 3-D organoids modified

the organoid structure in order to accommodate these large parasites, which
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does not reflect the physiological interactions during infection (H. J. Kim et al.,
2012; J. Yin et al.,, 2021). Furthermore, as helminths develop through
subsequent life cycle stages like L4 larvae and eventually adult parasites,
worms increase in size and many helminths are larger even than an individual
3-D organoids (Ruby White et al., 2022). Finally, 3-D organoids accumulate
dead cells and mucus within their lumen, requiring passaging and therefore
limiting the longevity of co-cultures. However, 2-D enteroids and caecaloids
have demonstrated the potential to be cultured for extended periods of time
(several weeks) (Altay et al., 2019; Ruby White et al., 2022). Therefore 2-D
organoid-helminth co-cultures could be maintained long enough to even allow
for the transition between parasite life stages e.g., H. bakeri takes ~10 days to
reach adulthood p.i. (Camberis et al., 2003; Reynolds et al., 2012).

An alternative method that has been described by others but was not used in
this study is the Apical-out method (Co et al., 2019). Apical-out organoids are
generated by mechanical disruption of 3-D organoids before placing in
suspension culture, this process forces a reversion of epithelial polarity of the
3-D organoids (Co et al., 2019). This method may be applicable for some
research questions, such as studying uptake of helminth derived EVs, and
could be explored in the future. However, some limitations pertaining to
traditional 3-D organoids also apply to Apical-out organoids. For example,
Apical-out organoids are limited by their size, and have limited culture length.
Therefore, for studies co-culturing live helminths, 2-D organoid models are
advantageous (Ruby White et al., 2022).

2-D enteroids may eventually lead to in vitro replication of parasite lifecycles,
although further bioengineering of more complex models will likely be required,
at least for some species. For example, vascularisation or other blood sources
would likely be crucial for the culture of hematophagous helminths (e.g.,
human hookworm species N. americanus and A. duodenale). Technologies
are already on the horizon such as ‘organ-on-a-chip’ models which introduce
features such as vascularisation (Zhao et al., 2021), microfluidics and fluid flow
(H. J. Kim et al., 2012); sheer or contractile forces stimulating peristalsis (H. J.

Kim et al., 2012; J. Yin et al., 2021); and gradients of oxygen or growth factors
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(R. Kim et al.,, 2019). Some 2-D organoid models are beginning to use
scaffolds to force epithelial growth into the configuration of crypts and villi (Bein
et al., 2018; Nikolaev et al., 2020). One constraint of the currently developed
organs-on-a-chip systems for helminth research is the physical size of these
chips, which in most cases are too small for helminth co-culture. However,
through modifications of these technologies it is possible that replication of

helminth life cycles in vitro could be achieved (Ruby White et al., 2022).

An in vitro reproduction of helminth lifecycles has long been desired, and
attempted many times (P. H. Silverman, 1965; P. H. Silverman & Hansen,
1971). The field has seen minimal success in completing helminth life cycles
in vitro for most species, with the exception of Strongyloides spp which is able
to complete its lifecycle free-living, or through infection (Heyneman et al.,
1984). For example H. bakeri eggs can develop into L3 larvae in vitro which
was first detailed in 1969 (P. H. Silverman, 1965). Since then, researchers
remain reliant on animal infections to progress H. bakeri through the remaining
life stages (L3 to Adults) (Heyneman et al., 1984; P. H. Silverman & Hansen,
1971). The ability to culture helminths out width animal hosts has big
implications for the field, including the reduction of experimental animal use
and associated costs; and allowing for tractable methods to investigate host-
helminth interactions. Most importantly it could eventually allow for the in vitro
culture of human infective helminth species most of which currently require
human volunteers for lifecycle maintenance and remain a significant global
health concern (Chapman et al., 2021; Loukas et al., 2016; WHO, 2020).
Excitingly, 2-D enteroids cultures advanced by bioengineering of additional
host physiology represent a new frontier for the culture of helminth parasites

in vitro.

The 2-D enteroid methods developed in this chapter is used as a model system
in subsequent chapters of this thesis to investigate the uptake and function of
H. bakeri EVs in the host intestinal epithelium. In addition, | use 2-D enteroids
to co-culture live H. bakeri parasites at different life stages. 2-D enteroids
allowed for replication in vivo localisation of H. bakeri and its ES products,

which is a unique advantage of this model.
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Chapter 5: H. bakeri EV uptake by intestinal epithelial cells
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Abstract
Extracellular vesicles (EVs) from several helminth species enter host cells in
vitro. H. bakeri EVs can enter the enterocyte cell line MODE-K, and at much
higher proportions bone marrow derived macrophages (BMDMs) suggesting
cell type specificity. The intestinal epithelium is a heterogenous tissue
comprised of specialised cells and a mucus layer, whether H. bakeri EVs enter
cells in the epithelia during infection is not known. In this chapter | aimed to
determine the uptake dynamics of H. bakeri EVs in the intestinal epithelium
using 2-D organoids which in comparison to MODE-K cells better models the
intestinal epithelia. | use microscopy and flow cytometry to demonstrate that
2-D organoids take up H. bakeri EV's but at lower proportions than side-by-side
with MODE-K cells. Furthermore, | assessed the uptake of H. bakeri EVs in
vivo by delivering EVs using intraluminal injection, and detecting uptake using
anti-EV sera. H. bakeri EVs may enter intestinal epithelial cells in vivo but

further investigation is required to support this.
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5.1 Introduction

One of the major aims of this thesis was to define the specificity of H. bakeri
EV uptake within the host epithelium. In chapter 4 the methodology for
generating 2-D enteroids was defined, which reflect the heterogenous cell type
composition of the intestinal epithelium and enable studies that address cell
type specificity for uptake. In this Chapter | investigated the uptake dynamics
and specificity of H. bakeri EVs using MODE-K cells, 2-D enteroids and also

begin to assess uptake in vivo.

Evidence of cross-kingdom EV mediated communication has been
demonstrated in various contexts, including between fungus and plants (Q. Cai
et al., 2018; M. Wang et al., 2016; Weiberg et al., 2013), animals and fungus
(Gehrmann et al., 2011; Vargas et al., 2015), and animals and bacteria
(Codemo et al., 2018; Deo et al., 2018; Kaparakis et al., 2010; Koeppen et al.,
2016; Macdonald & Kuehn, 2013; Rivera et al., 2010). While helminth EVs
have been shown to have immunomodulatory functions in many contexts
(Sanchez-Lépez et al., 2021), the majority of work has focused on in vitro co-
culture with homogenous cell lines, or with isolated immune cells (Sanchez-
Lépez et al., 2021). As such, little is understood regarding the specificity of EV
uptake in complex tissues comprised of multiple cell types, and several
questions remain unanswered. Are H. bakeri EVs targeted to specific host
cells? What underpins EV specificity, is it defined by the molecular mechanism
used for uptake e.g., endocytosis or membrane fusion; or the inherent ability
of the recipient cell to uptake EVs? Conversely, is uptake ubiquitous and does

this reflect the ubiquity of EV uptake pathways across various cell types?

Previously, in side-by-side comparisons bone marrow derived macrophages
(BMDMs) demonstrated an enhanced ability to uptake H. bakeri EVs
compared to MODE-K cells (A. H. Buck et al., 2014; Coakley et al., 2017).
These findings could represent a targeting of H. bakeri EVs to macrophages,

however they could also be explained by the fact that macrophages are
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phagocytic and inherently specialised at engulfing foreign material
(Metchnikoff, 1905). Little is known of the true fate of H. bakeri EVs during
infection. During the adult stage of infection, when the parasites reside in the
lumen, the most proximal tissue barrier is the intestinal epithelium. As
described in earlier chapters of this thesis (Chapter 1), the intestinal epithelium
is involved in parasite detection and response. Upon helminth infections with
cellular composition of the epithelium changes and has been associated with
hyperplasia of the secretory cell types e.g., Paneth cells (Kamal et al., 2002),
goblet cells (Khan et al., 2001; Marillier et al., 2008; J.-E. Turner et al., 2013),
and tuft cells (Gerbe et al., 2012; Howitt et al., 2016; Von Moltke et al., 2016).
Of these secretory cells, goblet and tuft cells are associated with helminth
expulsion, through their role in mucus secretion or alerting the immune system
respectively (Baska & Norbury, 2022; Gerbe et al., 2012; Howitt et al., 2016;
Von Moltke et al., 2016). | therefore hypothesised that EVs may target these
specific cell types during infection or target the stem cells to interfere with their
differentiation. To address these questions, | treated MODE-K and 2-D
enteroids with H. bakeri EVs labelled with AF647 (EV-AF647). Uptake was
assessed using fluorescence and confocal microscopy, as well as flow
cytometry. In comparison to H. bakeri EV uptake by MODE-K cells, | found
lower proportions of EV-AF647 in cells from 2-D enteroids, which could

suggest cell type specificity within these cultures.

Finally, tracking uptake of helminth EVs in vivo is challenging as helminths
cannot easily be genetically modified to generate fluorescent EVs. Additionally,
delivery of isolated helminth EVs in vivo requires large doses that can be
prohibitive. Furthermore, delivery of intact EVs to the intestine by oral gavage
must overcome the highly acidic environment of the stomach. Antibodies that
detect of H. bakeri EVs within infected tissue have been limited. | raised
antibodies against isolated H. bakeri EVs by immunising rats and collecting
serum, referred to as a-EV serum (detailed in Chapter 3) to detect EVs in
infected gut tissue. While a-EV serum strongly detects worms and surrounding
EV sized particles, identification of EVs within host epithelial cells was not

demonstrated. One reason that identifying uptake in infected tissue is
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challenging could be the low abundance of EVs in a given section of tissue.
Therefore, | performed intraluminal injections of isolated H. bakeri EVs into the
small intestine of mice under aesthesia to assess in vivo uptake after 1.5 h.
Tissue from intraluminal injections showed promising evidence of uptake into
villi epithelial cells, although further investigation of these samples is required
for confirmation. In this chapter | demonstrate H. bakeri EVs can enter host
intestinal epithelium using 2-D enteroids. | begin to investigate uptake in vivo
however subsequent work is required to convincingly demonstrate that this

phenomenon occurs in vivo.
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5.2 Results

5.2.1 H. bakeri EV-647 uptake properties in the MODE-K cell line

The main aim of this chapter was to determine whether H. bakeri EVs are taken
up by cells of the intestinal epithelium using 2-D enteroids, and if so by which
cellular subtypes. Previously, MODE-K were shown to take up H. bakeri EVs
labelled using PKH67 as early as 1 h, but were highest at 24 h of co-culture,
timepoints after 24 h have not been assessed (Buck et al., 2014; Coakley et
al., 2017). PKH67 labelling forms dye aggregates that are similar in size to
EVs, therefore | first confirmed whether | could detect uptake of EV-647 in
MODE-K epithelial cells. MODE-K cells are an immortalised cell line that was
originally derived from the mouse intestinal epithelium of the
duodenum/jejunum, and most closely represents enterocytes (Vidal et al.,
1993). MODE-K cells serve as a good model of intestinal enterocytes but
critically lack many features found in organoid culture. For example, MODE-K
cells cannot differentiate into other subtypes of the epithelium, they do not
produce mucus, and they lack expression of many intestinal epithelial genes

associated with non-enterocyte cells.

| performed a dosage experiment using two batched preparations of EVs. Two
batches of HES (Batch A & Batch B) were split in half for isolation by either UC
or SEC. | had carried out substantial assessment of the EV populations
isolated by SEC and UC (Chapter 3). | aimed to assess whether isolation
method affects uptake into host cells. EVs were labelled using NHS-AF647
and excess dye removed using SEC (Chapter 3 of this thesis). HBSS buffer,
which was used to re-suspend EV isolations, was also labelled using the same
protocol (HBSS-AF647) in order control for dye aggregates, or unintentional
labelling of host cell proteins by excess dye. For batch A, each isolation
method had an input of 52.5 ml HES, while batch B had an input of 77.5 ml per
isolation method. MODE-K cells were co-cultured with EV-AF647 from each

batch in a 2-fold serial dilution: the highest dose was 4 ug and the lowest dose
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was 0.5 pg. Due to limited amounts of Batch B (UC), | treated cells with only
two doses (4 ug or 1 pg). MODE-K cells were imaged by fluorescence
microscopy at 16 h post treatment to visualise uptake (Figure 5.1). Treatment
with EV-AF647 with all batches showed detectable EV uptake by 16 h by
fluorescence microscopy (Figure 5.1). Based on the (qualitative) microscopy,
uptake varied between batches, and also individual MODE-K cells

demonstrated higher levels of uptake than other cells (Figure 5.1).

Figure 5.1 | H. bakeri EV-647 uptake in MODE-K cells by fluorescence microscopy. Fluorescence
microscopy of MODE-K cells cultured with 4 ug of H. bakeri EV-AF647 for 16 hr. Left to right columns,
Batch A (UC), Batch A (SEC), Batch B (UC), Batch B (SEC). Rows top to bottom, DAPI staining of cell
nuclei (blue), EV-AF647 labelled EVs (red), transmitted light for visualisation of cell boundaries (grey),
overlay. Scale bar = 50 pm.

Cells were then washed to remove EV-647 containing media and harvested
for flow cytometry analysis of uptake. MODE-K cells showed dosage
dependant EV-647 uptake detectable by flow cytometry (Figure 5.2 A, B & C)
indicated by both an increase in median fluorescence intensity (MFI) (Figure

5.2 D) and the percentage of live single cells that were positive for EV uptake
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(Figure 5.2 B) compared to untreated or HBSS-647 treated cells. HBSS-AF647
showed similar AF647 fluorescence to untreated MODE-K cells, indicating that
there was little carry over of dye during purification (Figure 5.2). Uptake of EV-
647 was dose dependant for all treatments, however the percentage of EV
positive cells varied between isolation batches. An observable, but subtle shift
of the population in AF647 fluorescence was noticed for EV-AF647 treated
cells compared to controls, for all batches except Batch B (UC) (Figure 5.2
A&C). However, a proportion of cells demonstrated much higher fluorescence
compared to the median of the population (Figure 5.2 A). This finding is
interesting as it suggest that although a high proportion of MODE-k cells take
up EV-AF647, some cells seem to have much higher propensity for uptake
consistent with imaging data (Figure 5.1& Figure 5.2). | did not see large
differences in proportions of uptake between UC or SEC isolated EVs for Batch
A, but for Batch B SEC isolated EVs showed higher uptake than those isolated
by UC. It should be noted that, Batch A was used freshly after labelling,
whereas Batch B was frozen after labelling for practical purposes and thawed
prior to treating cells (Figure 5.1 & Figure 5.2). EV batches that were labelled
freshly prior to treatment (Batch A) showed higher detectable uptake than
batches that were labelled and frozen until use (Figure 5.2 B&D). In hindsight
this may have affected our results, as freeze thawing EVs has been described
to damage EVs (Bachurski et al., 2019; Théry et al., 2018). However, because
these isolations came from two independent batches of HES it is difficult to
discern whether this reflects batch to batch variation in starting material, or
whether this is a result of freeze thawing. Irregardless, for our future
experiments | minimised freeze thaws for all experiments to one cycle and

always labelled EVs fresh prior to use.
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Figure 5.2 | Uptake properties of H. bakeri EV-647 in MODE-K cells. Flow cytometry analysis of EV-
AF647 uptake in MODE-K cells at 24 h post treatment A) Representative FCS plots of AF647
fluorescence (x-axis) against SSC (y-axis) for single live cells in (left to right) naive MODE-K cells, HBSS-
AF647 treated, H. bakeri EV-AF647 treated for each batch treated with 4 ug/well. EV-647+ gate was
drawn based on AF647 fluorescence in the untreated MODE-K population. B) Percentage EV-AF647
positive cells of single live cells from each batch at each dose. C) Representative histogram for AF647
for naive MODE-K cells (black line), HBSS-AF647 (grey line), Batch A (UC) EV-AF647 treated (green).
D) Percentage EV-AF647+ cells as in C graphed against EV dose (ug/well).

5.2.2 Caecaloid cells take up H. bakeri EVs
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We aimed to determine whether our 2-D enteroid cultures described in Chapter
4 of this thesis would take up H. bakeri EVs as hypothesised. Previously,
experiments from former Buck lab members suggested that addition of H.
bakeri EVs labelled with PKH67 to 3-D enteroid culture medium could be
detected within 3-D enteroids after (Coakley, 2017). Prior to the development
of 2-D enteroids cultures (Chapter 4 of this thesis) | first received training on
3-D and 2-D organoid culture methods from Dr. Maria Duque-Correa at
Wellcome Sanger Institute using caecaloids. The experiments in this section
(5.2.2) were performed during this time. Initially, | began by determining H.
bakeri EV uptake in 3-D caecaloid cultures. Caecaloid cultures have many
similarities to enteroids, however in the caecum Paneth cells are very rare, and
the number of goblet cells are higher than in the caecum than the small
intestine (Mowat & Agace, 2014). These regional differences are reflected in

caecaloid and enteroids cultures (Duque-Correa, Schreibera, et al., 2020).

3-D caecaloid cultures were microinjected with H. bakeri EV-647 (at 1.5x108
particles/ml). As a comparison | also injected AF647 labelled EVs derived from
T. muris, a clade | nematode that naturally resides in the murine caecum (at
1.7x107/ml). Microinjected organoids were cultured for 24 h prior to fixing these
cultures for immunofluorescence microscopy (Figure 5.3 & Figure 5.4). |
detected evidence of T. muris uptake in 3-D caecaloids, while H. bakeri EV-
AF647 were detected near to nuclei on the basolateral side of 3-D organoids
it was less clear if uptake had occurred, furthermore it was more difficult to
identify instances of uptake (Figure 5.3 & Figure 5.4). Signal of EV-AF647 was
also identified in the central lumen where dead cells and mucus accumulate
(Figure 5.3, Supplemental file 3 & Supplemental file 4). Z-stack images were
taken of microinjected 3-D caecaloids and images were converted into video
files that can be viewed for greater detail (Supplemental file 3 & Supplemental
file 4).
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Figure 5.3 | H. bakeri EV-AF647 microinjection of 3-D caecaloids. 3-D caecaloids microinjected with
H. bakeri EV-AF647 (1.5x108 particles/ml) and processed for microscopy 24 h later. Top row overlay of
DAPI staining nuclei (blue), H. bakeri EV-AF647 (red). Middle row shows the single channel of H. bakeri
EV-AF647 (grey), and bottom row shows single channel image of DAPI staining nuclei (grey). Right hand
column is a zoom in of the left-hand column. Right hand column scale bar = 50 ym, left hand column
scale bar = 10 ym. Yellow dotted line = approximation of caecaloid lumen, white dotted line =
approximation of basal boundary of caecaloid, white arrows indicate H. bakeri EV-AF647.
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Figure 5.4 | T. muris EV-AF647 microinjection of 3-D caecaloids. 3-D caecaloids microinjected with
T. muris EV-AF647 (1.7x107 particles/ml) and processed for microscopy 24 h later. A) Overlay of 3-D
caecaloid DAPI staining nuclei (blue) and T. muris EV-AF647 (red). Uptake highlighted by yellow box.
B) Zoom in of yellow box in A. C) Single channel image of DAPI staining nuclei (left-hand side) and T.
muris EV-AF647 (right-hand side) D-F) Same as A-C, of another organoid. Scale bars length indicated
on each image.

Finally, | also treated both flat caecaloids and transwell 2-D caecaloids with
7x108 particles/ml of H. bakeri EV-AF647, or T. muris EV-647, for 24 h and
assessed uptake by microscopy. Flat organoid cultures are grown by
dissociating 3-D organoids into single cells before seeding onto ibidi y-slides
pre-coated with Collagen | (Duque-Correa, Maizels, et al., 2020). Flat
caecaloid cultures demonstrated uptake of both H. bakeri EV-AF647 and T.
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muris EV-AF647 (Figure 5.5). However, in flat cultures | stained for goblet cells
using the lectins SNA/UEA and could not identify any differentiation of these
cells. For 2-D caecaloids | did not find evidence of uptake of H. bakeri EV-
AF647 in this experiment. For T. muris EV-AF647 | could easily identify
labelled EVs on 2-D caecaloids, but most appeared to not be within epithelial

cells (Supplemental Figure 2).

Figure 5.5 | H. bakeri EV-647 uptake in flat caecal organoids. Confocal microscopy of flat caecaloid
cultures treated with A&B) H. bakeri EV-647 (7x102 particles per well) for 24 h C) Flat caecal organoids
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treated with equivalent volume of HBSS buffer AF647 labelled for 24 h. Columns from left-hand side to
right-hand side DAPI (nuclei) in blue, Brightfield in grey, EV-647 in red, overlay image.

5.2.3 H. bakeri EVs enter 2-D enteroid cells

Once 2-D enteroid cultures were validated to recapitulate the major features
of the small intestinal epithelium (Chapter 4), | aimed to assess whether H.
bakeri EV-AF647 enter cells within these cultures. Previous data showed that
by day 3 post seeding, 2-D enteroids have formed complete monolayers,
proliferative cells have formed loci and goblet cells have differentiated
(Chapter 4). | therefore grew 2-D enteroids for 3 days before treating with 20
pug/ml of H. bakeri EV-AF647 (this is equivalent to 4 pg/ well in 200 yl media)
for 24 h before washing, harvesting and analysing the cells by flow cytometry
(Figure 5.6 A). A major question in this thesis is whether H. bakeri EVs target
specific cell types for uptake. | reasoned that tuft and goblet cells, which are
critical for anthelminthic responses, could be targeted by H. bakeri EVs for
uptake in order to modify their function. To be able to test this, | grew organoids
in the presence or absence of IL-4 and IL-13 (50 ng/ml each) from day 2 post
seeding which induces the differentiation of tuft and goblet cells (Chapter 4). |
assessed whether organoids grown with cytokines IL-4 and IL-13 demonstrate
H. bakeri EV uptake which would implicate goblet and/or tuft cells as target
populations. Here | present two independent experiments side-by-side, these
were not pooled due to using different cytometers. Furthermore, each batch of
H. bakeri EV-AF647 was compared for uptake in 2-D enteroids and in MODE-
K cells for a minimum of one replicate. MODE-K uptake of EV-AF647 serves
as a positive control and as demonstrated in these data, accounts for batch-
to-batch variation seen for EV-AF647 batches. Representative FCS plots and
gating of EV-AF647 positive cells showed a subtle shift in AF647 of the
population in H. bakeri EV-AF647 treated samples compared to untreated 2-D
enteroids (Figure 5.6 B). In two independent experiments H. bakeri EV-AF647
treated 2-D enteroids showed a significant increase in the percentage of EV-
AF647 positive single live cells compared to both the naive and HBSS-AF647
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controls, evidencing EV uptake in 2-D enteroids (Figure 5.6 C). MODE-K cells
showed consistently higher uptake of H. bakeri EV-AF647 than 2-D enteroids
by percentage of live single cells EV-AF647 positive and AF647 fluorescence
(Figure 5.6 C&E). Interestingly, the percentage of EV-AF647 positive cells was
much higher within the dead 2-D enteroid cells (20-80%) (Supplemental Figure
3). This raised the question of whether H. bakeri EV treatment induced cell
death, however | found no evidence that H. bakeri EVs induced higher
amounts of death (Supplemental Figure 3). Dead and dying cells expel their
contents and DNA, which is sticky and could trap H. bakeri EVs. H. bakeri EV-
AF647 uptake in 2-D enteroids grown in the presence of IL-4 and IL-13 had
contradicting effects on uptake in two independent experiments, leading to
inconclusive findings. Experiment 1 (Expt 1) indicated no significant difference
was seen for the percentage of live single cells that were EV-AF647 positive
(Figure 5.6C). However, experiment 2 (Expt 2) showed a significantly lower
EV-AF647 uptake when 2-D enteroids were grown in presence of cytokines by
by the percentage of single live cells that are EV-AF647 positive (Figure 5.6
C). MODE-K cells treated with EV-647 demonstrated a strong shift in
fluorescence of the entire population, while 2-D enteroids treated with EV-647
results in only a minimal shift in fluorescence compared to naive or HBSS-647
(Figure 5.6 E)
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Figure 5.6 | H. bakeri EVs are taken up by cells in 2-D enteroid cultures. A) Schematic of
experimental design B) Representative samples demonstrating gating of EV-647 positive of live single
cells in untreated or 2-D enteroids and MODE-K cells treated with 4 ug of H. bakeri EV-647. C)
Percentage of live single cells that are EV-647 positive in either 2-D enteroids (left-hand side) or MODE-
K cells (right-hand side) each condition, blue = untreated 2-D enteroids, green = HBSS-647, pink = EV-
647 the presence of IL-4 & IL-13 in enteroid culture is signified along the x-axis. D) Representative
histograms of naive (black), HBSS-AF647 (blue) and EV-AF647 (red) treated 2-D enteroids or MODE-K
cells. C-D) Mean values + SD are plotted for each group (n = 1-3). One-way ANOVA used for significance
testing. * = p < 0.05, ** = p <0.01, *** = p < 0.001, **** = p <0.0001.

5.2.4 Searching for evidence of in vivo H. bakeri EV uptake

Identifying H. bakeri EV uptake in vivo is not trivial, as EVs cannot be easily

genetically modified to express fluorescent proteins and antibodies that
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recognise H. bakeri EVs are not currently available (Lendner et al., 2008). |
generated a-EV serum as previously described (Chapter 3), in brief rats were
immunised with isolated H. bakeri EVs and serum collected. A-EV serum has
since been shown by other lab members to successfully label single EVs
(Thomas Fenton, personal communication). | aimed to identify H. bakeri EVs
within host cells by immunofluorescence microscopy of infected intestinal
tissue (d 14 p.i.) using a-EV serum on the ZEISS Airyscan (LSM880). A-EV
serum combined with a secondary antibody which recognises rat IgG (AF555)
successful detects H. bakeri parasites within the intestinal lumen of infected
mice compared to naive rat serum, although naive rat serum showed some
non-specific background (Figure 5.7). a-EV serum detected small particles
which | define putatively as secreted EVs in the surrounding region (Figure
5.7). However, when | interrogated intact epithelial villi nearby to worms were

unable to confidently identify EV signal (data not shown).
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Figure 5.7 | aEV sera recognises H. bakeri parasites. Immunofluorescence Airyscan microscopy of
H. bakeri worms in the intestinal lumen of infected mice at day 14 p.i. Left-hand column a-EV serum
AF555 (green), nuclei stained with DAPI (grey). Right-hand column naive rat serum control and a-rat IgG
AF555 (green). Rows top to bottom, overlay, single channel DAPI, single channel AF555. Scale bars =
100 uym. Yellow dotted line indicates parasites boundaries; yellow triangles indicate putative EV signal
outside of worms.

In order to enrich for signal, | performed intraluminal injection of H. bakeri EVs
into small intestinal ligated loops (referred to as “gut loops”) under anaesthesia
(Fukuda et al., 2011). Mice were anaesthetised surgically, and a section of
small intestine was ligated surrounding a Peyer’'s patch. Each mouse (n = 6)
received two ligations: one was injected with PBS as a control, and the second
with unlabelled H. bakeri EVs. Mice remained anaesthetised for a total of 1.5
h prior to sacrifice and harvesting and processing of tissue for microscopy. |

detected H. bakeri EV within the lumen of H. bakeri EV injected tissue (Figure
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5.8 A). EVs were detected at the surface of intestinal epithelium villus cells,
however it was difficult to confirm if these represent internalised EVs as | did
not include a stain for cell surface such as phalloidin, or for the brush border
such as villin (Figure 5.8 B). The control of naive rat serum showed a low level

of none specific background (Figure 5.8 C).

Figure 5.8 | Searching for H. bakeri EV uptake in gut loop tissue. Immunofluorescence Airyscan
microscopy of gut loop sections injected with H. bakeri EVs. DAPI staining cell nuclei in the intestinal
epithelium (cyan), A) H. bakeri EVs injected intraluminally and detected by anti-EV antibody. Yellow
arrows indicate EVs and potential uptake indicated by yellow boxes B) Close up images of yellow bozes
from A showing possible uptake C) Grey scale images of H. bakeri EVs detected by (top right-hand
column) a-EV serum primary antibody or (top left-hand column) naive rat serum control primary antibody
followed by a-rat IgG AF555 secondary and DAPI staining for each (bottom row) . Scale bars = 10 ym.

Page 175



Chapter 5

5.3 Discussion

A growing number of publications demonstrate the ability of helminth derived
EVs to enter and modify host cells in various contexts (Drurey & Maizels, 2021;
Sanchez-Lopez et al., 2021). The majority of research to date has focused on
in vitro homogenous cell line cultures, with only minimal instances of systems
that contain multiple cell populations such as organoids (Eichenberger, Ryan,
etal., 2018). There are now several examples of helminth EVs modulating host
immune responses in vivo (Drurey & Maizels, 2021; Sanchez-Lopez et al.,
2021). Furthermore, the idea that EVs play an important role during infection,
possibly through immune modulation, is supported by the fact that vaccination
of animals using EVs results in protective immunity (Coakley, 2017). Yet, the
true cellular target of helminth EVs during natural infection, and their functional
role remains unknown. In this chapter | aimed to further understanding of H.
bakeri EV uptake within the intestinal epithelium. | used multiple models for
this investigation increasing in complexity from the homogenous cell line
MODE-K, to organoid models, and finally | searched in vivo within the small

intestine for evidence of H. bakeri EV uptake.

We found that H. bakeri EVs are taken up by MODE-K cells in a dosage
dependant manner (Figure 5.1 & Figure 5.2). H. bakeri EVs uptake events in
organoid cultures were shown as proof-of-principle using flat and 3-D
caecaloid cultures by microscopy (Figure 5.3 & Figure 5.5) however events
were rare, and | did not find uptake in 2-D caecaloid models (data not shown).
H. bakeri EVs are taken up by at least a proportion of cells within 2-D enteroids
evidenced by flow cytometry (Figure 5.6). In vivo intraluminal injections of H.
bakeri EVs was performed and may show EV uptake (Figure 5.8). However,
progression of current methods for antibody-based detection of H. bakeri EVs

is required to further investigate these tissue samples.

2-D enteroids are capable of taking up H. bakeri EVs exemplified by flow
cytometry analysis, however 2-D enteroids displayed lower uptake than
MODE-K cells in side-by-side comparisons (Figure 5.6). These data suggest

that H. bakeri uptake occurs in a cell type and context dependant manner
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consistent with previous findings which showed that H. bakeri EV uptake is
higher in macrophages than epithelial cells (Coakley et al., 2017). Even within
homogenous cultures of MODE-K cells there is evidence of a population of
‘high’ uptake cells qualitatively observed by fluorescence microscopy and
confirmed by flow cytometry (Figure 5.1 & Figure 5.2). It is intriguing that within
a homogenous cell line some cells take up higher amounts of H. bakeri EVs
than the bulk of the MODE-K population (Figure 5.2). Evidence from cancer-
cell derived EVs has suggested that the cell cycle stage of recipient cells can
affect EV uptake, authors saw increased EV uptake when recipient cells were
in G2/M phases of cell cycle (A. H. Buck et al., 2014; Vidal et al., 1993). As
MODE-K cells were not synchronised for experiments, cell cycle could be one
explanation for the presence of high uptake cells, however further investigation
would be required to confirm this hypothesis. Extending this hypothesis to the
context of 2-D enteroids, this could be one explanation for the lowered uptake
in these cultures, as only a proportion of cells are capable of undergoing cell
cycle (stem cells, TA cells and to a lesser extent secretory progenitors).
Whether cell cycle influences uptake in 2-D enteroid cultures could be
investigated further by similar flow cytometry analysis combining Ki67 staining

and other cell cycle markers, with EV-AF647.

There are several other reasons that may explain why 2-D enteroids may
display lower H. bakeri EV uptake in these experiments than MODE-K cells.
Firstly, uptake could be specifically targeted to a certain cell type. MODE-K
cells are immortalised intestinal epithelial cells derived from murine duodenum,
and most closely represent the enterocyte fraction of the epithelium (Vidal et
al., 1993). On the other hand, organoid cultures contain mixed population of
cells including enterocytes, CBCs, TA, Paneth, goblet, enteroendocrine and
tuft cells, but enterocytes constitute the bulk of these cultures (Chapter 4 &
Chapter 6 of this thesis). Therefore, if enterocytes were specifically targeted
by H. bakeri EVs, it is unlikely that changes in cell composition alone would
explain such differences in uptake when compared to MODE-K cells. At the
same time, 2-D enteroids produce a mucus layer, and due to their rapid

proliferation and turnover dead cells accumulate on their surface. These two
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factors together could present a substantial barrier to EV uptake, and indeed
in both experiments | identified a high proportion of dead cells that were EV-
AF647 positive (Supplemental Figure 3). Dead cells are well known to have
increased autofluorescence which could be confused for true EV-AF647
signal, however AF647 fluorescence in naive cells gives us an indication of
background fluorescence and is much lower than EV-AF647 treated cells
(Supplemental Figure 3). It is likely that dead cells indeed capture H. bakeri
EVs, consistent with observations by microscopy (data not shown) but EV
treatment itself did not induce differences in the proportion of dead cells

(Supplemental Figure 3).

We hypothesised that goblet and tuft cells could be targets of EVs due to their
role in anthelminthic responses. Addition of cytokines IL-4 and IL-13 in 2-D
enteroid basal growth media successfully induces tuft and goblet cells
(Chapter 4). | compared uptake of H. bakeri EV-AF647 in the presence or
absence of cytokines to identify whether higher proportions of these cells
would increase overall EV-AF647 uptake. It is important to note that culturing
2-D enteroids in the presence of these cytokines has other implications on the
cultures, alongside goblet cell induction you also have increased mucus
production that could trap EVs preventing uptake. | also observed a strong
reduction in stem cell specific marker gene (Lgr5) in these cultures when grown
in the presence of IL-4 and IL-13 suggesting a reduction of stem cells, or a
change in their functions (Chapter 4). Results were inconclusive, in two
independent experiments | observed opposing effects, the first showed only a
significant increase in uptake by MFI, while the second showed a significant
reduction of uptake in the presence of cytokines by both the percentage of
single live EV-AF647 positive cells and MFI (Figure 5.6).

Finally, 2-D enteroids unlike MODE-K cell cultures have an underlying ECM
mimic provided by a thin layer of Matrigel ® and below this a physically
separated basal compartment. It is possible that 2-D enteroid models therefore
allow for transcytosis of material from the apical epithelium to the underlying
basal compartment. It is possible that EVs could be internalised in 2-D models

and re-released into the basal compartment. Recent work using EVs derived
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from HEK293T cells demonstrated as proof-of-principle that EVs can be
internalised by Hela cells, and re-released intact (O’Brien et al., 2022).
Enterocytes and more recently, goblet cells, have known functions in
transcytosis for the delivery of antigen across the intestinal epithelium however
whether transcytosis of intact H. bakeri EVs could occur is unknown
(Gustafsson et al., 2021; Zimmer et al., 2016).

5.3.1 Limitations

Data in this chapter was mostly generate prior the discovery of low labelling
efficiency (described in Chapter 3) and this likely limited our ability to detect
uptake. This also likely underpinned difficulty identifying uptake by microscopy.
If only a small fraction of 2-D enteroid cells take up AF647 labelled EVs, it is
not trivial to identify these instances, this difficulty is amplified by the fact that
high magnification lens (60x — 100x) are required for high confidence
identification of these nano particles meaning only small areas can be scanned

at a time.

An alternative approach is identification of H. bakeri EVs using EV specific
antibodies. At the time of this work, | had only generated a-EV serum for EV
detection. Our a-EV serum successfully identified worms, and surrounding
EVs, in infected tissues (Figure 5.7), as well as specifically binding single H.
bakeri EVs in super resolution microscopy experiments (Thomas Fenton,
personal communication). | used this to detect intraluminal injected H. bakeri
EVs in paraffin embedded tissue sections and found detection of EV size
particles within the lumen (Figure 5.8). Detection of uptake was low and close
to background in control samples. Furthermore, the time constraints for which
animals could be anesthetised (1.5 h) may also limit detection. Previously,
while some H. bakeri EVs are taken up by 1 h post treatment in MODE-K cells
uptake was low compared to 24 h (A. H. Buck et al., 2014). In contrast studies

using latex beads of a similar size to EVs, or studying uptake of intraluminally
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injected bacteria do see quick uptake into the Peyer’s patch and suggesting

this may not the key limiting factor effecting detection of EVs.

5.3.2 Future directions

H. bakeri EVs are taken up within 2-D enteroids, however whether specific
cells are targeted remains an open question. Advancements have been made
recently in our laboratory in antibody detection of H. bakeri EVs through
development of antibodies against EV cargo proteins (SID2, exXWAGO). Tissue
from intraluminal injected mice can be re-assessed using these antibodies for
detection of EV uptake. Additionally, thus far | have only focused on assessing
H. bakeri EV uptake in the epithelium of intraluminal injected tissue. However,
it is possible that this is not a major target of H. bakeri EVs during infection,
analysis of sections containing Peyer’s patches and overlaying M cells from
the same tissue will provide insight into cell type specificity for H. bakeri EVs

in these sites.
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Chapter 6: Functional effects of H. bakeri on 2-D enteroids
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Abstract
The intestinal epithelium plays important roles in the immune response to
helminths and is the primary tissue associated with H. bakeri during infection.
Only a limited number of studies have used organoids to investigate
interactions between helminths and the host epithelium and all have used 3-D
models. | aimed to investigate the host epithelial response to both H. bakeri
parasites, its purified excretory/secretory (ES) products or isolated EVs to
determine direct effects of helminths on the epithelium. | used bulk RNA
sequencing of treated 2-D organoids to identify changes to specific cell types
of the intestinal epithelium. Many changes induced by live parasites were also
replicated by delivering ES or EVs alone but to a lesser extent. Changes
induced by H. bakeri primarily reduced cell cycle, antimicrobial response
genes, and suppressed key genes related to stemness. The data is this
chapter adds to existing knowledge of how helminths modify the host intestinal

epithelium during infection.
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6.1 Introduction

Over the last decade mounting evidence has emerged demonstrating that EVs
derived from a diverse range of helminth species can modulate host cells;
supporting the hypothesis that helminth EVs represent a mechanism of host-
parasite communication (Drurey & Maizels, 2021; Sanchez-Lépez et al.,
2021). EVsreleased by H. bakeri can enter the murine epithelial cell line model
MODE-K, which most closely represent the enterocytes of the host epithelium,
resulting in differential gene expression and suppression of immune related
genes I11rl1 (ST2) and Dusp1 (Buck et al., 2014; Vidal et al., 1993). Additionally
H. bakeri EVs can also enter bone marrow derived macrophages (BMDMs),
repress expression of ST2 and abrogate their activation in vitro (Coakley et al.,
2017). Abrogated activation was maintained in BMDMs from ST2 KO mice
treated with H. bakeri suggesting additional mechanisms are involved in
macrophage suppression (Coakley et al., 2017). Collectively those data
demonstrate a role for H. bakeri EVs in immune suppression in vitro (Coakley
et al., 2017). In vivo delivery of H. bakeri EVs reduced the severity of allergic
asthma in the Alternaria model (described Chapter 1 of this thesis); resulted in
fewer lung eosinophils, and a reduction in both the number and function of
ILC2s in the lung (Buck et al., 2014). Immunomodulation in the lung
demonstrates the in vivo capabilities of H. bakeri EVs, however during the
natural infection adult H. bakeri parasites reside in the duodenum of the
intestine and here we know relatively little about the natural targets of H. bakeri
EVs.

During chronic infection when adult H. bakeri reside in the intestinal lumen,
parasites are faced with the complex barrier of the intestinal epithelium.
Several factors make the intestinal epithelium a likely target of H. bakeri EV's
i) it is the most proximal tissue during the adult stage of H. bakeri lifecycle
(Camberis et al., 2003) ii) it forms a multi-layered (mucus layer and cellular
layer) contiguous barrier that tightly regulates what can pass through it
(Beumer & Clevers, 2020; Sharpe et al., 2018) ii) it plays a key role in sensing

the presence of helminths and relaying this information to immune cells
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(Coakley & Harris, 2020; Howitt et al., 2016; McGinty et al., 2020; Von Moltke
et al., 2016) and iii) during infection it significantly modifies its cellular
composition (Kamal et al., 2002; Khan et al., 2001; Nusse et al., 2018; Von
Moltke et al., 2016), mucus production and physiology to mediate parasite
clearance (Coakley & Harris, 2020). Many alterations to the epithelium during
infection have been reported to be driven by the Th2 cytokines IL-4 and IL-13
that are released by ILC2s, Th2 cells and AAMs (Anthony et al., 2007; Coakley
& Harris, 2020). A number of studies in recent years have also shown that the
excretory-secretory products from H. bakeri modulate the intestinal epithelium
(Drurey et al., 2021; Karo-Atar et al., 2022). Whether H. bakeri EVs enter the
intestinal epithelium and interfere with infection processes in this tissue is not
well understood. Although H. bakeri EVs can enter MODE-K cell line in vitro
this homogenous cell line does not reflect the cellular diversity and physiology

of the intestinal epithelium in vivo.

Organoid models offer enhanced recapitulation of the intestinal epithelium as
detailed in chapter 4 of this thesis. Our lab, in collaboration with Maria Duque-
Correa at the Sanger institute, had previously generated pilot data by
microinjection of 3-D organoids with H. bakeri EVs suggesting they modified
the stem cell niche (Buck lab, unpublished). Recent publications have utilised
organoids to unravel the effects of H. bakeri infection, or of total HES on the
intestinal epithelium. Organoids isolated from H. bakeri infected mice during
the L4 larval stage (day 6 p.i.) and adult stage of infection (day 14 p.i.) are
morphologically distinct displaying higher proportion of cystic phenotypes
compared to those from naive mice (Drurey et al., 2021; Karo-Atar et al., 2022;
Nusse et al., 2018). Concordantly, H. bakeri infection results in a
transcriptional reprogramming of stem cells characterised by downregulation
of classic ISC genes Lgr5 and Olfm4, and expression of genes associated with
the fetal epithelium (Clu, Ly6a, ll1rn, Anxa1) resulting in the conversion to
revival stem cells (revSCs) (Karo-Atar et al., 2022; Nusse et al., 2018). revSCs
are enriched in organoids derived from intestines of infected mice, at both day
6 and 14 p.i. with higher numbers of these cells at day 14 p.i. (Karo-Atar et al.,

2022). Culturing organoids in the presence of HES also replicates the cystic
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morphology and induction of revSC seen in organoids derived from infected
tissue (Drurey et al., 2021; Karo-Atar et al., 2022). These data are suggest that
effects on the intestinal epithelium during infection are mediated by secreted
products (Drurey et al., 2021; Karo-Atar et al., 2022). HES treatment of
organoids also modifies the transcription of genes that are critical for
differentiation of certain cell types. For example, HES downregulated gene
markers of secretory cell subtypes such as tuft cells (Dckl1, PouZ2f3), Paneth
cells (Lyz1), goblet cells (Spdef, Muc2, Cicat), and enteroendocrine cells
(Neurog3) as well as Atoh1 which is critically required for their upstream
secretory progenitor (Drurey et al., 2021; Karo-Atar et al., 2022). Consistent
with this data HES treatment upregulated the absorptive marker gene Hes1,
which is expressed in a mutually exclusive fashion with Afoh1 (Drurey et al.,
2021; Karo-Atar et al., 2022). Subsequent investigation confirmed the
suppression of tuft cell differentiation by H. bakeri in organoids and in vivo
(Drurey et al., 2021).

While it is clear that HES are capable of inducing substantial changes in the
intestinal epithelium, the individual molecules that induce these changes is
unknown and the specific contribution by H. bakeri EVs has not been
investigated. One limitation of previous studies is the use of 3-D organoids, in
which the apical epithelium is not easily accessible and therefore basal
delivery is required which does not reflect the localisation of adult worms in
vivo (Ruby White et al., 2022). To understand the host response in the
intestinal epithelium to H. bakeri EVs, | treated 2-D organoid cultures with
either H. bakeri EVs, or HES depleted of EVs (EVdepHES) and performed
RNA-sequencing (RNA-seq) analysis. Differential gene expression in host
intestinal epithelium after H. bakeri EV treatment was then used to understand
i) which genes and processes are modified in this host tissue by H. bakeri EV
and by non-vesicular components of EVdepHES ii) provide a physiological
dataset of host gene expression for target prediction between H. bakeri 22G

RNAs and host genes.

In parallel, | also compared the effect of co-culture with H. bakeri with our 2-D

organoids. In vivo it is difficult to untangle helminth driven changes in the
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epithelium from those driven by the host immune response. For example
although HES abrogates and constrain tuft cell differentiation, overall tuft cell
numbers are increased in infected mice compared to naive due to the high
levels of IL-4 and IL-13 cytokines (Drurey et al., 2021). Therefore, live co-
culture allows investigation of the response to whole parasites in the absence
of immune drivers, and can be compared to changes induced by purified ES
products such as EVs and EVdepHES.

Prior to this thesis, other investigators had infected ovine and bovine
abomasum 3-D organoids with live larval stage parasites from T. circumcinta
and O. ostertagi respectively, and showed they can invade into the lumen of
3-D organoids (Faber et al., 2022; D. Smith et al., 2021). However, invasion to
the apical side is inefficient, doesn’t reflect infection dynamics and causing
damage to the organoid limiting the length of these studies (Ruby White et al.,
2022). Our 2-D organoids uniquely allows for the co-culture of helminths either
on the apical epithelial surface, or in the basal compartment depending on the
life stage and helminth (Ruby White et al., 2022). To investigate the impact of
apical or basal delivery, adult worms were co-cultured either apically or
basally, in addition | co-cultured L4 stage H. bakeri in the basal compartment
reflecting in vivo localisation. Demonstrating for first-time co-culture of live H.
bakeri with organoids. After 24 h worms were removed and RNAseq performed

on the intestinal epithelium.

Finally, one of our major aims was to determine if H. bakeri EVs specifically
target certain cell subtypes within the epithelium. Our RNAseq analysis
showed changes to several cell type specific genes indicating EVs may either
target or have a specific affect for certain populations. To address this
hypothesis, | performed scRNA-seq after treatment with H. bakeri EVs,
EVdepHES or a mock control (n = 1). In addition, because | know tuft cells are
rare in our 2-D organoids in the absence of Th2 cytokines IL4 and IL13, |
performed this experiment in the presence of this cytokines in order to also

assess whether | saw any effects of H. bakeri EVs on these rare cells.
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6.2 Results

6.2.1 Gene expression changes in 2-D enteroids in response to H. bakeri
ES products
We aimed to characterise the transcriptional response within murine intestinal
epithelium to H. bakeri EVs. Total HES (which contains EVs) is known to
modify the intestinal epithelium (Drurey et al., 2021; Karo-Atar et al., 2022). In
order to determine whether EVs are responsible for specific host changes in
the epithelium, 2-D organoids were grown as per our established methods
(Chapter 4 of this thesis), and after 3 days of growth apical media was removed
and surfaced washed once with PBS before treatment with either EVs,
EVdepHES or mock control in quadruplicate (Figure 6.1). RNA was extracted
after 24 h and used for RNA-seq (Figure 6.1). Previous data showed uptake of
H. bakeri EVs at 16, 18 and 24 h (Buck et al, 2014; Chapter 5 of this thesis) |
choose to assess transcription after 24 hrs when | was confident that H. bakeri
EVs had entered cells and to allow adequate time to capture changes in gene
expression. The average RNA yield across all samples was 2.6 ug and
demonstrated high RNA integrity (Supplemental Figure 3). Library preparation,
which included a ribosomal depletion step, and sequencing were performed

by the Wellcome Trust Clinical Research Facility in Edinburgh.
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Figure 6.1 | Schematic of experimental design. 2-D enteroids were cultured for a total of 4 days. IL-4
(50 ng/ml) and IL-13 (50 ng/ml) were added to growth media on day 2 onwards. On day 3 of culture,
organoids were treated on their apical surface with either i) mock control, ii) Sequentially isolated (UC
followed by SEC) EVs at 20 ug/ml which equated to 1.6x10'0 particles/ml or iii) EVdepHES at 20 ug/ml
representing double the dose of HES used by Drurey et al, 2021. After 24 h media was removed, and
RNA extracted from cells for subsequent RNA-sequencing. All conditions were performed in
quadruplicate (n = 4).

Global assessment of gene expression across all samples was performed
using principal component analysis (PCA) as a dimensionality reduction
method of the top 10% most variable genes. PCA analysis showed that
EVdepHES replicates clustered further from both EVs and the mock control
and this was captured in PC1 which explains 27% of the variance (Figure 6.2).
H. bakeri EV treated replicates did not separate from the mock control by PC1,
however PC2 which captures 21% of the variance partially separates these
two treatments (Figure 6.2). Overall, stronger global gene expression changes
were induced by EVdepHES compared to mock than EV treatment, while H.
bakeri EVs induced more subtle effects compared to the mock control (Figure
6.2). Replicates for all treatments did not cluster closely together suggesting
substantial variability within groups, even for the mock control. This could

suggest 2-D organoid models are inherently more variable than tissue, or 3-D
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organoids based on published literature (Figure 6.2) (Drurey et al., 2021; Karo-
Atar et al., 2022).

Figure 6.2 | Principal component analysis of 2-D organoids treated with H. bakeri ES products.
PCA showing PC1 (x-axis) compared to PC2 (y-axis) of the top 10% most variable genes in the dataset
H. bakeri EVs (pink), EVdepHES (green) and mock control (blue).

We next identified differentially expressed genes in EV, or EVdepHES,
treatment compared to mock using edgeR 3.34.1. Genes with <1 CPM in >3
libraries were removed. Differential expression was then assessed using a
log2FC cut off of +£0.589, and a false discovery rate (FDR) adjusted P-value
cut off of 0.05. These log2FC cut offs represents a 50% increase/decrease in
expression similar to cut offs previously applied for EV treated MODE-K cells
by Buck et al (2014). Using these cut offs, | identified one upregulated snoRNA
transcript (snora57) in the EV vs. Mock comparison (Supplemental file 6.1).
For EVdepHES vs. Mock using the same cut offs, 28 upregulated and 41
downregulated genes were identified (Supplemental file 6.1). These differential
expression results are consistent with PCA results, that together demonstrate
EVdepHES induces stronger changes in 2-D enteroids than EVs, however |

anticipated that only a proportion of cells will take up H. bakeri EVs (based on
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data from Chapter 5 of this thesis) thereby diluting effects of gene expression.
| then proceeded to analyse this dataset using lowered statistical cut off of raw
P-value <0.05 and log2FC +0.589 in order to cautiously interpret the changes
that occur upon EV treatment. In section 6.2.4, differential expression was
assessed in 2-D enteroids in response to co-culture with live parasites, | chose
to analyse these data separately in order to apply more robust statistical cut

offs for the latter.

Differentially expressed genes that had a log2FC +0.589 and raw P-value <
0.05 were defined as upregulated or downregulated respectively and were
visualised by volcano plot (Figure 6.3). H. bakeri EV treatment compared to
the mock control resulted in more downregulated genes (38) than upregulated
genes (11) (Figure 6.3 A). All upregulated and downregulated genes in EV vs.
mock are listed in Table 6.1. Among the downregulated genes was Olfm4 a
marker of intestinal stem cells seen to be downregulated by HES (Karo-Atar et
al., 2022) (Figure 6.3 B, Table 6.1). In addition, | identified down-regulation of
a number of genes with likely roles in the barrier defence (Defa38, Mucl3),
roles in immunity (/rak3, Ctse), antiviral response (Oas1g), genes that encode
hormones (Ghrl, Sst), as well as a number of histone encoding genes and
mitochondrial genes (Table 6.1). Of the few genes significantly upregulated by
H. bakeri EVs, Follistatin (Fst) was up regulated, which has a role in binding
and neutralises activins and TGFB family members that orchestrate
proliferation of the intestinal epithelium (W. Chen & Ten Dijke, 2016) (Table
6.1). However, the majority of the upregulated genes were uncharacterised.
EVdepHES treatment induced vs. mock controls resulted in 62 downregulated
genes and 91 upregulated, consistent with PCA that suggests stronger effects
on transcripts by EVdepHES. The full list of these genes is provided in
Supplementary Table 6.1. Genes involved in induction of, or induced by, type
| interferon response were upregulated (/fit3b, Ifit3, Isg15, Bst2, Ifi44, Oasl),
genes encoding cytokines, chemokines, or involved in controlling their function
were also induced (Cxcl10, Cxcl9, Dusp1, 1118rl, 1134, Csf1) (Figure 6.3 B and
Supplemental file 6.1). Downregulated genes included genes related to mucus

secretion by goblet cells (Clcat), genes involved in kinetochore formation

Page 191



Chapter 6
during mitosis (Kntc1, Kif2c, Rmi2), as well as a small number of genes
regulated consistently between EVdepHES vs. mock and EV vs. mock,

including hormone encoding genes (Ghrl, Sst) and the stem cell gene (OIfm4).

Figure 6.3 | Differentially expressed genes in EV and EVdepHES treatment. Differential expressed
generated using edgeR analysis by Jose Roberto Bermudez Barrientos. A) Genes differentially
expressed in EV treatment compared to mock plotted by -log 10 P-value (y-axis) against Logz fold change
(x-axis). Genes defined as upregulated with a log> FC of > 0.589 and a raw P-value of <0.05 in red and
genes defined downregulated with a log, FC of > -0.589 and a P-value of <0.05 in red defined as down
in EV followed by no. of genes. Genes with P-value > 0.05, or those that don’t meet log2FC cut off in
grey are defined non-significant (NS). B) Differentially expressed genes as in EVdepHES compared to
mock plotted as in A. Volcano plots generated in Rstudio using the ggplot2 package.
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Table 6.1 | Differentially expressed genes (DEGs) in EV vs. Mock. DEGs defined as having a Log»

fold change of +£0.589 and a raw P-value of < 0.05 ranked by logz FC. 11 genes were significantly up

regulated and 38 were significantly downregulated.

Gene

Description Direction Log. FC P-Value

Gm2026 predicted gene 2026 uP 1.16 2.99E-03

Snora57 small nucleolar RNA, H/ACA UP 0.90 3.73E-06
box 57

Gm22980 predicted gene, 22980 uP 0.83 9.01E-03

Fst Follistatin UP 0.72 2.30E-02

Gm6083 predicted gene 6083 UP 0.71 2.31E-02

OIfr827 olfactory receptor 827 UP 0.70 2.84E-02

Ddah2 dimethylarginine UP 0.67 6.37E-03
dimethylaminohydrolase 2

9330160F10Rik  RIKEN cDNA 9330160F10 UP 0.66 1.30E-02
gene

Gm26202 predicted gene, 26202 UP 0.65 2.00E-02

C730034F03Rik  RIKEN cDNA C730034F03 UP 0.63 1.38E-02
gene

Abca14 ATP-binding cassette, sub- UP 0.61 3.43E-02
family A (ABC1), member 14

Mns1 meiosis-specific nuclear DOWN -0.59 2.56E-02
structural protein 1

Nt5c1a 5’-nucleotidase, cytosolic IA DOWN -0.59 3.96E-02

mt-Nd4 mitochondrially encoded NADH DOWN -0.60 1.31E-02
dehydrogenase 4

Irak3 interleukin-1 receptor- -0.61 1.97E-02
associated kinase 3 e

H2bc7 H2B clustered histone 7 DOWN -0.61 1.97E-02

H3c15 H3 clustered histone 15 DOWN -0.61 1.13E-02

H3c1 H3 clustered histone 1 DOWN -0.62 2.43E-02

Gm6180 predicted pseudogene 6180 DOWN -0.62 8.62E-03

Mutyh mutY DNA glycosylase DOWN -0.63 3.45E-03

Gm10263 predicted gene 10263 DOWN -0.64 1.47E-02

Lars2 leucyl-tRNA synthetase, -0.66 9.29E-03
mitochondrial il

Neu2 neuraminidase 2 DOWN -0.66 3.11E-02

Rpl7-ps8 ribosomal protein L7, -0.66 6.44E-03
pseudogene 8 i

Mucl3 mucin like 3 DOWN -0.68 1.36E-04

Ghrl ghrelin DOWN -0.68 2.41E-02

Defa38 defensin, alpha, 38 DOWN -0.69 2.82E-03

H2bc24 H2B clustered histone 24 DOWN -0.70 1.07E-02

H2bc23 H2B clustered histone 23 DOWN -0.70 9.50E-03

Gm10136 predicted pseudogene 10136 DOWN -0.71 3.33E-03

Olfm4 olfactomedin 4 DOWN -0.72 2.19E-02

H2bc11 H2B clustered histone 11 DOWN -0.75 1.05E-02
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mt-Nd4l mitochondrially encoded NADH DOWN -0.76 8.19E-03
dehydrogenase 4L

Ctse cathepsin E DOWN -0.76 1.71E-03

Rps27rt ribosomal protein S27, DOWN -0.76 1.22E-02
retrogene

H2ac5-ps H2A clustered histone 5, DOWN -0.76 1.55E-02
pseudogene

Gm10222 predicted gene 10222 DOWN -0.77 7.27E-03

Sst somatostatin DOWN -0.78 4.64E-03

Ripor2 RHO family interacting cell DOWN -0.78 1.42E-02
polarization regulator 2

Rpl27a-ps4 ribosomal protein L27A, DOWN -0.81 2.39E-02
pseudogene 4

mt-Atp8 mitochondrially encoded ATP -0.82 1.02E-02
synthase 8 DOWN

H2bc3 H2B clustered histone 3 DOWN -0.85 3.95E-03

Rgs19 regulator of G-protein signaling -0.87 1.21E-02
19 DOWN

H2bc22 H2B clustered histone 22 DOWN -0.90 3.47E-03

Oas1g 2’-5’ oligoadenylate synthetase -0.97 3.08E-02
1G DOWN

mt-TI1 mitochondrially encoded tRNA DOWN -0.98 7.41E-03
leucine 1

Gmb5431 predicted gene 5431 DOWN -0.98 3.75E-02

Pmp22 peripheral myelin protein 22 DOWN -1.18 5.00E-04

Gm15516 predicted gene 15516 DOWN -1.62 3.82E-03

6.2.2 EV and EVdepHES induce concordant changes as well as unique

changes 2-D organoids

An aim of this experiment was to identify gene expression changes occur in 2-
D enteroids that are specific to H. bakeri EVs compared to non-vesicular
components of HES e.g., EVdepHES. Only a handful of genes that were
identified in Section 6.2.2 were consistently differentially expressed in both the
EV vs. mock and the EVdepHES vs. mock comparisons. Of these, 3 were
upregulated (Figure 6.4 A) and 4 were downregulated (Figure 6.4 B). These
data therefore suggest that the EVs induce different gene expression changes
compared to EV-depleted HES. However, EdgeR analysis resulted in a
substantial number of genes were differentially expressed but did not meet the
FC cut offs to be defined up- or down- regulated. Therefore, many genes may
be concordantly regulated by EVs and EVdepHES but were removed from the

list used for comparison due to cut off requirements. To compare the global
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gene expression changes induced by EVs and EVdepHES across all genes
that were identified by edgeR analysis | performed linear regression analysis
(Figure 6.4 C&D). Pearson correlation coefficient describe the strength and
direction of linear relationship, where R = 0 indicates no correlation, positive
values and negative values indicate positive and negative correlation
respectively (Whitlock, 2015). | found a positive correlation between all genes
from edgeR analysis in both comparisons with a Pearson correlation
coefficient of R = 0.41 (P-value = <2.2x10'6) (Figure 6.4 C). Stratifying the
analysis by significance level drastically improved the positive correlation,
when considering only the genes that were significantly differentially
expressed (raw P-value < 0.05) in both comparison a strong positive
correlation was found (R = 0.87) (Figure 6.4 D). These data suggest that
overall, the genes dysregulated in 2-D enteroids in either EV vs. mock or

EVdepHES vs. mock treatment are concordant.

Figure 6.4 | Correlation of gene expression changes in EV and EVdepHES treatment. A&B) Venn
diagram of A) downregulated genes or B) upregulated genes in EV vs. mock and EVdepHES vs. mock.
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Colour indicates number of genes C&D) Scatter plot of logoFC of all differentially expressed genes in EV
vs. mock (X-axis) and log2FC in EVdepHES vs. mock (Y-axis). Genes coloured by significance, raw P-
value = 0.05 (pale blue), < 0.05 in either EV vs. mock or EVdepHES vs. mock (blue), and <0.05 in both
comparisons (navy). Linear regression was performed either C) on all genes (black line), or D) stratified
by non-significant in both comparisons (pale blue), significant (raw P = <0.05) in EV vs. mock or
EVdepHES vs. mock (blue), and significant in both EV vs. mock and EVdepHES vs. mock (navy).
Confidence intervals are shaded in grey. Pearson’s correlation coefficient | and P-value for Pearson’s
correlation indicated on plot. Correlation plots and regression analysis performed in RStudio using the
package ggpubr and the function ggscatter.
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6.2.3 H. bakeri EVs & EVdepHES modifies expression of genes integral

to the intestinal epithelium and immune response

To further assess the functional effects that EVs and EVdepHES may have on
2-D enteroids cells | highlight a number of gene expression related either by
function, or due to their cell type specific expression within the intestinal
epithelium (Figure 6.5). Type | interferon response genes (ISGs) were
upregulated in EVdepHES vs. mock (/sg15, Ifit3, Cxcl10) additionally one of
the significantly downregulated genes upon EV treatment was Oas7g, a known
ISG (Nair et al., 2017). Furthermore, ISGs have been shown to be suppressed
by EVs from the clade | nematode T. muris in caecal 2-D organoids (Appendix
[I) (Duque-Correa, Schreibera, et al., 2020). These lead us to further
investigate the presence of other known ISGs in our dataset. | found an
induction of genes involved in either sensing of nucleic acids, induction of type
| interferon response, or genes induced by type | interferons in the EVdepHES
condition (Figure 6.5). In contrast, EV treatment did not have effects on the
expression of these same genes, and these genes are some of the most
differentially expressed genes between EVs vs and EVdepHES suggesting
these treatments induce opposing effects on the intestinal epithelium interferon

response (data not shown).

Genes associated with endocytosis, vesicle uptake and synaptic vesicle
uptake were among the upregulated genes upon EV treatment, with some also
upregulated in EVdepHES treatment (Figure 6.5). | hypothesised that EVs
modify the intestinal stem cell niche based on pilot data and published data on
HES treatment of organoids. Indeed, | identified a down-regulation of many
key stem cell genes in both EV and EVdepHES treatment (Figure 6.5) most
notably Ascl2, a transcription factor that controls expression of Lgr5 (Figure
6.5). In addition, clusterin (Clu) which is a marker of revSC was upregulated

by EVdepHES but EVs induced an opposite effect on this gene (Figure 6.5).
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We noticed two of the genes significantly downregulated by EV treatment
encoded the secreted hormones somatostatin (Sst) and Ghrelin (Ghrl), which
are specifically produced and secreted in the intestinal epithelium by
enteroendocrine cells. Expression of other enteroendocrine specific genes and
hormones was also subtly downregulated by EV treatment however,
EVdepHES induced a much stronger down-regulation of many of these genes
(Figure 6.5).

A number of was alpha defensin (Defa) genes were downregulated by EV
treatment. Alpha defensins are antimicrobial peptides, also known as
cryptdins, are secreted in the intestinal epithelium by Paneth cells, and have
bactericidal effects against gram-negative and gram-positive bacteria, fungi
and some viruses (Andre J. Ouellette, 2005). | identified a suppression of these
genes after EV and EVdepHES treatment, however EV treatment induced
strong downregulation than EVdepHES (Figure 6.5). In addition, EV treatment
suppressed the antimicrobial peptide angiogenin 4 (Ang4) which has been
previously implicated in T. muris infection (D’Elia et al., 2009; Forman et al.,
2012). Finally, | identified a downregulation of the polymeric immunoglobulin
receptor (Pigr) after EV and EVdepHES treatment, which allows transcytosis
of secreted antibodies (IgA and IgM) from the basal side across the epithelium
membrane where they protect mucosal surfaces (Wei & Wang, 2021) (Figure
6.5).

Previous publications suggested that HES alters the differentiation of intestinal
epithelial cells by suppressing the secretory progenitor marker Atoh1 (Drurey
et al., 2021). | assessed expression of Atoh1, and other known regulators of
differentiation in the intestinal epithelium. For EVdepHES, the only significant
suppression in these key differentiation factors was for Spdef which is required
for the differentiation of goblet cells (Figure 6.5). For EV treatment, | identify a
subtle but significant suppression of the notch ligand DI/I71 ( Log2FC = -0.15)
which is expressed by secretory progenitor and Paneth cells as well as Sox9
(Log2FC = -0.29) which is a transcription factor critical for Paneth cell
differentiation (Bastide et al., 2007) (Figure 6.5).
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Figure 6.5 | Gene expression changes related to epithelial function and immune responses.
Heatmap of log, fold change in selected genes (rows) in EVdepHES vs. mock (left-hand column), or in
EV vs. mock (right-hand column). Cells coloured by log, fold change from 1 (dark red) to -1 (dark blue)
key on graph. Genes were selected from those differentially expressed based on biological relevance
with no log, fold change cut off applied. Raw P-value = < 0.05 = *, <0.01 = ** and <0.001 = ***

We identified differentiational expression of intestinal stem cell genes or genes
involved in Wnt signalling in our H. bakeri EV microinjected 3-D organoid pilot
data (Buck lab, unpublished). | therefore hypothesised that H. bakeri EVs
modify intestinal stem cells. | found the well-established ISC marker gene

Olfm4 to be significantly downregulated after EV and EVdepHES treatment
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(Figure 6.5). The transcription factor Ascl/2 is a controlled by Wnt signalling,
and regulates the expression of several stemness genes including Lgrb
(Schuijers et al., 2015) (Figure 6.5). Ascl2 was downregulated after EV
(Log2FC -0.36) and EVdepHES (Log2FC -0.39), while its target Lgr5 itself was
also downregulated although only statistically significant in EVdepHES vs.

mock (Figure 6.5).

During my PhD, seminal papers demonstrated that during the larval stage of
H. bakeri infection (day 6) while parasite still reside within the submucosa
modulation of proximal stem cells occurs (Nusse et al., 2018). ISCs transition
into clusterin (Clu) positive cells that express genes associated with the fetal
epithelium and lose expression of classic markers Olfm4 and Lgr5 (Nusse et
al., 2018). These fetal-like stem cells were later termed revival stem cells for
their role in repair of the epithelium after various damage models including but
not limited to H. bakeri infection (Ayyaz et al.,, 2019; Nusse et al., 2018).
Emergence of these cells is replicated in 3-D organoids that are treated with
adult HES (Drurey et al., 2021; Karo-Atar et al., 2022). | investigated the
differential expression of genes defined by Karo-Atar et al as enriched in
revSCs and identified an anticipated upregulation in these genes for the
EVdepHES treatment (Figure 6.6). However, induction of revSC genes was
not replicated by EV treatment alone suggesting that EVs do not play a role in

the induction of genes required for revSCs (Figure 6.6).

Page 200



Chapter 6

Figure 6.6 | Differential expression of genes identified in
revSC signature after H bakeri ES treatments. Differential
expression of each gene (rows) in EVdepHES vs. mock (left-
hand column) and EV vs. mock (right-hand column). Cells
coloured by logy fold change from 1 (dark red) to -1 (dark blue)
key on graph. Significance of differential expression indicated
for each gene in each comparison < 0.05 = *, <0.01 = ** and
<0.001 = *** only genes that reach a P-value significance of
<0.05 are labelled with gene names, as well as Ly6a.

To understand how these gene expression changes may act cumulatively to
modify a specific pathway | performed a competitive gene set test accounting
for inter-gene correlation (CAMERA) analysis using the output from edgeR
analysis to identify gene ontology (GO) terms enriched in our dataset. GO
categories with fewer than 50 genes and more than 300 genes were removed.
CAMERA pathway analysis produced many enriched GO terms and an
extensive table for all comparisons is found in Supplemental file 6.2. GO terms
enriched for EV vs. mock were predominantly downregulated. Of those
enriched pathways many had overlapping genes and functions, the topmost
20 enriched pathways in EV vs. mock are summarised in Table 6.2 and
represented three major processes i) antimicrobial and humoral immune
response (downregulated) driven by alpha defensins, Ang4 and Pigr ii) DNA

replication and repair / DNA-protein interactions (downregulated) and iii)
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Pathways related to uptake, and transport of endosomes or vesicles which

were the only pathways that were upregulated (Table 6.2, Figure 6.7).
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Table 6.2 | Top 20 enriched pathways using CAMERA pathway analysis for EV vs. mock. Pathway
analysis was performed using a competitive gene set test accounting for inter-gene correlation
(CAMERA) pathway analysis in R. CAMERA analysis was performed by Jose Roberto Bermudez
Barrientos. Pathways were ranked in descending order by their FDR value

Rank GO term Direction P-value FDR
1 Antimicrobial humoral response Down 3.83E-07 0.001
2 nucleosome assembly Down 9.58E-07 0.001
3 defence response to Gram-positive Down 5.41E-06 0.003
bacterium
4 humoral immune response Down 6.27E-06 0.003
5 nucleosome organization Down 9.88E-06 0.003
6 DNA-dependent DNA replication Down 2.27E-05 0.005
7 protein-DNA complex assembly Down 2.18E-05 0.005
8 retrograde transport, endosome to Golgi Up 2.01E-05 0.005
9 DNA packaging Down 4.62E-05 0.008
10 protein-DNA complex subunit organization Down 5.22E-05 0.009
11 chromatin assembly Down 7.23E-05 0.011
12 chromatin assembly or disassembly Down 1.15E-04 0.014
13 organelle fusion Up 1.07E-04 0.014
14 organelle membrane fusion Up 1.97E-04 0.023
15 cytosolic transport Up 2.68E-04 0.029
16 vesicle fusion Up 3.16E-04 0.032
17 endosomal transport Up 3.90E-04 0.037
18 metaphase/anaphase transition of mitotic Down 4.80E-04 0.039
cell cycle
19 DNA replication Down 4.93E-04 0.039
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Figure 6.7 | Pathways enriched in DEGs from EV vs. Mock. Barcode plots individual genes in my
dataset are compared to genes belonging to a particular GO term for biological processes. Differentially
expressed genes in EV vs. mock are ranked from most downregulated to most upregulated and
represented by black lines indicating their position on the x-axis showing their sign(FC)*-log10 (P-value).
Left-hand side are the most downregulated genes in this GO term and on the right-hand side the more
upregulated genes for this GO term. Enrichment score indicates at each position enrichment level of
each pathway.
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Enrichment of pathways related to DNA-protein interactions and DNA repair
were predominantly driven by genes encoding histones, and many of the lower
ranked pathways related to cell cycle (Supplemental file 6.2). Additionally,
consistent with our hypothesis that EVs modify intestinal stem cells, the GO
term for stem cell population maintenance was also enriched and
downregulated but was non-significant in our CAMERA pathway analysis
ranked 55, FDR 0.234 (Supplemental file 6.2).

Pathway analysis for EVdepHES vs. mock pathway analysis yielded a larger
list of significantly enriched pathways (Supplemental file 6.2) with a very strong
enrichment of pathways related to DNA replication and cell cycle comprising
the majority of the topmost enriched pathways with the exception of RNA
transport from the nuclei (Table 6.3). Pathways related to immunity such as T-
cell mediated immunity and antigen presentation were also significantly

upregulated but ranked lower in the list (Supplemental file 6.2).
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Table 6.3 | Top 15 enriched pathways using CAMERA pathway analysis for EVdepHES vs. mock.
Pathway analysis was performed using a competitive gene set test accounting for inter-gene correlation
(CAMERA) pathway analysis in R. Pathways were ranked by their FDR value

Rank GO term Direction P-value FDR
1 DNA-dependent DNA replication Down 2.78E-14 4.54E-11
2 sister chromatid segregation Down 6.07E-14 4.95E-11
3 DNA replication Down 1.48E-13 8.05E-11
4 mitotic sister chromatid segregation Down 8.90E-13 3.63E-10
5 nuclear chromosome segregation Down 5.32E-12 1.74E-09
6 chromosome segregation Down 2.35E-11 6.41E-09
7 DNA conformation change Down 6.56E-11 1.53E-08
8 recombinational repair Down 3.93E-10 8.02E-08
9 double-strand break repair via Down 4.69E-10 8.50E-08
homologous recombination
10 DNA recombination Down 8.49E-10 1.29E-07
11 RNA export from nucleus Down 8.71E-10 1.29E-07
12 DNA packaging Down 1.76E-09 2.05E-07
13 metaphase/anaphase transition of Down 1.69E-09 2.05E-07
mitotic cell cycle
14 meiotic cell cycle Down 1.52E-09 2.05E-07
15 mitotic sister chromatid separation Down 2.13E-09 2.31E-07

Our analysis identified several genes that have cell type restricted expression
within the epithelium, for example a-defensin genes which are expressed by
Paneth cells. | then aimed to investigate using our RNA-seq data whether |
could identify enrichment or depletion of specific subpopulations of cells within
our data. To achieve this, | used the top 100 cell type specific genes identified
from published scRNA-seq data (Haber et al., 2017) and used CAMERA
analysis to assess whether genes for each cell type were enriched in the
differentially expressed genes from our dataset (the extended results are

accessible in Supplemental file 6.3).
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Figure 6.8 | Positive and negative enrichment of cell type specific genes in EV or EVdepHES
treatment. CAMERA analysis was performed using edgeR results for EV vs. mock (right-hand side) or
EVdepHES vs mock (left-hand side) against the top 100 cell type specific genes for each intestinal
epithelial cell type identified in Haber et al, 2017. A) For upregulated pathways FDR values were
transformed by -log10 (FDR) and for pathways going down these were transformed by -1* -log10(FDR)
to visualise both the direction of change and significance, these values were then visualised in a heatmap
using the package ComplexHeatmap in RStudio. Significance values are indicated by * <0.05, ** <0.01
and *** <0.01. EP = enterocyte progenitor, E = enterocyte, TA = Transit-amplifying, G1 = Gap 1 phase
of cell cycle, G2 = Gap 2 phase of cell cycle B) Barcode enrichment plot for each of the significantly
enriched cell populations differentially expressed genes from EV vs. mock are ranked by differential
expression from down (left-hand side) to up (right-hand side) those that are present in the comparison
dataset (Haber et al, 2017) are plotted along the X-axis (black lines) by their statistic = sign(FC) *-
log10(P-value). Skewing of genes towards down regulation results in an enrichment score denoted on
the left-hand side.

We found a significant downregulation of Paneth cell specific genes in our EV
treated 2-D enteroids which is consistent with previous results showing a
downregulation of antimicrobial peptides specifically produced by Paneth cells
(Figure 6.8 & Figure 6.4). | also identified a downregulation of TA cells
undergoing cell cycle and enterocyte progenitors. For EVdepHES several cell
type expression signatures were downregulated including TA cells, enterocyte
progenitor cells, Paneth cells and a strong downregulation enteroendocrine
cells consistent with findings in Figure 6.4. EVdepHES upregulated mature
enterocyte population. It should be noted that despite other studies
demonstrating that HES restricts the differentiation of tuft cells (Drurey et al.,

2021), our dataset only captured some tuft cell marker genes (Pou2f3, Dclk1)
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with low CPMs <1. In the absence of IL-4 and IL-13 cytokines tuft cells are
likely not highly represented in 2-D enteroids (Chapter 4 of this thesis)
therefore | cannot confidently interrogate the effects of ES products on this cell

type using this dataset.

6.2.4 2-D organoids co-culture with live worms drastically modifies the

epithelium

In parallel to ES treatments, | performed co-culture of live H. bakeri worms with
2-D enteroids in order to compare the effects of EVdepHES or EV treatment,
with the effects induced by whole parasites (which also produce ES products).
Additionally, in contrast to data from infection models, our approach allows for
separation between direct effects caused by H. bakeri and those driven by
non-epithelial host responses (e.g., cytokines). As our 2-D enteroids system
has physically separate apical and basal compartments, | aimed to assess
transcriptional changes during different stages of infection by co-culturing of 2-
D organoids with live H. bakeri adults on the apical side, or with L4 larvae in
the basal compartment. Additionally, as all currently available datasets where
organoids are treated with HES have used 3-D organoids and HES was
therefore delivered to the basal epithelium, | also wanted to compare between
the effect of basal delivery and apical delivery of H. bakeri. For each condition
| used a dose of 10 worms, though it should be noted that the volume of the
apical compartment is 200 pl whereas the basal compartment is 2 ml which
means ES products secreted by the worms should be more dilute in the basal
conditions than the apical. This generated a novel dataset that captures the
intestinal epithelial response to H. bakeri worms in the absence of immune

driven changes.

2-D enteroids were co-cultured with either adult worms on apical surface, adult
worms in the basal compartment, or L4 larvae in the basal compartment for 24
hr before removing the parasites and harvesting samples for transcriptomic

analysis. Using PCA to assess the global gene expression changes, PC1
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(43%) partially separated H. bakeri co-cultured samples from the mock
condition (Figure 6.9). However, PC2 (17%) separated the worm co-culture
conditions from the mock strongly with the exception of 1 replicate of the H.
bakeri adult apical co-culture (Figure 6.9). The effect of co-culture was stronger
for basal conditions either treated with adults or L4’s, than for the apical adult
condition. This suggests that apical delivery induces weaker changes side-by-
side than basal delivery. L4 H. bakeri induced the strongest effect on host

transcription by PCA.

Figure 6.9 | Principal component analysis (PCA) of 2-D organoids co-cultured with live H. bakeri
worms. H. bakeri L4 (teal), H. bakeri adult basal (green), H. bakeri adult apical (peach), and mock (pink).
PC1 on x-axis representing 43% of variation and PC2 on y-axis representing 17% of variation. PC1 =
Principal component 1; PC2 = Principal component 2. All conditions in quadruplicate (n = 4).

We then performed differential expression analysis using edgeR. Differential
expression results were then filtered to remove genes with <1 CPM in >3
libraries. Differentially expressed genes were determined using a log> FC cut
off of £0.589, and false discovery rate (FDR) adjusted P-value cut off of 0.05.
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Using these cut offs, | identified for i) Adult H. bakeri apical vs. mock 142
upregulated and 248 downregulated genes ii) Adult H. bakeri basal vs. mock
337 upregulated and 718 downregulated genes iii) L4 basal vs. mock 432
upregulated and 808 downregulated genes (Figure 6.10). An extensive list of
the genes defined as up- and downregulated using these cut-offs for worm co-
cultures are provided in Supplemental file 6.4. In addition, the unfiltered edgeR
results for all ES and worm co-culture conditions are provided in Supplemental
file 6.5.
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Figure 6.10 | Differentially expressed genes in H. bakeri co-culture. Differential expression
generated by Jose Roberto Bermudez Barrientos. A-C) Genes differentially expressed in A) Adult H.
bakeri apical vs. mock, B) Adult H. bakeri basal vs. mock, C) L4 H. bakeri basal vs mock. Y-axis
represents -log 10 P-value and X-axis shows Log; fold change genes. Genes with a log, FC of +£0.589
and FDR adjusted P-value of <0.05 are defined as either upregulated (red) or downregulate (blue).
Genes that do not meet these cut-offs are defined as NS (grey). Volcano plots made in RStudio using
the ggplot package. NS = non-significant; Down = downregulated; Up = upregulated, NS = non-
significant.

We identified differences in how many genes were differentially expressed
after different co-culture conditions. Next, | wanted to compare how similar or

different the changes in gene expression were between treatments. To do so
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| performed linear regression analysis on all genes identified by edgeR
analysis and found that all three conditions correlated well with each other.
Moderate correlation was found between adult basal vs. mock, and adult apical
vs. mock (R = 0.69) (Figure 6.11). | found stronger correlations between the
basal conditions, adult basal vs. mock and L4 vs. mock (R = 0.76) (Figure
6.11). The strongest correlation was between the two comparisons that most
closely represent in vivo localisations, which are the adult apical vs. mock and
L4 basal vs. mock (R = 0.77) (Figure 6.11).
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Figure 6.11 | Correlation of gene expression
changes between live worm treatments. A-
C) Scatter plot of all differentially expressed
genes in A) adult apical vs. mock logFC (X-
axis) and log2FC in adult basal vs. mock (Y-
axis). B) L4 basal vs. mock logz2FC (X-axis) and
log2FC in adult basal vs. mock (Y-axis). C) adult
apical vs. mock logoFC (X-axis) and logzFC in
L4 basal vs. mock (Y-axis). A-C) Genes
coloured by significance, P-value > 0.05 in both
comparisons (pale blue), < 0.05 in one of the
two comparisons (blue), and <0.05 in both
comparisons (navy). Linear regression was
performed (black line) and Pearson’s
correlation coefficient shown on graph (R).
Correlation plots and regression analysis
performed in R using the function ggscatter
from the package ggpubr.

We next assessed how co-culture with the live parasites impacted expression
of the genes that were previously identified as differentially expressed in our
ES treated samples (using different significance cut-offs) (Section 6.2.3). |
found a strong induction of interferon response genes in both L4 and adult
basal co-cultures that was not present in the apical adult condition, which was
consistent with the observation that EVdepHES treated 2-D enteroids induced
ISGs (Figure 6.12). Similarly, vesicle uptake was induced in L4 basal and adult
basal conditions, but changes were less striking in the adult apical condition
(Figure 6.12). As described above, EVs and EVdepHES both play a role in
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modifying expression of genes involved in stem cell maintenance (6.2.3), and
published data supports modification to stem cells by HES (Drurey et al., 2021;
Karo-Atar et al., 2022) or during infection (Nusse et al., 2018). However, | see
an even stronger suppression of stem cell maintenance genes after co-culture
with either adult or L4 H. bakeri than with ES products alone (Figure 6.12).
Enteroendocrine cells and their secreted hormones, particularly ghrelin and
somatostatin, are repressed in the basal co-culture with adults or L4’s (Figure
6.12). | identified a subtle repression of antimicrobial genes in all conditions,
but the FC decrease was strongest for EV conditions (Figure 6.12). The
polymeric immunoglobulin receptor (Pigr) was strongly suppressed by both
adult basal and L4 basal co-cultures. Finally, | also assessed expression of
key differentiation factors within the intestinal epithelium. | found stronger
effects on many of these host genes when co-cultured with the worms
compared to co-culture with the ES treatments. For example, there was a
strong induction of the enterocyte progenitor gene Hes? in all co-culture
conditions suggesting skewing toward enterocyte lineage, supported by an
increase in enterocyte specific genes (Figure 6.12). However, | did not see the
expected inverse effect on Afoh1, which is expressed in a mutually exclusive
fashion (Figure 6.12). The only differentiation factor significantly
downregulated was the enteroendocrine cell determining factor Neurog3,
which was suppressed in L4 vs. mock (Figure 6.12). Cell cycle, like in ES
treated 2-D enteroids, was downregulated (Figure 6.12). Finally, genes
encoding proteins integral to the mucus barrier were also downregulated
(Figure 6.12).
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Figure 6.12 | Gene expression changes related to immune response and epithelial function during
H. bakeri co-culture. Heatmap of log, fold change in selected genes (rows) in L4 basal vs. mock (L4,
left-hand column), apical adult vs. mock (centre column), or basal adult vs. mock (right-hand column).
Cells coloured by logz fold change from 1 (dark red) to -1 (dark blue) key on graph. Significance of
differential expression indicated for each gene in each comparison FDR adjusted p-value < 0.05 = *,
<0.01 = ** and <0.001 = ***

As previously reported intestinal epithelial tissue from infected mice, as well as
3-D organoids treated with HES, results in revSC conversion. | assessed
whether this was also seen in our co-culture experiment. As expected, | saw a
strong induction of this response in all co-culture conditions most notably in

the L4 condition, although a strong induction was also seen in adult apical co-
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culture. Interestingly, basal adult co-culture induced a more subtle induction
(Figure 6.13).

Page 216



Chapter 6

Figure 6.13 | Differential expression of genes identified in
revSC signature after H. bakeri co-culture. Heatmap of
log> fold change in genes identified as fetal-associated
enriched in revSC (Karo-Atar et al., 2022) (rows) in L4 basal
vs. mock (L4, left-hand column), apical adult vs. mock (centre
column), or basal adult vs. mock (right-hand column). Cells
coloured by logs fold change from 1 (dark red) to -1 (dark blue)
key on graph. Significance of differential expression indicated
for each gene in each comparison < 0.05 = *, <0.01 = ** and
<0.001 = ***

CAMERA analysis was performed using the edgeR results for live worm co-
cultures and | found a number of pathways enriched. The majority of the most

significantly enriched pathways (ranked by FDR) were downregulated and
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related to cell cycle, DNA replication and chromosome segregation,
suggesting a strong effect on cell proliferation (Table 6.4). Conversely, the
upregulated pathways related to metabolism (Table 6.4). The full list of

enriched pathways can be found in Supplemental file 6.2.
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Table 6.4 | Top 20 ranked pathways enriched using CAMERA pathway analysis for live worm co-
cultures. Only pathways that rank in the top 20 pathways for at least one comparison are included in
this table. Pathway analysis was performed using a competitive gene set test accounting for inter-gene
correlation (CAMERA) pathway analysis in R. Pathways were ranked by their FDR value in L4 vs. mock.

k4 = —

8 & 3

E & 3

o = =

: 3 3

3 <y <

£ £8 £8

€ <£E £E

V] S o»n S o»n
GO term Direction P-value FDR x x> x>
DNA-dependent DNA Down 9.31E-14 7.60E-11 1 9 2
replication
mitotic sister chromatid Down 2.00E-13 9.17E-11 2 2 3
segregation
sister chromatid Down 4.74E-14 7.60E-11 3 1 1
segregation
DNA replication Down 281E-13 917E-11 4 14 5
nuclear chromosome Down 2.38E-13 9.17E-11 5 3 4
segregation
chromosome segregation Down 1.00E-12 2.73E-10 6 6 6
DNA recombination Down 8.54E-12 1.74E-09 7 19 8
meiotic cell cycle process Down 2.56E-10 246E-08 8 17
mitotic nuclear division Down 3.90E-07 9.09E-05 9 21
meiotic nuclear division Down 3.39E-10 2.83E-08 10 19
metaphase/anaphase Down 1.94E-10 1.98E-08 11 13 16
transition of mitotic cell
cycle
meiotic cell cycle Down 7.56E-11 1.03E-08 12 8 12
metaphase/anaphase Down 2.96E-10 2.69E-08 13 12 18
transition of cell cycle
regulation of mitotic sister | Down 5.74E-06  0.000527 14 17 22
chromatid separation 34
recombinational repair Down 8.82E-11 1.03E-08 15 24 13
mitotic sister chromatid Down 2.69E-11 2.71E-09 16 21 26
separation
double-strand break repair | Down 9.78E-11 1.06E-08 17 23 15
via homologous
recombination
nucleosome assembly Down 3.42E-11  3.11E-09 18 63 53
DNA conformation change | Down 5.81E-11  4.99E-09 19 72 25
regulation of mitotic Down 8.13E-11  6.50E-09 20 27 32
metaphase/anaphase
transition
double-strand break repair | Down 1.74E-11  2.58E-09 21 11 10
meiosis | cell cycle Down 5.27E-06  0.000527 23 18 28
process 34
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regulation of sister Down 9.04E-06 0.000703 25 20 24

chromatid segregation 2

regulation of chromosome | Down 3.46E-10 2.83E-08 26 16 20

segregation

meiosis | Down 481E-06 0.000524 27 15 27
1

glutathione metabolic Up 3.50E-12 8.17E-10 88 10 7

process

cholesterol metabolic Up 1.15E-11  2.08E-09 114 68 9

process

sterol metabolic process Up 1.67E-11  2.58E-09 118 79 11

secondary alcohol Up 8.39E-11 1.03E-08 135 74 14

metabolic process

To assess whether gene expression changes in response to co-culture with
live H. bakeri may modify the proportions of cellular subpopulations within 2-D
enteroids, | performed CAMERA analysis against top 100 gene specifically
expressed by each cell type (retrieved from scRNA-seq data from Haber et al,
2017). | found similar effects to when 2-D enteroids were treated with
EVdepHES or EVs, with a strong negative enrichment of TA cell specific
genes, especially those undergoing cell cycle, and enterocyte progenitors
(Figure 6.14). Conversely, more mature enterocyte populations were
increased which could reflect an abrogated ability to generate new enterocyte
progenitors while those present at time of treatment continued to mature
(Figure 6.14). Stem cells were significantly suppressed only by adult H. bakeri
basal co-culture, despite identifying significant suppression of key stem genes
in other comparison (Figure 6.14). Paneth cells were suppressed by adult and

L4 basal co-culture (Figure 6.14).
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Figure 6.14 | Positive and negative enrichment of cell type specific genes in 2-D enteroids after
co-culture with H. bakeri. CAMERA analysis was performed using edgeR results for (left to right)
EVdepHES vs mock, EV vs. mock, adult H. bakeri apical vs. mock, adult H. bakeri basal vs. mock, L4
basal vs. mock, against the top 100 cell type specific genes for each intestinal epithelial cell type identified
by scRNA-seq in Haber et al, 2017. A) For upregulated pathways FDR values were transformed by -
log10 (FDR) and for pathways going down these were transformed by -1* -log10(FDR) to visualise both
the direction of change and significance, these values were then visualised in a heatmap using the
package ComplexHeatmap in RStudio. Significance values are indicated by FDR * <0.05, ** <0.01 and
*** <0.01. EP = enterocyte progenitor, E = enterocyte, El = enterocyte immature, TA = Transit-amplifying,
G1 = Gap 1 phase of cell cycle, G2 = Gap 2 phase of cell cycle
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6.2.5 scRNA-sequencing of treated 2-D enteroids

A major goal of this thesis was to determine whether H. bakeri EV uptake in
the 2-D enteroids is cell type specific, or whether H. bakeri EVs have a tropism
for certain cellular subpopulations with the intestinal epithelium. RNA-seq data
(Section 6.2.3) indicated that H. bakeri EVs induce gene expression changes
on genes that are specifically expressed by certain cell types in the intestinal
epithelium, namely Paneth, TA cells and enteroendocrine cells. To further
investigate the cell type specific gene expression signatures upon EV, or
EVdepHES treatment | designed a scRNA-sequencing experiment. Based on
the low detection of tuft cell marker genes in our previous RNA-seq data
(Section 6.2.3), and the well described role of tuft cells in detection and
response to helminth infection (Drurey et al., 2021; Gerbe et al., 2016; Howitt
et al., 2016; Von Moltke et al., 2016) | decided to enrich for these cells to
improve our chances of capturing this population. Therefore, this experiment
was performed under IL-4 and IL-13 conditions, which | have shown induce
goblet and tuft cell differentiation in 2-D enteroids (Chapter 4 of this thesis). |
treated grew 2-D enteroids in the presence of IL-4 and IL-13 from day 2 after
seeding and on day 3 treated the apical epithelium with either the mock control,
EVs, or EVdepHES for 24 h before performing scRNA-seq summarised in
Figure 6.15.
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Figure 6.15 | Schematic of scRNA-seq experimental design. 2-D enteroids were cultured as
previously described. After seeding cells were maintained in stem cell enriching media for 2 days after
which media was replaced with 2-D culture media containing 50 ng/ml each of IL-4 and IL-13. On day 3
in culture apical media was removed and apical surface washed once with PBS before treated with either
i) mock control volume equivalent to EVs, ii) double isolated EVs (20 pg/ml equating to 1.6x108 particles)
or iii) double depleted EVdepHES (20 pg/ml). Samples were left for 24 h before harvesting cells for FACs
sorting of live cells and 10x library preparation (Chapter 2 of this thesis) before sequencing. FACS = flow
cytometry assisted cell sorting. Sequencing of each conditions was performed on a pool of 6 replicates
in order to have enough cells for 10X scRNA seq.

Prior dissociations of 2-D enteroids into single cell suspensions resulted in
relatively high proportions of dead cells as evidenced in Chapter 5 of this
thesis, | therefore chose to sort for live cells using FACs prior to library
preparation. Despite retrieving a low proportion of live cells (<35%) | was able
to sort enough cells of each condition to load 30,000 on the 10x chromium

aiming for a targeted cell recovery of 10,000 cells (Table 6.5).

Table 6.5 | Summary of percentage live of samples and sorted cell numbers for 10x scRNA-seq.
Sample (Left-hand column), number of live cells sorted total (middle column) and the percentage of
single cells that were live within each sample (right -hand column).

Sample Live cells recovered % live
Mock 43,381 32.06
EVs 74,368 32.19
EVdepHES 82,315 22.01

10x chromium scRNA-sequencing libraries were made by Elisabeth Freyer at
the FACS facility in the Institute of Genetics and Cancer (IGC) at the University
of Edinburgh using the Chromium Next GEM Single cell 3’ Kit v3.1 (10x user

guide). A schematic describing the steps of 10x library generation is provided
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in Chapter 2 of this thesis, and the resulting 10x read structure is summarised
here (Figure 6.16). Quality control was performed using a High Sensitivity DNA
bioanalyzer chip of the resulting single cell DNA fragment libraries. Our
libraries showed a size range of ~ 300-1000 bp with a peak of 400-600 bp. The
10x genomics adapter components comprise a total of 124 bp, meaning the
DNA insert in a given read ranges from ~176-876 bp (10x user guide). |
achieved high quality library preparations from all three samples based on the
yield and size of DNA (peak 400-600 bp) (Figure 6.16).

Figure 6.16 | Quality control of 10x scRNA-seq libraries. A) Schematic of final libraries generated by
Chromium Next GEM Single cell 3’ Kit v3.1. The total length of adapter sequences is 124 bp and genomic
insert should therefore be between ~170-870 bp. Figure adapted from the 10x user guide. B&C) DNA
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High Sensitivity Bioanalyzer analysis of Mock, EV and EVdepHES treated 2-D enteroid 10x single cell

libraries showing library size range and peak size. bp = base pairs.

After sequencing, scRNA-seq data underwent computational quality control. In
brief, cells deemed to be empty, or cells that represented doublets were
removed as were cells that were likely dead based on barcode rank. An
additional filter was used to remove low quality cells >20% UMIs associated
with mitochondrial (mt) genes. This is a more relaxed filter than the
standardised threshold (5%) (Satija et al., 2015), owing to the fact that scRNA-
seq data from intestinal epithelium has a higher % mt reads than other tissues
(Osorio & Cai, 2021). It should be noted our % mt cut off is stricter than
previously published intestinal epithelial data (<30%) (Duque-Correa,
Goulding, Rodgers, Gillis, et al., 2022; Triana et al., 2021). For visualisation of
the distribution of single cells dimensionality reduction was performed using
Uniform Manifold Approximation and Projection (UMAP) with 20 principal
components and identified 10 separate clusters (Figure 6.17 A&B). When our
UMAP was coloured by treatment | can immediately see that the different
conditions have differing patterns of distribution for certain clusters. For
example, mock cells are only lowly represented in clusters 0, 3 & 7 and instead
these are comprised mostly of cells that were EV or EVdepHES treated (Figure
6.9 A&C-E). After filtering, retrieved variable numbers of cells for each
condition 1,096 cells for mock, 2,835 for the EV treatment and 1,962 for the
EVdepHES treatment.
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Figure 6.17 | scRNA-seq of H. bakeri ES treated 2-D enteroids. Uniform Manifold Approximation and
Projection (UMAP) was used for dimensional reduction and visualisation of the distribution of cells from
all conditions using 20 principal components. Cell clustering was performed by Yenetzi Villagrana
Pacheco using Seurat A) Coloured by conditions. Mock (blue), EV (pink) and EVdepHES (green). B)
Coloured by cell clusters identified using the Seurat functions FindNeighbors and FindClusters detailed
in Chapter 2 of this thesis C&E) UMAP coloured by each condition in red all remaining cells in grey,
number of cells per condition identified C) Mock D) EVs E) EVdepHEs. n = total number of cells for each
condition after filtering steps.

We next identified cell cluster identities using SingleCellNet machine learning

algorithms to determine cell types. SingleCellNet requires a training data set,
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for this | used scRNA-seq analysis of intestinal epithelium from tissue as a
training dataset (Haber et al., 2017). | found the presence of all cell types of
the intestinal epithelium, with the exception of M cells known to be absent from
our 2-D enteroids (Chapter 4 of this thesis). By performing differential
expression of the genes in each cluster identified by Seurat compared to
expression in all clusters | generated a list of enriched genes for each Seurat
cluster. | then manually checked the cell identifications made by SingleCellNet
against the genes enriched for each cluster by Seurat to confirm cluster
identities. | were confident in the identification of most clusters cell types
identified by SingleCellNet, which overlap with expression of cell specific
markers for enterocyte populations, enterocyte progenitors, tuft, goblet and
Paneth cells (Figure 6.18). Due to some uncertainty in some of the
SingleCellNet cell identifications (discussed below) | choose to show
expression of marker genes across the dataset to better represent the data
(Figure 6.18). Cluster 9 represents a small mixed population of cells
expressing markers of both Paneth, goblet and enteroendocrine cells that
owing to the fact they express many genes in common (Karo-Atar et al., 2022),
and the low numbers captured in this dataset likely affected our ability to
separate these cells (Figure 6.17, 6.18,). However, cluster 0 and 5 were
identified by SingleCellNet as enteroendocrine (EEC) but were not enriched
for typical EEC marker genes (e.g., Neurog3, Neurod1 and Neurod?2). Cluster
9 on the other hand had enrichment of these EECs specific genes, and | predict
our true EECs are within Cluster 9 but were only captured in very small
numbers (Figure 6.18). | investigated clusters 0&5 which were identified by
SingleCellNet as EECs, however | were not confident in this identification, and
discovered these clusters to display the higher expression of revSC specific
genes than other cluster and | identify them as putative revSCs (Figure 6.20).
revSC were not classified by the Haber et al, 2017 study and therefore revSC
were not included in the training dataset which could have led to
misidentification. In the presence of IL4/IL13 | see a small, but clearly
detectable population of tuft cells in our scRNA-seq data (Cluster 10) (Figure

6.17 & Figure 6.18). These data taken together confirm the heterogeneity of
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cell types in 2-D enteroids and show the presence of all differentiated cell types

even if only captured at low numbers, with the exception of M cells.

Figure 6.18 | Expression of cell type specific genes in scRNA-seq of 2-D enteroids. UMAP plot of
dataset coloured by percentage of reads that map to the genes listed on each plot. Each plot shows cell
type specific genes on the top row left to right enterocyte genes, intestinal stem cell genes, and tuft cell
genes. Bottom row left to right enteroendocrine genes, goblet cell genes and Paneth cell genes.

The expression of several key cell type specific genes was qualitatively
assessed for each condition (mock, EV, EVdepHES) (Figure 6.19). | identify a
pattern of lower expression of tuft cell specific genes (Dckl1, Trpm5, Pou2f3
and /l13rat) in EV and EVdepHES treated 2-D enteroids than in the mock
control (Figure 6.19). It should be noted that while the IL-13 receptor (//13raf)
is expressed by tuft cells, it is also expressed by enterocytes in our dataset.
For EEC specific genes while | detect well characterised EEC genes, only very
few cells were identified as expressing these genes making comparison
difficult (Figure 6.19). The stem cell associated genes Lgr5, Axin2 and Ascl2
displayed lower expression in EV or EVdepHES treated 2-D enteroids than in

the mock control, while for Olfm4, which was detected in fewer cells, this was
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less convincing (Figure 6.19). Paneth cell specific antimicrobial peptides (Lyz1
and Defa17) also showed lowered expression in EV or EVdepHES treated, but
Ang4 was slightly increased (Figure 6.19). Finally, multiple enterocyte specific
genes demonstrated increased expression in EV treated 2-D enteroids than
EVdepHES or mock (Apoa1, Apoa4, Fabp1, Rbp2) (Figure 6.19).
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Figure 6.19 | Qualitative assessment of gene expression in scRNA-seq of 2-D enteroids across
treatments. Violin plot showing expression of genes associated with A) tuft cells, B) enteroendocrine
cells, C) stem cells, D) Paneth cells or E) enterocytes. All genes that express a given gene are plotted
by condition, EV (pink), EVdepHES (green), Mock (blue). Expression (logCP10K) in individual cells is
indicated by dots, and violin plots visualise the expression distribution for that population of cells.
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In order to assess the presence of revSC genes in our scRNA-seq dataset |
assessed the expression of revSC specific genes identified by Karo-Atar et al,
2022 (Figure 6.20 A). Expression of revSC genes was not highly specific to a
single cell cluster but cluster 0, 5 & 7 demonstrated the highest average
percentage of reads (Figure 6.20 A). Overall expression of revSC in each
condition (Figure 6.20 B) showed a qualitative increase in expression of revSC
genes in EV and EVdepHES treated 2-D enteroids compared to mock. Of
these revSC associated genes, Ly6a which is thought to expressed at the initial
stages of revSC conversion, was the most obviously increased after EV and
EVdepHES (Karo-Atar et al., 2022; Nusse et al., 2018).

Figure 6.20 | Expression of revSC genes in scRNA-seq. A) UMAP coloured by average percentage
of reads for the genes listed B) Violin plot showing expression of revSC specific genes for all cells in
each condition EV (pink), EVdepHES (green), Mock (blue). Expression (logCP10K) in individual cells is
indicated by dots, and violin plots visualise the expression distribution for that population of cells. revSC
= revival stem cells.

Suppression of cell cycle was identified in RNA-seq of both ES treated 2-D
enteroids and in co-culture experiments (Section 6.2.1 — 6.2.4). | identified
qualitatively lower expression of the cell cycle genes (Mcm5, Mcmé6, Pcna) in
EV or EVdepHES 2-D enteroids (Figure 6.21). The expression of these genes

was restricted to stem and progenitor cells (Figure 6.18, 6.21).
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Figure 6.21 | Expression of cell cycle genes in scRNA-seq. A) UMAP coloured by average
percentage of reads for the genes listed B) Violin plot showing expression of cell cycle specific genes for
all cells in each condition EV (pink), EVdepHES (green), Mock (blue). Expression (logCP10K) in
individual cells is indicated by dots, and violin plots visualise the expression distribution for that population
of cells.

6.2.6 Bifurcation of UMAP data is driven by cell quality which may or

may not be related to treatment

UMAP of our data showed two bifurcated arms that mirrored each other and
for some cell types identified multiple clusters of the same cell type one
clustered on the upper arm and one on the lower arm (data not shown). This
was not consistent with published data from H. bakeri infected tissue or
organoids, where differences in the proportions of cell in a cluster occurred,
but effects that override the cell type identity of a cluster were not seen (Haber
et al., 2017; Karo-Atar et al., 2022). To identify whether this bifurcation of our
UMAP could be driven by treatment, or by another factor | re-assessed the cell
quality in our data. | found that although the majority of our cells were well
below the <20% mt gene cut off, the distribution of % mt for cells in each
condition was drastically different for our mock control compared to EV or
EVdepHES (Figure 6.22 A). The mock condition had a higher average
percentage of reads mapping to mt genes than EV or EVdepHES conditions

(Figure 6.22 A). This finding suggesting a difference in overall sample quality
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between conditions. | then looked to see whether this correlated with the
bifurcation of our UMAP and found that expression of mt genes correlates with
the lower arm, and the upper arm has relatively low mt genes (Figure 6.22 A).
Anoikis is a specific form of cell death that occurs when epithelial cells detach
from the surrounding ECM and occurs naturally in the intestinal epithelium as
cells move towards the tips of the intestinal villi. During dissociation of cells for
scRNA-seq the intestinal epithelial cells are detached from the artificial ECM
below, so | assessed the expression of genes related to anoikis in our data set.
The percentage of reads mapping to anoikis genes was low and evenly
dispersed between the two arms of this data set (Figure 6.22 A). These
findings do not rule out that treatment itself to affect the cell quality, however
as | performed one replicate per condition, | also cannot prove that treatment
is responsible for any effect on cell quality. Previous flow cytometry data of EV
treated organoids did not suggest differences in proportions of dead cells
(Chapter 5), nor did the sorting data from this experiment. However, cells may
have died as a result of, or after sorting, and the processing order (mock were

processed first) may explain the difference in quality between conditions.
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Figure 6.22 | Bioinformatic quality control of 10x scRNA-seq libraries. A) Violin plot showing the
distribution of percentage of mitochondrial genes in each cell (x-axis) in each condition. Mt =
mitochondrial B) UMAP coloured by the percentage of mitochondrial genes per cell.
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Summary of Chapter 6 results
EVs and EVdepHES induced subtle effect on the transcriptional
response in the intestinal epithelium in 2-D enteroids models in the
absence of immune cells and cytokines.
EVs and EVdepHES induce many overlapping functions suggesting
there are multiple molecular mechanisms that work synergistically
during infection to modify this tissue.
Some transcriptional changes are more specific to EVs, such as a
repression of Paneth cells and antimicrobial peptides.
EVs showed downregulation of the stem specific gene Olfm4, and Lgr5,
and Ascl2 which are both critical for ISCs.
EVs alone do not induce revSCs, but EVdepHES and co-culture with
L4’s or adult worms strongly induce a revSC signature in 2-D enteroids.
All ES and live co-culture conditions indicate a strong downregulation
of pathways related to cell cycle, and genes specific to TA cells (which
rapidly proliferate) suggesting H. bakeri interferes with epithelial cell
turnover.
Enteroendocrine cell specific genes and some of their secreted
hormones (Ghrelin and Somatostatin) are repressed by all H. bakeri ES
and co-culture conditions tested.
The localisation of H. bakeri worms to the apical or basal side has an
effect on the strength of transcriptional response in 2-D enteroids.
scRNA-seq confirmed cellular heterogeneity of 2-D enteroids and
identified differences between EV and EVdepHES and mock control.
RevSC associated genes including Ly6a showed higher expression
after EV and EVdepHES by scRNA-seq. A cluster of cells
predominantly comprised of cells from EV and EVdepHES conditions

was putatively identified as revSC.
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6.3 Discussion

In this chapter, | aimed to investigate the host transcriptional response to H.
bakeri EVs, and EVdepHES in 2-D enteroids in order discern EV specific
responses. The results suggest that H. bakeri EVs have subtle suppressive
effects on Paneth cells and several of the AMPs produced by these cells, cell
cycle, and stem cell specific genes (Figure 6.5, 6.7, 6.8). However, | found the
majority of responses to EVs to be concordantly changed by EVdepHES
treatment, suggesting EVs and non-vesicular components of HES may act
synergistically during infection (Figure 6.4). However, some opposing effects
of EVs and EVdepHES were identified. For example, for IFN response genes
which were upregulated by EVdepHES, and subtly suppressed by EVs (Figure
6.5). Recent publications identified that H. bakeri induces revSCs in the
intestinal epithelium during infection, and this phenotype was later reproduced
in 3-D enteroids through HES treatment (Karo-Atar et al., 2022; Nusse et al.,
2018). revSCs have since been demonstrated to arise in response to damage
to ISCs, which would suggest that H. bakeri damage of ISCs could drive revSC
induction (Ayyaz et al., 2019). Our lab had preliminary data suggesting H.
bakeri EVs modified genes related to stemness. Indeed, | confirmed our prior
findings by identifying in this study subtle changes to key stem cell genes
(OIfm4, Ascl2) in response to both EVs and EVdepHES (Figure 6.5). | then
interrogated the presence of revSC signatures in our dataset and found that
while EVdepHES induced strong revSC signature this was not case for EVs
when looking at RNA-seq (Figure 6.6). Although, scRNA-seq did show subtly
higher expression of revSC associated genes in both EV and EVdepHES

treated 2-D enteroids than in the mock condition (Figure 6.20).

In parallel, | investigated the transcriptional response in 2-D enteroids after co-
culture with H. bakeri. | found stronger effects on gene expression in response
to live worms than to purified EVdepHES or EVs (Figure 6.2, 6.3, 6.9, 6.10). In

addition, | investigate the effect of parasite localisation by co-culturing either at
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the apical epithelium or in the basal compartment. | demonstrated that
although overall changes were concordant in both setting, basal co-culture
resulted in more differentially expressed genes in 2-D enteroids than apical co-
cultures (Figure 6.9, 6.10, 6.11). Finally, | also compared the effects of H.
bakeri life stages by adding L4 larvae in the basal compartment of 2-D
enteroids. Surprisingly, | found this life stage to induce the strongest effects on
gene expression of all the live worm co-culture conditions (Figure 6.9, 6.10).
All co-culture conditions showed a strong suppression of the stem cell specific
genes and cell cycle (Figure 6.12). RevSC signatures were strongly
upregulated by all co-culture conditions, but particularly by L4 larvae (Figure
6.13). | identified similar effects on specific cell subpopulations with 2-D
enteroids as | saw for EVs and EVdepHES, TA cells, enterocyte progenitors,
and Paneth cells were suppressed (Figure 6.13). However, unlike ES
conditions these findings coincided with an increase in enterocytes populations
(Figure 6.13). Significant suppression of stem cells was only identified for adult

basal co-cultures (Figure 6.13).

6.3.1 Limitations for RNA-seq

RNA-seq data indicated substantial variability between technical replicates
even for the mock condition, which implicated downstream statistics. Variation
may be explained by the fact that organoids are heterogeneous in cell type,
and differentiation occurs in a stochastic manner, leading to higher variability
compared to homogeneous cell lines. Furthermore, compared to in vivo tissue,
organoids are reductionistic and many factors that tightly control the
proportions of cell types within the epithelium may be lost in organoid culture
systems. For example: i) the physical architecture of the crypt and villus, and/or
ii) additional signals from stromal, immune, and mesenchymal cells that may
finely tune differentiation are not present in 2-D models and could result in

higher variability.

Page 237



Chapter 6
Findings described in chapter 5 of this thesis indicated that only a proportion
of 2-D organoid cells take up EV-AF647, therefore the signal from cells that
took up EVs in this dataset is likely to be diluted by cells that were not targeted.
One approach to circumvent this issue would be to sort cells that are positive
for EV-AF647, this would be a powerful way of identifying direct gene
expression changes in response to EV uptake. This strategy could also
indicate whether specific sub-populations are targeted by H. bakeri EVs for
uptake. This approach was performed, however due to low numbers of EV-
AF647 positive cells, combined with poor viability, only a very small number of
cells could be sorted. Optimisation of the protocols for harvesting and
dissociating 2-D organoid cells have since been improved for high viability (80-
90% viable cells), and this remains a potential area for future investigation.
Alternatively, the concentration of EVs used for this experiment was based on
knowledge from MODE-K cells. The experiments detailed in this chapter would
have benefited from performing a prior dose response study in my 2-D enteroid

model.

We chose to assess the transcriptome 24 hr after treatment based on the
understanding of uptake dynamics in MODE-K and 2-D enteroids (Chapter 5
of this thesis), (Coakley et al., 2017). This timepoint is sufficient to see early
changes in response to ES products. Interestingly, some genes modified by H.
bakeri or its ES products are involved in differentiation (DIl1, Atoh1, Hes1,
Sox9, Ascl2) and could impact cellular differentiation within 2-D enteroids.
However, the cell cycle time of ISCs is ~ 24 hr, while TA cells undergo faster
cell cycling within 12 hr (Ballweg et al., 2018). Therefore, changes within 24 hr
will not captured the full impact of treatment on cellular differentiation within 2-
D enteroids. Assessing transcriptional changes, or cellular populations by
microscopy, over a longer time course would allow better assessment of
changes in cellular differentiation after exposure to EVs or EVdepHES. Given
the changes | saw in certain cell fate determining factors this could be an area
for future investigation. Additionally, during helminth infection parasites are

continuously producing, and releasing ES products. Therefore, a more
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physiological model for the effect of EVs or EVdepHES on differentiation could

also include multiple doses over a longer time course.

Our 2-D enteroid model demonstrated presence all secretory cell lineages
(Tuft, Enteroendocrine, Goblet and Paneth cells) (Chapter 4 of this thesis).
Despite validation of tuft cell presence in the absence of Th2 cytokines by
microscopy, the proportion of these cells is low. | detected the tuft associated
genes PouZ2f3 and Dckl1 in bulk sequencing data, but these were removed due
to low CPMs (<1 in > 3 libraries). Therefore, using RNA-seq data | cannot
conclude whether EVs play a role in the suppression of these cells by HES
(Drurey et al., 2021).

For our live worm co-culture RNA-seq experiment, one concern | had
regarding the experimental design was the difference in relative concentrations
between the apical and basal compartments. The apical epithelium is cultured
in a low media volume (200 pl) (Chapter 2 of this thesis), whereas the basal
compartment at the stage of co-culture contains 2 ml of media. Therefore, any
HES produced by worms during co-culture | anticipated to be more dilute in
the basal compartment, than the apical compartment. Differences in
concentrations between apical and basal conditions was noted as caveat of
this experiment, but | was not able to resolve these due to the transwell design.
Additionally, apical worms were in direct contact with 2-D enteroids cells
whereas basal worms were physically separated which could also impact our
results. Even with these consideration in mind, | saw overall stronger effects
on host gene expression during basal co-culture. This was unexpected and
suggests that underlying host physiology in the basal vs. apical epithelium may
determine the extent of the response. If this were true, then the fact that | chose
apical delivery of ES products may also contribute to the subtle gene

expression changes | found.
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6.3.2 Impact of H. bakeri and its secreted products of the stem cell niche

Our initial hypothesis was that H. bakeri EVs target or modulate stem cells in
the intestinal epithelium, based on pilot data 3-D organoids microinjected with
H. bakeri EVs (Buck, unpublished). Our data demonstrated that both the EV
fraction of HES as well as EVdepHES, and co-culture with live H. bakeri
suppressed critical genes related to stem cell differentiation and maintenance
(OIfm4, Lgr5, Ascl2, Sox9) (Figure 6.5, 6.12). Although, using CAMERA
pathway analysis | only identified a significant negative enrichment of stem

cells for the adult worm basal co-culture condition (Figure 6.13).

H. bakeri EV repression of the transcription factor Ascl2 is particularly
interesting even through the effect was subtle. Ascl2 expression is tightly
restricted to the base of the crypt in ISCs (Murata et al., 2020), and in
combination with the Wnt induced transcription factors (3-catenin and TCF4, it
controls the expression of stem cell genes including Lgr5 and Sox9 (Schuijers
et al., 2015). | found Lgr5 and Sox9 to also be downregulated by EVs (Figure
6.5). Additionally, forced expression of Asc/2 within organoid cultures results
in increased Olfm4 expression and the amount of Ki67+ cycling cells (Schuijers
et al., 2015). This is interesting as both Olfm4 and the gene encoding ki67
(Mki67) are downregulated by H. bakeri EVs, which could represent
downstream effects of Asc/2 downregulation (Figure 6.5). Ascl2 expression
within ISCs is strictly controlled by Wnt signalling (Murata et al., 2020;
Schuijers et al., 2015), therefore abrogated Wnt signalling could be an
upstream regulator of many of the gene expression changes seen in our
dataset. Wnt signalling results in the phosphorylation of 3-catenin, leading to
translocation of this transcription factor to the nucleus where it performs its
function in regulating expression of stemness genes (Fevr et al., 2007; Korinek
et al., 1998). Future experiments to assess phosphorylation, and localisation
of B-catenin in 2-D enteroids exposed to H. bakeri EVs, EVdepHES or during
co-culture would elucidate whether these gene expression changes occur as

a result of abrogated Wnt signalling, or if they are independent of this pathway.
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Findings from other groups have also implicated H. bakeri and its ES products
in downregulation of stem cell genes, this occurred alongside an induction of
a revSC phenotype (Drurey et al., 2021; Karo-Atar et al., 2022; Nusse et al.,
2018). revSCs are relatively newly identified cells that are thought to replenish
the epithelium after damage. Interestingly, Karo-Atar et al found that during
infection these cells are capable of replenishing the epithelium, however fewer
goblet and tuft cells arose from revSCs than from ISCs. These findings suggest
that H. bakeri induces revSCs, thereby constricting numbers of goblet and tuft
cells (Karo-Atar et al., 2022). revSCs are not helminth specific, and have been
shown to be induced in response to various other models of stem cell damage
(Ayyaz et al., 2019). While EV treatment had a subtle effect on key stem cell
genes summarised above, it did not induce revSC associated genes by RNA-
seq (Figure 6.6). Therefore, EVs may modify intestinal stem cells, but are
either not involved, or are insufficient, for the conversion to revSC. However,
later in this Chapter using scRNA-seq | find that H. bakeri EVs may have a
subtle effect on the induction of revSC genes namely Ly6a (discussed further

below).

We observed an induction of a revSC signature in EVdepHES treated 2-D
enteroids (Figure 6.6), and to a greater extent in response to co-culture with
live worms (Figure 6.13). revSC were initially observed during d 6 of H. bakeri
infections when L4 larvae are within the host submucosa, and were marked by
a transient up-regulation of Ly6a (Nusse et al., 2018). Subsequent studies
found that at d 14 (when adult worms reside in the lumen) a stronger induction
of revSC genes was observed, however Ly6a up-regulation was not sustained
at this time point (Karo-Atar et al., 2022; Nusse et al., 2018). One interpretation
of these results is that the adult parasite is better able to induce these cells.
Our data comparing co-culture of adult and L4 worms confirms the finding that
L4 stage parasite specifically induces Ly6a expression, however at 24 h | see

stronger effects with L4 larvae than adult worms (Figure 6.13). These findings,

Page 241



Chapter 6
in context with previous publications, suggest that it is not the parasite life
stage that dictates the increased response at d 14 of infection, as | found L4
larvae to induce stronger effects than adult worms. | suggest instead that the
sustained delivery of ES products over a longer period of time (14 days rather
than 6) results in stronger changes seen in vivo. An intriguing question is
whether H. bakeri ES directly induces the revSCs transcriptional programme,
or whether this is an indirect effect of H. bakeri ES mediated stem cell damage

which then triggers the host to induce these revSCs.

6.3.3 Impact of H. bakeri and its secreted products on sub-populations

within 2-D enteroids

We demonstrated that H. bakeri EVs have suppressive effects on Paneth cell
specific gene expression within the epithelium (Figure 6.5, 6.8). | saw a
consistent effect on Paneth cells with L4 larvae and basal adult co-culture
(Figure 6.13). Recent studies also show sequencing data that suggests
changes to Paneth cells in HES treated organoids, although neither
publications focused on these findings (Drurey et al., 2021; Karo-Atar et al.,
2022). Paneth cell hyperplasia has been described during infection with
several helminth species, including H. bakeri, driven by the Th2 cytokine IL-13
(Forman et al., 2012; Kamal et al., 2002). H. bakeri EVs may act to constrain
these host responses during infection, in order to limit Paneth cell hyperplasia.
The major role of Paneth cells is to secrete antimicrobial peptides (AMPs)
which acts to control the intestinal microbiome (Andre J. Ouellette, 2005).
Whether AMPs also impact helminth infections is mostly unknown. Although
the Paneth cell secreted antimicrobial peptide Ang4, which | identify as subtly
downregulated in response to H. bakeri EVs (Figure 6.5), has been shown to
increase in the colon during T. muris infection. In these studies Ang4 negatively
correlate with worm burden (Datta et al., 2005; D’Elia et al., 2009; Forman et
al., 2012; Kamal et al., 2002). However, it should be noted that in the large

intestine, which is void of Paneth cells, the main producer of Ang4 in this tissue
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is goblet cells (Forman et al., 2012). In addition to Ang4, a slew of antimicrobial
alpha (a) defensin genes (Defa) were suppressed by H. bakeri EVs (Figure
6.5). a-defensins are known to have broad microbicidal activity, and are
effective against protozoa, viruses, some fungi, as well as both gram positive
and gram negative bacteria (Andre J. Ouellette, 2005). The role of a-defensins
in helminth infection has not been thoroughly investigated however recently, it
was shown that some recombinant a-defensins can cause cytotoxic damage

to T. muris worms in vitro (Pillai et al., 2019).

Enteroendocrine cells (EECs) are rare terminally differentiated cells of the
intestinal epithelium that synthesise and secrete hormones (Worthington et al.,
2017). Despite the fact that they are <1% of IECs, the vast number of these
cells throughout the intestine make this organ the largest endocrine organ in
the body (Worthington et al., 2017). Genes associated with EECs were
identified to be suppressed particularly in response to co-culture with H. bakeri
worms (Figure 6.12), but also in response to EVdepHES (Figure 6.5). Two
hormones were consistently downregulated across several conditions, these
were Somatostatin (Sst) and Ghrelin (Ghrl) (Figure 6.5, 6.12). Ghrl and Sst
have been identified as correlating with inflammation in inflammatory bowel
disease (IBD) patients suggesting interplay between hormones and the
immune system (Worthington et al., 2017). The hormone serotonin also
stimulates gut motility by activating enteric nerves. Recently, it was shown that
serotonin can be expressed by EECs in response to IL-33 stimulation during
T. muris infection, enhancing peristalsis and thereby improving worm
clearance (Z. Chen et al., 2021). The enzyme tryptophan hydroxylase 1 (Tph1)
catalyses the production of serotonin and is often used as a readout for
serotonin production. | found Tph1 expression to be suppressed by
EVdepHES, L4 larvae, and apical co-culture with adult worms (Figure 6.5,
6.12).

Tuft cells have been recognised as both a key cell type in the recognition of
helminth infection (McGinty et al., 2020) that undergo hyperplasia in response
to IL-13 during infection (Gerbe et al., 2016; Howitt et al., 2016; Von Moltke et

al., 2016). Furthermore tuft cells are repressed by components of HES (Drurey
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et al., 2021). Our transcriptomic analysis only captured common tuft cell
marker genes at low CPM, therefore | could not confidently assess the effect
of treatment with H. bakeri ES products or co-culture effected these cells, | did

however investigate these further using scRNA-seq (discussed below).

Transit-amplifying (TA) cells are proliferative cells that develop from Lgr5+
ISCs and rapidly proliferative undergoing cell cycle within ~ 12 h. | saw a
suppression of TA cells undergoing cell cycle in both G1 and G2 phase (Figure
6.8). In addition, pathway analysis showed negative enrichment in many
pathways related to DNA dependant DNA replication, cell cycle, or chromatid
segregation, suggestive of a reduction in proliferation in EV and EVdepHES
treated 2-D enteroids (Table 6.2, 6.3). This was further supported by scRNA-
seq data (Figure 6.21). The protein ki67, encoded by Mki67, is well known to
be expressed in proliferative cells and | see a down-regulation of this gene
under all conditions. In the intestinal epithelium only some cellular populations
are capable of undergoing proliferation, these being stem cells, progenitor cells

and transit-amplifying cells (Beumer & Clevers, 2020).

6.3.4 Synergistic effects of vesicular and non-vesicular components of
HES

One goal in this work was to determine the unique changes induced by H.
bakeri EVs. | found that the majority of changes induced by EVs are
concordant with changes induced by non-vesicular ES products (Figure 6.4).
Suggesting that the vesicular and non-vesicular components act
synergistically during H. bakeri infection to modify this host tissue. An
argument could be made that live co-culture supports this, as | identified
stronger effects on 2-D enteroids in these conditions than EVs or EVdepHES.
However, one must also consider that in co-culture settings additional factors
such as continuous supply of ES products, and physical disruption (in the case

of apical co-culture) will also be introduced. Future experimental work could
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treat 2-D enteroids with HES spiked with labelled H. bakeri EVs at various

concentrations, and the assess effects on the epithelium.

6.3.5 scRNA-seq analysis of EV and EVdepHES 2-D organoids

A major goal of this thesis was to identify whether H. bakeri EVs target specific
sub-populations within the intestinal epithelium. scRNA-seq was employed on
2-D enteroids treated with H. bakeri EVs or EVdepHES to interrogate host
response within each cell type. | identified all cell types of the intestinal
epithelium (except M cells) by scRNA-seq (Figure 6.18). Despite the presence
of differentiated Paneth, enteroendocrine, goblet and tuft cells in 2-D enteroid
cultures (Chapter 4 of this thesis), of these populations only tuft cells were
represented by a clear cluster (Figure 6.18). A mixed population of cells
(cluster 10) was found to express genes specific to goblet, Paneth and EECs
(Figure 6.17 & Figure 6.18). Due to the low numbers of these cell populations,
| could not detect significant changes between treatments by differential gene
expression analysis (data not shown), but | do identify qualitative differences.
Specifically, tuft cell specific genes demonstrate lower expression after
treatment with H. bakeri EVs or EVdepHES (Figure 6.19). This is interesting
as HES has recently been shown to constrain tuft cells in 3-D organoids, and
these data may suggest that H. bakeri EVs could play a role in this (A. H. Buck
et al., 2014; Coakley et al., 2017). | also identified an increase in enterocyte
specific gene expression in EV treated 2-D enteroids, and a suppression of
cell cycle related genes by EVs and EVdepHES (Figure 6.20 and Figure 6.21).
Finally, | see an increase in revSC specific gene expression in cells treated
with EVs or EVdepHES compared to mock, most notably in Ly6a. Ly6a is
induced during infection as early as day 2 p.i., prior to the induction of other
revSC associated genes, and in 3-D organoids was also found to be induced
after 24 h of exposure to HES (Karo-Atar et al., 2022; Nusse et al., 2018).
Therefore, it would be interesting to repeat this experiment looking at later time

points after treatment, or after multiple doses.
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6.3.6 Limitations of scRNA-seq

We identified a bifurcation of our scRNA-seq dataset, with multiple clusters
identified as the same cell type. These changes could have been driven by
treatments, or by cell quality. | found that the two arms of the UMAP plot had
differences in the mt percentage between our treatments, and this was also
found for the different treatments with mock having a higher percentage of mt
reads (Figure 6.22). It should be noted that in publicly available scRNA-seq
data from Karo et al, 2022 that TA cells have enriched expression of several
mt genes. It could be further investigated whether differences in the amount of
TA cells between treatments could explain these differences in mt percentages
between samples. It is worth remembering that | also saw a suppression of TA
cells in our bulk RNA-seq data by EVs and EVdepHES. It is difficult to
determine if the differences in cell quality reflects a stochastic difference
between samples, or a biologically relevant difference as a result of treatment
because | only used one replicate per treatment. Due to the cost of sSCRNA-
seq, having multiple replicates was not affordable and at the time was not
mainstream, although in the future with reduced costs it may become more

common place.

Concluding remarks

Previously, transcriptomics had been performed on epithelium from infected
tissue including scRNA-seq analysis (Haber et al., 2017), and more recently
on HES treated 3-D organoids (Drurey et al., 2021; Karo-Atar et al., 2021).
These publications found HES to modify 3-D organoid cultures. However, no
publications had specifically focussed on the role of H. bakeri EVs (a
component of HES) on organoid cultures. In this chapter | performed RNA-seq

to investigate the specific response to H. bakeri EVs. Additionally, |
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demonstrated the use of our 2-D enteroids for co-culture with live worms for
which the use of 3-D cultures have been limited (Ruby White et al., 2022) and
characterised the transcriptional response in the epithelium in the absence of
other host factors for the first time.
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Chapter 7: General discussion
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The goal of this thesis was to investigate the functional effects of H. bakeri EVs
on the intestinal epithelium. To achieve this, | first focused on H. bakeri EV
isolation techniques and characterisation, as well as methodology for EV
fluorescent labelling in Chapter 3. | then developed a 2-D enteroid culture
system that recapitulated many key features of the intestinal epithelium,
detailed in Chapter 4. In chapter 5, | investigated the uptake of H. bakeri EVs
into intestinal epithelium cells using a range of intestinal epithelial models that
increased in complexity from cell lines to in vivo tissues. Finally, in Chapter 6 |
investigated the functional effects of H. bakeri EVs on the intestinal epithelium
using RNA sequencing approaches. In parallel, | demonstrate the utility of our
2-D enteroid model for co-culture of live helminth parasites. In this discussion
Chapter | discuss my findings within the broader research context,
contemplate how my findings contribute to questions in the field and propose

future directions for this body of work.

7.1 EV uptake and cell type specificity in the intestinal epithelium

Helminth EVs and their immunomodulatory capacities have been the subject
of research for just over a decade. While cross-kingdom uptake has been
demonstrated previously for several different helminths species to host cells
(Coakley et al., 2015; Sanchez-Lopez et al., 2021). H. bakeri EVs in particular
can enter murine cells as demonstrated by our lab in both bone marrow derived
macrophages (BMDMs), and to a lesser degree MODE-K (enterocytes) cells
in vitro (A. H. Buck et al., 2014). In Chapter 5 | show that H. bakeri EVs are
capable of entering 2-D enteroids cells, but at lower proportions than in the
enterocyte cell line (MODE-K). Several things may explain this (which are not
mutually exclusive): i) cell type specificity in these heterogeneous cultures, ii)
presence of mucus barrier and cell turnover, or iii) transcytosis of EVs across

the epithelium.
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One major question | aimed to address was whether H. bakeri EVs possess
cell type specific targeting for uptake within the intestinal epithelium e.g., do
they preferentially enter specific cell types and not others? The fact that only a
proportion of cells (<20%) uptake EVs in 2-D enteroids could suggest they
target a specific population that is not highly represented. Determining which
specific cell population is targeted by H. bakeri EVs may give clues towards
the mechanism of EV uptake. For example, S. mansoni EVs have been shown
to interact with the receptor DC-SIGN which mediates uptake, thereby this
interaction targets S. mansoni EVs to cells that express this receptor e.g.,
dendritic cells (Kuipers et al., 2020). Identifying a propensity for H. bakeri EVs
to enter specific cell types could therefore assist is discerning the mechanism
of uptake. However, despite multiple attempts to look for cell type specificity in
this study this question still remains an open area of research. RNA seq data
did suggest that H. bakeri EV treatments causes cell type specific effects with
changes to genes expressed by Paneth cells, TA cells and possibly stem cells,
although this was less clear (discussed further below). Whether H. bakeri EVs
specifically enter one (or all) or these cells, or if they enter enteroid cells
ubiquitously but display stronger functional effects within specific cells is

unknown.

Instead of thinking about uptake of H. bakeri EVs being ‘targeted’ to a specific
cell types, an alternative perspective could be that uptake is dictated by the
capacity of the recipient cell for uptake. For instance, the previously described
enhanced uptake of H. bakeri EVs by BMDMs compared to MODE-K may be
a reflection of the fact that macrophages are specialised phagocytic cells. It is
worth considering the uptake capabilities of intestinal epithelial cells, for
example enterocytes are not phagocytic, but are capable of endocytosis
(including for uptake of bacterial OMVs) and in response to some enteric
infections perform micropinocytosis (Amyere et al., 2002; Bittel et al., 2021;
Zimmer et al., 2016). Recent reports have also described goblet cells to have
endocytic functions, and in response to acetylcholine signals form ‘gut

associated antigen passages’ (GAPS) which allow for the transcytosis of
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luminal antigen across the epithelial barrier (Gustafsson et al. 2021).
Interestingly, Paneth cells have also recently been described as phagocytes
that clear debris from neighbouring dying cells in a process referred to as
efferocytosis (Shankman et al., 2021). Based on findings from sequencing
data (Chapter 6) | now hypothesise that Paneth cells are functionally modified
by H. bakeri EVs. Thus, it would be interesting to investigate the phagocytic

capacity of these cells in relation to H. bakeri EV uptake in the future.

An alternative, but not necessarily mutually exclusive, hypothesis for why | see
lower uptake in 2-D enteroids than cells lines is that EVs cross the epithelial
barrier. 2-D enteroids, unlike cell line cultures, possess polarised epithelium
and a physically separated basal compartment which could allow for
transcytosis. Very little is understood about the dissemination of helminth EVs
through the host organism. Studies from bacterial outer membrane vesicles
(OMVs) may shed some light on what could be possible for helminth derived
EVs. For instance, OMVs demonstrate both paracellular (between cells) and
transcellular (through cells) mechanisms for crossing the epithelial barrier, and
can disseminate to distal sights including the brain (Cuesta et al., 2021;
Momma, 2021; Stentz et al., 2018). | did not assess whether H. bakeri EVs
were found in the basal medium which would indicate transcytosis across the
epithelium. A major complication to assessing transcytosis would be the
difficultly in differentiating host derived EVs from H. bakeri EVs — even if EVs
were AF647 labelled due of the low efficiency of this labelling protocol (Chapter
3 of this thesis). Recently other members of our lab have developed single EV
immunofluorescence techniques using H. bakeri EV specific antibodies, this
technique could be used to assess parasite EV transcytosis in the future.
Recently, live tracking of EV dissemination in zebrafish has been achieved by
genetic modification to produce EV-specific fluorescent reporters, or in E. coli
Cre-recombinase carrying OMVs have been used to label recipient host cells
(explained further below) (Bittel et al., 2021; Verweij et al., 2019). The
development of similar approaches for helminth EVs would be a major

breakthrough for studying these nanoparticles, however at present genetic
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modification is still difficult for helminths (Hagen et al., 2021; Lendner et al.,
2008).

A final explanation for the reduced H. bakeri EV uptake in 2-D enteroids could
be the presence of mucus, which may trap EVs thereby reducing uptake.
Anecdotally, when performing microscopy of 2-D caecaloid and enteroid
cultures treated with either AF647 labelled H. bakeri or T. muris EVs | observed
fluorescent signal in mucus above the cellular layer. It is worth postulating
whether other components of HES may interact with mucus to enable EV
uptake in vivo. For example, mucus degrading enzymes are produced by other
helminths such as T. muris parasites (as well as many non-helminthic
pathogens) (McGuckin et al. 2011; Duque-Correa et al. 2022). During natural
infections, H. bakeri EVs secreted as one component of a much larger slew of
molecules and enzymes. By fixating on EV isolations being highly pure, | could
be missing critical synergistic effects of EVs with other HES molecules that
enhance their uptake. It would be interesting to investigate whether H. bakeri
ES also contains mucus degrading molecules, and if so, whether these

enhance EV uptake into epithelial cells.

7.2 H. bakeri EVs functional response in the host intestinal epithelium

Our RNA seq analysis of EV treated 2-D enteroids showed large variation
between replicates for all conditions including the mock control. Such high
variation obviously limits the statistical significance of our findings. Indeed,
differential expression analysis of EV treatment vs. mock resulted in O
significantly differentially regulated genes using standard cut offs (FDR P
<0.05). In hindsight this is perhaps somewhat expected as data from chapter
5 suggested only a low (<20%) proportion of cells may take up H. bakeri EVs,
indicating the effect of EV uptake would be diluted in bulk RNA seq. Even in
previously published data from MODE-K cells, where uptake is much higher,
only subtle gene expression changes were captured with 128 differentially
regulated genes (FDR P <0.05) (Buck et al., 2014).
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EV treatment resulted in down regulation of genes that have particular
relevance for the biology of the intestinal epithelium or in innate immunity.
Pathway analysis yielded significant down regulation of many cell cycle related
and antimicrobial pathways. Downregulation of antimicrobial pathways was
driven by several genes known to be expressed by Paneth cells namely a-
defensins and Ang4. Furthermore, pathway enrichment analysis using cell
type specific genes also identified Paneth cells specific genes as negatively
enriched in EVs vs. mock, as well as TA cells undergoing cell cycle and early
enterocyte progenitors. Finally, Paneth cells have previously been identified
as increasing during infection with several helminths, including H. bakeri
(Kamal et al., 2002). Therefore H. bakeri EVs may play a role in constricting
this host response during infection, for example similar to what has recently
been documented for HES and tuft cells (Drurey et al., 2021). While the direct
effect of Paneth cells on the success of helminth infections has not been
thoroughly investigated, it would be intriguing to know whether AMPs can
directly impact helminths. Additionally, AMP secretion could impact helminth
infection indirectly, through effects on the microbiome given the documented
role of AMP on microbial composition (André Joseph Ouellette, 2011). H.
bakeri has already been shown to alter the microbiome, and interactions
between H. bakeri, Paneth cells, and the microbiome would be an interesting

area of research (Rapin et al., 2020).

It was clear from our sequencing results that many effects of H. bakeri EVs
and EVdepHES are shared, suggesting that multiple molecules could act
synergistically during infection. However, genes that have defined roles as IFN
responses genes (ISGs) were differentially regulated by EVs compared to
EVdepHES or live worm co-cultures. This is interesting because recent studies
found IFN responses genes to be induced by T. muris infection of 2-D
caecaloids, suggesting they play a role in alerting the immune system, despite
being most typically associated with viral infections (Duque-Correa, Goulding,
Rodgers, Gillis, et al., 2022). T. muris EVs have also been shown to down
regulate IFN response genes, and this could reflect an mechanism of

constricting host responses (Duque-Correa, Schreibera, et al., 2020).
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One factor that is absent in organoid models is the impact of host immune
responses. The immune response could be modelled by addition of IL-4 and
IL-13 which are the primary cytokines that impact the epithelium during
helminth infection, or by additional of primary immune cells to the basal
compartment. These factors may be important for understanding the role of H.

bakeri EVs on infected epithelium and should be explore further in the future.

An obvious alternative approach in the design of sequencing experiments to
assess uptake specificity and function of EVs would have been to sort the cells
positive for EV-AF647, in order to enrich for cells that take up H. bakeri EVs.
This approach was trialled, however low labelling efficiency combined with low
cell viability (a common challenge when epithelial cells are in single cell
suspensions) resulted in very low numbers of cells retrieved and miniscule
amounts of RNA (data not shown). Since collection of these datasets, | have
made improvements to the collection of 2-D enteroid cells for flow cytometry
resulting in high levels of viable cells (80-90%). Furthermore, experimentation
with dye:particle ratios during AF647 labelling may improve labelling efficiency.
A combination of these two advancements would allow for improvement in our
ability to sort live EV-AF647 positive cells for analysis by RT gPCR or RNA

seq.
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Figure 7.1 | Summary of thesis findings relating to functional effects of H. bakeri EVs in 2-D
enteroids. H. bakeri derived EVs enter 2-D enteroid cells, however whether this is targeted to specific
cells is an open question. | identified a significant pattern of genes differentially expressed in response
to H. bakeri EV treatment that are specifically expressed by Paneth cells such as a-defensins. |
hypothesise that H. bakeri EVs reduce the secretion of antimicrobial peptides (AMPs) from Paneth cells
and possibly Paneth cell differentiation. It is unclear what effect AMPs have on H. bakeri infections but |
hypothesis they play roles in helminth clearance. | also see suppression of key stem cell genes, TA cells
and proliferation which may affect the differentiation and turnover of epithelial cells. Very few responses
to H. bakeri EVs were upregulated but those that were showed enrichment for vesicle uptake and
trafficking pathways. Finally, | propose H. bakeri EVs mediate effects via RNA interference, and this is a
major focus of the Buck Laboratory. These datasets will be further assessed to identify candidate
helminth sRNA interactions with host dysregulated genes. Figure made using BioRender.com.

7.3 Organoid models advance the study of host-helminth interactions

at the epithelium.

2-D enteroid model development allowed us to investigate H. bakeri EV
interactions at the intestinal epithelium, however they are also applicable for
many other aspects of helminth research. Previous studies have displayed the
potential of organoids for co-culture with live helminths using 3-D cultures
(Faber et al., 2022; D. Smith et al.,, 2021), but these have considerable
limitations (Ruby White et al., 2022). | showcase the use of 2-D enteroids for
helminth investigations by co-culturing with live L4 or adult H. bakeri parasites.

After 24 h | found many genes to be differentially regulated, surprisingly L4
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larvae induced the strongest change in epithelial gene expression. L4 larvae
are more difficult to retrieve from infected animals and have far more limited
survival in culture. Perhaps for these reasons, most research has focused of
HES from cultured adult H. bakeri, going forward it will be intriguing to look at
the effects of the L4 larvae and their HES products, which may vary from that

of adult worms.

Because recent studies have co-cultured HES with 3-D organoids, in which
molecules will be in contact with the basal epithelium, | also compared the
effect of co-culture on the apical surface to the basal compartment. Basal co-
culture of the same number of adult H. bakeri worms resulted in stronger
effects on gene expression, with more differentially regulated genes than in
apical co-culture. This has implications for how | design experiments in order

to best replicate host-helminth dynamics.

2-D enteroid models allowed for the first-time the co-culture of live H. bakeri
adult worms with the epithelium — this will have many downstream implications
for the field. Thus far, | have only assessed short term changes (24 h) by RNA
seq in response co-culture. However, one could extend these co-cultures for
longer periods of time using multiple read outs such as assessment of effects
of cell differentiation, mucus and antimicrobial peptide production, epithelial

proliferation and barrier integrity.

Something that is a major logistical challenge for helminth research is the
reliance of animal hosts for maintaining helminths in the laboratory, and for
human infective species, this requires voluntary controlled infections. Very
limited progress has been made since the mid-20" century with regards to
helminth cultivation for most species. It is exciting to consider the possibilities
that arise from 2-D organoid cultures for completion of helminth life cycles in

vitro.
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7.4 Future directions

In this thesis progress was made in our understanding of H. bakeri EV function
within the intestinal epithelium. Considerable effort was put into careful testing
of methods for isolating and labelling H. bakeri EVs and for development of 2-
D enteroids. | identified H. bakeri EV uptake in a proportion of 2-D enteroid
cells. One major question that remains elusive is whether H. bakeri EVs target
specific cells for uptake. Recent improvements of techniques discussed above
will allow for sorting of cells that take up EVs within 2-D enteroids and this will
allow for validation of RNA seq and scRNA seq results. Our RNA sequencing
analysis revealed H. bakeri EVs have subtle effect of on 2-D enteroids
(summarised above). However, | have not yet confirmed whether these occur
in vivo. An alternative viewpoint is that H. bakeri EVs might have potent effects
on recipient cells, but not within the epithelium. However, if H. bakeri EVs
target other cell types during infection they must somehow cross this barrier in
order to interact with these cells. H. bakeri EV's crossing the epithelium without
detection, which is could be one interpretation of our findings, is interesting in
itself considering that these nanoparticles are abundant with foreign
molecules. Studies to determine whether H. bakeri EVs cross the epithelium

by transcytosis will assist our understanding of their fate in vivo.

Pathogen EVs crossing the intestinal epithelium and targeting other organs is
not unprecedented. The introduction of Cre recombinase into E. coli OMVs has
recently allowed researchers to identify which host cells take up OMVs in vivo
(Bittel et al., 2021). Using the Cre-loxP reporter system, whereby in cells that
take up Cre recombinase containing OMVs an excision of loxP flanked stop
codon occurs, thus turning on the expression of a tdTomato red reporter
protein (Bittel et al., 2021). In this eloquent model, transfer was identified
primarily in epithelial villus tips and in crypt cells (stem cells) during infection
(Bittel et al., 2021). Interestingly, authors also found rarer events that
demonstrated OMV uptake in peripheral organ sites such as in the liver, kidney
and brain (Bittel et al., 2021). Unfortunately, similar methods for tracking

helminth EVs will be difficult to achieve due the challenges of genetically
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modifying these parasites (Lendner et al., 2008). Alternatively, | can search
for evidence of their cargo molecules in infected tissues. During my PhD |
supervised a student project where | generated small RNA libraries from
various organs of infected mice (d 14). Our lab continues to investigate the

presence of H. bakeri sSRNA sequences from this dataset.

One cell type of the intestinal epithelium that is not represented in our 2-D
enteroid models are M-cells. M-cells have enhanced endocytic and
transcytosis properties compared to enterocytes and play a role in delivering
antigen to immune cells in Peyer’s patches (Kobayashi et al., 2019; Mabbott
et al., 2013). Tissue from intraluminal injections of isolated H. bakeri EVs can
be further probed to assess whether uptake is seen at Peyer’s patches or by
M cells. A caveat of our intraluminal injections for looking at H. bakeri EV
uptake was the limited time (1.5 h) that we could keep animals anesthetised,
and previous time course data in MODE-K suggested peak of uptake is 16 —
24 h (Coakley et al., 2017). However, M cells are described to undergo rapid
uptake in other contexts (15 min for Salmonella) so, the assessment of Peyer’s
patches from these samples is an immediate research priority going forward
(Rey et al., 2020). To assist this, recently our lab has validated additional
antibodies against EV specific proteins that could also be used for EV detection

in these tissues.

Finally, one hypothesis in our laboratory for how H. bakeri EVs mediate their
functional effects on recipient cells is through RNA silencing by exWAGO
proteins loaded with 22G siRNAs. Bioinformatic approaches can be used to
predict which dysregulated host genes could be targets of these parasite
derived siRNA sequences utilising both the RNA seq and scRNA seq datasets
generated in this thesis. This work is the research focus of other lab members
and collaborators namely Jose Roberto Bermudez Barrientos and Yenetzi

Villagrana Pacheco.

7.5 Concluding remarks
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The work presented in this thesis progresses our understanding of interactions
between H. bakeri EVs and the intestinal epithelium highlighting the utility of
2-D enteroids in the process. | show that H. bakeri EVs enter intestinal
epithelial cells resulting in subtle gene expression changes in this tissue.
Sequencing datasets suggest a suppressive effect on cell cycle, and
differential regulation of genes specific to Paneth cells, TA cells and stem cells.
This thesis advances our understanding of host modulation at the intestinal
epithelium by H. bakeri secreted EVs and may have far reaching impacts for

the study of helminth infection in the intestinal epithelium.
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Supplemental Figures

Supplemental Figure 1

Supplemental Figure 1 | Proportions of live and dead cells in EV treated
2-D enteroids | 2-D enteroids were treated with 20 ug/ml EV-AF647, HBSS-
AF647 or untreated for 24 hr cells were then harvested and live cells stained
using live/dead fixable blue cell stain kit (Invitrogen) before performing flow
cytometry or FACs. Percentage of 2-D enteroid cells that were A) alive B) dead
in two different experiments graphed side-by-side. C) Percentage of dead
single cells that are EV-AF647 postive. Statistics were performed on each
experiment individually. One-way ANOVA was used for analysis of
significance. (*=P < 0.05, ** =P < 0.01, ™ =P < 0.001).
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Supplemental

Supplemental Figure 2 | T. muris EVs
co-cultured with 2-D caecaloids.
Representative images of 2-D caecaloids
co-cultures with T. muris EVs for 24 h.
nuclei stained with DAPI (blue), SNA/UEA
used to identify goblet cells (green), actin
stained with Phalloidin (red) and T. muris
EVs labelled with AF647 (red) A&D) Slice
image of two representative regions B&E)
3-D projection of Z-stack images
demonstrating localisation of EVs. C&F)
Orthogonal views of sections
demonstrating EVs were mostly on top of

the 2-D monolaver. Imaaes processed



Supplemental

Supplemental Figure 3: Quality control for RNAseq. Representative RNA
quality analysis performed using Eukaryotic Total RNA Pico chip of RNA
diluted 1:10 (prior to ribosomal depletion) A) Electrograph summary results
indicating 18s RNA (blue box) and 28s (red box), total RNA ranges from ~100
bp — 1000 bp (black dotted line box), and RIN values. B) Example electrograph
of RNA from 2-D enteroids treated for 24 h with adult H. bakeri co-cultured in

the basal compartment.
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