A Unaiversity
of Glasgow

Ridgewell, Olivia Jessica (2025) Investigating the role of intestinal IFN-y
expression on barrier immunity during enteric helminth infection. PhD thesis.

https://theses.gla.ac.uk/85453/

Copyright and moral rights for this work are retained by the author

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

This work cannot be reproduced or quoted extensively from without
first obtaining permission from the author

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

When referring to this work, full bibliographic details including the
author, title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.gla.ac.uk/
research-enlighten@glasgow.ac.uk



https://theses.gla.ac.uk/85453/
mailto:research-enlighten@glasgow.ac.uk

Unuiversity
7 of Glasgow

VIA VERITAS VITA

Investigating the role of intestinal IFN-y
expression on barrier immunity during
enteric helminth infection

Olivia Jessica Ridgewell
BSc Immunology (Hons)

Submitted in fulfilment of the requirement for the degree of
Doctor of Philosophy (PhD)

School of Infection and Immunity

College of Medical, Veterinary and Life Sciences
University of Glasgow

June 2025



Abstract

Enteric helminth infections are a significant global health concern, with over a
quarter of the world’s population infected. The infecting parasites often migrate
through host tissues and, as large multicellular organisms, they can cause
substantial damage. The nematode Heligmosomoides polygyrus bakeri (H.
polygyrus) causes a chronic roundworm infection in mice and during early stages
of its lifecycle, it enters the intestinal tissue. The main aim of this thesis is to
understand the factors that influence the immune responses at this early breach
timepoint of infection, with particular interest in the role of IFN-y production

local to the helminth.

Our data show that the early phase of infection is accompanied by barrier
disruption and an acute IFN-y response which precedes the classical Th2
response to helminth infections. Through in vivo neutralisation of IFN-y, we were
able to show that the early production of IFN-y contributes to increased
expression of cell adhesion molecules found in H. polygyrus infection, suggesting
a reparative role; and also coordinates and enhances local antimicrobial
immunity characterised by increased antimicrobial protein expression and influx

of innate myeloid cells to the site of infection.

Enteric helminth infections occur in the context of intestinal microbiota, and in
environments where co-infection is frequent. We hypothesised that the
antimicrobial responses and epithelial repair responses orchestrated by local
IFN-y could be in response to bacteria potentially invading the ‘breach’ points
created by H. polygyrus. Using broad-spectrum antibiotics to eliminate
microbiota during H. polygyrus infection, we found that the early IFN-y response
is dependent on bacterial presence. Our data suggest that bacterial
translocation may not occur, perhaps reflecting the effective antimicrobial and
tissue repair responses during the helminth infection. Together our data
contribute to our overall understanding of the intestinal environment and
immune responses in early H. polygyrus infection. By illustrating a microbiota-
driven production of IFN-y and characterising a role for this cytokine in
coordinating local responses, we reveal a potential role for IFN-y in protecting

the host from secondary infection.
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Chapter 1 17

Chapter 1 Introduction

1.1 Helminths

1.1.1 Helminth Infection

Parasites are one of the main pathogen types. The word originates from Greek in
the 16" century: ‘para’ meaning alongside, ‘sitos’ meaning food and the phrase
‘parasitos’ together meaning to “eat at another’s table”. Parasites are defined
as living inside or on another organism, stealing host nutrients for their own
survival. Helminths are parasitic worms which can be classified into three
groups: flukes, tapeworms and roundworms. Each of these groups have egg,
larval and adult stages and contain species that infect a variety of tissues in a
range of biological hosts (Castro, 1996; Joardar and Sinha Babu, 2020). Helminth
infections are a major problem worldwide for a number of reasons, from
disruption and losses to livestock farming due to animal infection, to the chronic
and severe symptoms humans can face with infection. Globally, nearly a third of
the human population is infected with helminths and, of that statistic, over 1.5
billion people are infected with soil-transmitted helminths (STH) specifically
(McSorley and Maizels, 2012; W.H.O, 2023). STH species which infect humans
include: most commonly Ascaris lumbricoides, a roundworm with highest
prevalence of all STHs; Trichuris trichiura, a whipworm; and Necator americanus
and Ancylostoma duodenale, both hookworms (Chen et al., 2024; Savioli and
Albonico, 2004). Due to the common transmission route for these pathogens
being faecal-oral, it is often poorer countries with reduced hygiene and
sanitation who suffer most from infection (W.H.O, 2023). The global distribution
and national prevalence of STH infection is shown in Figure 1-1 (Leta et al.,
2020; Pullan et al., 2014).

Treatment programmes for controlling helminth infections often involve
preventative measures such as improving sanitation and health education whilst
also including anthelmintic drug treatment such as albendazole and
mebendazole (Hedley and Wani, 2015; W.H.O, 2023). These drugs effectively
clear worms by inhibiting the functions of microtubules within the parasites,
consequently preventing glucose uptake by the worms and leading to their death
(Chai et al., 2021).
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Figure 1-1 Global distribution of soil-transmitted helminth infection.

Distribution and national prevalence of soil-transmitted helminth infection based on empirical
information available and geostatistical models for sub-Saharan Africa. Image taken from
publication (Pullan et al., 2014).

Due to the nature of parasite infection, intestinal helminths most commonly
cause symptoms related to lack of nutrients. Often an infected host would
present with malnourishment, weakness, abdominal pain, diarrhoea, anaemia
and in severe cases, intestinal obstruction (W.H.O, 2023). Children are most
frequently infected and often with a higher abundance of helminths, which can
lead to long-term complications such as stunted growth and impaired physical
fitness (Hedley and Wani, 2015). These symptoms demonstrate that helminths as
sole infections are harmful and can cause long-term consequences, however,
when paired with co-infections they can be fatal. The host is often at a higher
risk and susceptibility to co-infection by bacterial pathogens during helminth
infection, although the understanding behind this is less well defined and thus

an area of research importance (Hotez et al., 2008; Shea-Donohue et al., 2017).

Studying helminths has provided valuable insights which have not only improved
treatment options but has also demonstrated the systemic influence of parasitic
worms on their host’s immune system. Similar to our bacterial microbiome,
humans have co-evolved with parasitic worms throughout our existence.
Therefore, the interactions between helminth and host provoke a complex

immune response with both protective and harmful systemic effects.
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Researchers in the field have proposed the ‘hygiene hypothesis’ that in our
modern state of living, the cleaner environments we live in provide less
exposure to microbes which can lead to increased risk of inflammatory/
autoimmune diseases. Specifically, the ‘old friends hypothesis’ builds on this,
suggesting that the lack of infection with parasites which humans co-evolved
with increases risk of autoimmune diseases (Rook, 2023). Current research is
continuing to seek new evidence for ways in which helminths can be beneficial
in preventing autoimmune conditions (Helmby, 2015). For example, using
helminths or their secreted products, studies have shown that allergic airway
inflammation and inflammatory bowel disease (IBD) can be inhibited (Elliott et
al., 2004; Hang et al., 2010; McSorley et al., 2012). Therefore, continued
research using helminth models is vital for further understanding the immune-
pathogen interactions and how they can be harnessed when beneficial and

prevented when harmful.

1.1.2 Heligmosomoides polygyrus model

As mentioned above, of all STH infections, roundworm nematodes have the
highest prevalence. Mice are often used to model helminth infections and
throughout the years have enabled researchers to understand and characterise
local and systemic immune response. Several different mouse models can be
used to study helminth infection, each with slightly different infection routes,
lifecycles, and tissue migration patterns. Heligmosomoides polygyrus bakeri (H.
polygyrus), previously known as Nematospiroides dubius, is a naturally occurring
chronic roundworm infection in the small intestine of mice (Reynolds et al.,
2012). This is a common infection in wild mice and is used in the laboratory as a
model of human intestinal helminth infection. Additionally, the lifecycle of H.
polygyrus includes interesting stages including two points whereby the helminth
crosses the intestinal epithelium, ’breaching’ the barrier (Figure 1-2). L3 H.
polygyrus larvae infect the host via the oral route, travelling to the small
intestine and burrowing into the duodenal wall at around day 2 of infection. The
worm matures in the intestinal tissue until day 7 post-infection when it emerges
from the duodenal wall and back into the gut lumen (Johnston et al., 2015; Pollo
et al., 2023; Reynolds et al., 2012). Specific to this species, they possess a spiral
shape (shown in Figure 1-3) which allows them to wrap around the villi in the gut

lumen where they mate to produce eggs (Baska and Norbury, 2022). Eggs pass
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with faeces and hatch in soil upon warm and damp conditions at which larvae
develop and await ingestion where the lifecycle is ready to begin again

(summarised in Figure 1-2).

DO- H. polygyrus D7/8- Worms mature and Eggs are secreted Larvae are
enters the mouse emerge from the gut into in the faeces of ready to infect
orally the lumen the mice a new host

D1/2- Migrates to the gut Worms wrap around Larvae hatch into
and burrows through villi and mate to the environment
duodenum wall produce eggs and mature

Figure 1-2 H. polygyrus life cycle
Timeline of each stage of H. polygyrus lifecycle. Text highlighted in blue to indicate ‘breach’ points
of lifecycle.

Little is known about the process by which the worm burrows into the intestinal
wall and later emerges, the extent of damage that this migration causes, how
this damage is repaired, or the consequent effect on concurrent infections.
Thus, further research is needed to explore how susceptibility to additional
pathogens may be increased in H. polygyrus and how the immune responses

initiated by the worm are able to both endanger and protect the host.

Figure 1-3 Image of H. polygyrus helminth.
Representative image of H. polygyrus helminth, demonstrating spiral-like shape used to attach to
villi in intestinal lumen. Image produced by Dr Constance Finney.

In certain strains of mice, H. polygyrus infection can persist for months, making

the model effective for studying not only innate and adaptive immunity but also
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long-term consequences of infection. This helminth model alone has been
beneficial in investigating the use of helminth products to treat other diseases,
and has been more recently used to study distal immune effects and has been
paired in co-infection experiments (Elliott et al., 2004; Hang et al., 2010;
McSorley et al., 2012). Overall, helminth models such as this one have greatly
contributed to our understanding of anthelminthic and overall intestinal immune
responses. The first reports of mucus and wound healing as vital responses in
immunity, the importance of innate lymphoid cell (ILCs), particularly ILC2s and
tuft cells in promoting and amplifying anti-helminth responses and the ability of

macrophages to proliferate in situ are examples of just a few key findings that

1.1.3 Anti-helminth immune responses
1.1.3.1 Intestinal inflammation

The early stages of H. polygyrus infection, when the parasite is moving into and
out of the intestinal wall, are characterised by intestinal inflammation.
Inflammation is a fundamental response of the immune system initiated upon
injury, pathogen recognition or toxic compounds. This response aims to deplete
harmful stimuli and repair damaged cells/ tissue. The response can be either
acute or chronic, depending on the trigger and location of the induced
inflammation, and, whilst the response should be beneficial, long-term
inflammation and inflammation in certain tissues can be harmful to the host
(Chen et al., 2017). Inflammation is an orchestrated response which requires
coordination of various cell types, surface receptors, cytokine secretions and
signalling pathways. Initially, inflammatory triggers are recognised by the
appropriate cell receptors; pattern recognition receptors (PRRs) which can
recognise conserved pathogenic structures known as pathogen-associated
molecular patterns (PAMPs) or alarmins released by damaged cells known as
damage-associated molecular patterns (DAMPs) (Chen et al., 2017; Li and Wu,
2021; Matta et al., 2017). Signalling through these PRRs triggers and promotes
activation of immune cells and the release of pro-inflammatory cytokines and

chemokines to recruit and activate other immune cells.
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Depending on the tissue and immune cell, different chemokines are required to
recruit cells to the specific location of injury or infection. The main chemokines
important in myeloid cell influx to the small intestine are monocyte
chemoattractant protein-1 (MCP-1, also known as CCL2), CXCL1&2, CXCL9,
CXCL10, CCL5 and leukotriene B4 receptor 2 (ltb4r2). MCP-1 is an inflammatory-
associated chemokine which promotes cell recruitment via activation of G-
protein-coupled receptors (Deshmane et al., 2009; Singh et al., 2021). In times
of inflammation it is often produced by macrophages and cells of the epithelium
to recruit predominantly monocytes but also NK cells and memory T cells (Ruiz
Silva et al., 2016). Epithelial cells are known to produce a variety of chemokines
and can recruit myeloid cells upon damage or infection. Upon recruitment, many
of the infiltrating immune cells are then co-ordinated and activated by the pro-
inflammatory cytokines. Some of the main cytokines involved in the
inflammatory response include IL-12, tumour necrosis factor (TNF), IL-6, IL-18

and interferon gamma (IFN-y).

IL-12 (also known as IL-12p70) is a heterodimeric cytokine, mainly produced by
antigen presenting cells (APCs) including macrophages and DCs. It enhances
inflammatory immune responses by activating innate cells such as NK cells,
which are then instructed to produce IFN-y and contribute to host defence (Eley
and Beatty, 2009). It also plays a crucial role in activating T cells and polarising
(also known as TNF-a) has been shown to play a role in IL-12 inhibition although
is a key cytokine involved in promoting and enhancing the inflammatory
response. Although a beneficial and effective cytokine in many situations, TNF is
one of the leading cytokines in the pathogenesis of IBD (Souza et al., 2023).It
can be produced by a variety of immune cells and promotes the production of
other inflammatory mediators including production of cytokines IL-6 and IL-18
and also chemokines to activate and recruit other cells (Harris et al., 2008). IL-6
and IL-1B are pro-inflammatory cytokines able to activate immune cells,
contribute to tissue damage and regeneration, and enhance the overall
inflammatory response. IL-6 specifically has been shown to modulate lectin
production in Schistosoma infection (Antony et al., 2015). Lectins including
mannose binding lectin (MBL) are a group of PRRs, key in recognising

carbohydrates on pathogens and signalling inflammatory pathways. They are also
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key molecules in activating the complement pathway to enhance local innate
immunity (Fujita et al., 2004). IL-6 can also work in coordination with IFN-y,
influencing each other’s production and immunity. IFN-y is a known driver of the
inflammatory immune response and a key cytokine involved in the host defence
against bacterial pathogens. It is secreted by a number of cell types to promote
a Th1 response and enhance pathogen clearance through antimicrobial effects
and enhancing antigen presentation (discussed more in section 1.4.1) (Baldeon
et al., 1997; Naoshi Hikawa et al., 1996). Each of these examples show effective
ways in which cytokines are able to activate and enhance inflammatory
responses, from increasing signalling signals, to activating and recruiting

circulating cells to the affected area.

Tissue repair and regeneration are also important aspects of inflammation.
Inflammatory cells such as macrophages and neutrophils can phagocytose
apoptotic cells and debris. Additionally, both neutrophils and macrophages have
been shown to play a role in wound healing by promoting rebuilding of the
Macrophages can become polarised towards a phenotype known as alternatively

activated macrophages (AAMs) which can secrete growth factors and interact

Most of the time, inflammation is beneficial, helping to clear pathogens by
activating other immune cells and repair wounds by clearing debris and
interacting with stromal and epithelial cells to promote tissue remodelling; all to
protect the host. However, regulation of inflammation is also important, limiting
its duration or intensity and preventing continuous amplification. When
inflammation is chronic or occurring in response to stimuli such as self-antigens,
inflammation can be dangerous. There are several regulatory mechanisms in
place to suppress inflammation and promote resolution (Hanada and Yoshimura,
2002). These include production of anti-inflammatory cytokines such as IL-10 and
(transforming growth factor beta) TGF-B which can suppress immune cell
activation, inhibit the production of more pro-inflammatory cytokines, limit
antigen presentation and induce regulatory T cells (Tregs) (Moore et al., 2001).

Tregs can interact with other T cells to suppress their function and inhibit
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proliferation and can also produce additional anti-inflammatory cytokines

1.1.3.2 Innate responses

Helminth infection is known to provoke a type 2 immune response in the host,

Additionally, it can contribute both systemically and distally to other infections.
The anti-helminth response (summarised in Figure 1-4) is a well-coordinated
response, involving crosstalk between a range of cells including epithelial cells,
innate immune cells, T helper 2 (Th2) cells and the worm itself. As
demonstrated through the lifecycle of H. polygyrus in section 1.1.2, enteric
helminths are able to migrate across the intestinal epithelium and into the tissue
where they reside during their maturation stage. Either helminths with lifecycle
stages using similar migration processes or feeding methods in other helminth

infections such as attachment to the intestinal wall using their ‘cutting

cells release their stored cytokine alarmins, initiating innate immunity. The main
alarmins involved in helminth infection are cytokines IL-25, IL-33 and thymic
stromal lymphopoietin (TSLP). Each of these are involved in gut helminth
immunity although IL-33 is more dominant in lung helminth responses, TSLP in
can each act on local immune cells, inducing type 2 immunity (Inclan-Rico and
Siracusa, 2018; Oyesola et al., 2020). Tuft cells are an important source of IL-25
in the gut. Tuft cells are located between epithelial cells in the intestinal wall
and cell numbers expand upon helminth infection (Gerbe et al., 2016; von
Moltke et al., 2016). These cells have been proven to be key in the induction of
the type 2 immune response in helminth infections, (Inclan-Rico et al., 2022).
Recently, a study has shown that receptors on tuft cells are able to recognise
helminth derived products and binding results in calcium influx, subsequently
causing their cellular secretion of IL-25 (Inclan-Rico et al., 2022; Luo et al.,
2019). IL-25, IL-33 and TSLP are crucial for effective type 2 immunity against

helminth infection. Each of them act on a variety of innate immune cells, mainly
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ILC2s but also basophils, eosinophils, mast cells and DCs (Oyesola et al., 2020).
Subsequently, these innate cells then produce IL-4, IL-5, IL-9 and IL-13 to
develop a type 2 immune response and more specifically a T helper 2 (Th2)
response. These cytokines are essential for this process and also provoke IgE

class switching by B cells (Oyesola et al., 2020; Vacca and Le Gros, 2022).

In the past, research has reported that eosinophils can kill helminthic larvae in
vitro using T. spiralis and S. mansoni species (Buys et al., 1981; Capron et al.,
1979). In helminth infection, eosinophils have been shown to increase and
contribute to developing the Th2 response by secreting cytokines including IL-4
(Huang and Appleton, 2016). Similarly, basophils mainly contribute to enhancing

Th2 immunity through secretion of cytokines. Although, previous research argues

helminth clearance has not yet been demonstrated (Huang and Appleton, 2016;
Voehringer, 2009).

ILC2s are also responsible for the production of IL-9 which works through
autocrine signalling, enhancing both ILC2 and mast cell proliferation and survival
(Bick et al., 2025). In experimental IL-9 depletion, intestinal helminth infection
persists and tissue resolution is impaired in the lung stages of N. brasiliensis
infection (Turner et al., 2013). Since IL-9 contributes to mast cell proliferation,
the impaired immunity to helminths is likely due to a reduction in these cells.
Mast cells are able to degranulate during early helminth infection which
enhances alarmin production, amplifying the overall host response against the
parasite (Hepworth et al., 2012). One study also suggested that effective Th2
responses were dependent on mast cell presence during helminth infection
(Hepworth et al., 2012).

ILC2 produced IL-13 has been shown to directly interact with the intestinal
epithelial cells to stimulate the ‘weep and sweep’ response, causing goblet cell
hyperplasia to enhance mucous production (Campbell et al., 2019; Michla and
Wilhelm, 2022). Researchers have also identified a role for IL-13 in increasing

epithelial cell turnover in the intestine, thought to contribute to worm clearance
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can reduce helminth viability during infection by directly bind to the worms
(Horsnell and Dewals, 2016). IL-13 is also able to promote an AAM phenotype in
macrophages, contributing to tissue resolution and repair (Michla and Wilhelm,
2022).

During infection, intestinal helminths release many excretory-secretory (ES)
molecules, some of which have immunomodulatory properties known to
influence the host immune response (Maizels et al., 2018). In H. polygyrus
infection, the ES secreted by the parasites (HES) contains a family of molecules

that mimic TGF-B8 and induce Tregs to suppress the immune response and

example, a study by Drurey et al. focussed on the influence they have on
surrounding epithelial cells. The researchers found that HES inhibited the effects
of type 2 cytokines, blocking the proliferation of tuft and goblet cells to prevent

worm clearance from the host (Drurey et al., 2021).

As well as the induction of type 2 immunity, several other key cells and
responses are involved in early helminth infection. In skin helminth infections,
neutrophils are recruited to parasite entry sites and have been shown to play a
key role in immobilisation and killing of S. ratti and S. stercoralis larvae (Turner
et al., 2013). Similarly, neutrophil recruitment is important in lung and gut
helminth infections and depletion of these cells was shown to increase worm
burden and impair expulsion (Bouchery et al., 2020; Chen et al., 2014). During
the tissue-dwelling stage of H. polygyrus infection, neutrophils accumulate in
the tissue (Patel et al., 2009), although how exactly they contribute to immunity
against this parasite remains unclear. There has been evidence recently to
suggest that neutrophils, similarly to macrophages, can have an alternative,
more type 2 phenotype and function during helminth infection, referred to in
some literature as ‘N2s’ (Chen et al., 2014; Maizels and Gause, 2023). N2s
specifically have been shown to contribute to shaping other cellular responses
such as macrophage polarisation (Chen et al., 2022). Otherwise, neutrophils are
known for their fast response to damage and pathogen clearance which is
described further in section 1.3.2.2. In more recent years, roles have been
identified for neutrophils in tissue repair. They can release mediators such as

resolvins and protectins to promote tissue resolution and use mechanisms to
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impair further neutrophil recruitment including trapping and taking up

chemokines and proinflammatory cytokines to prevent amplification of the

effective at killing pathogens, particularly viruses. However, research has shown
that in H. polygyrus infection when the helminth is undergoing maturation in the
intestinal tissue, NK cells are recruited to the infection site to limit tissue
damage. In H. polygyrus infected mice, depletion of these cells led to intestinal
bleeding although the worm counts remained the same (Gentile et al., 2020).
When assessing gene expression in these SILP NK cells, the authors found
increased expression of genes previously identified to contribute to vascular

integrity and remodelling (Gentile et al., 2020).

Granulomas encase larvae which have crossed the barrier and reside in the
intestinal tissue. These consist of neutrophils, eosinophils, monocytes and AAMs
(Anthony et al., 2006; Hewitson et al., 2015). A recent preprint in BioRxiv used
spatial transcriptomics to analyse H. polygyrus granulomas, and showed a
decrease in genes associated with intestinal homeostasis and an increase in
tissue remodelling and inflammatory associated genes (Poveda et al., 2024). The
aim of the granuloma formation appears to be tissue repair, immobilisation of
the helminth and killing of larvae. One study suggested that AAMs use their
CD11b complement receptor to directly bind parasite larvae using complement
C3, immobilising the larvae (Esser-von Bieren et al., 2013). As an effective
branch of innate immunity, complement is usually an effective mechanism to
clear invading pathogens and damaged cells. However, helminths are often able
to evade detection and clearance via complement by manipulating host
immunity and inhibiting complement activation pathways (Shao et al., 2019).
However, eosinophils have been shown to kill S. mansoni parasites through
binding the same C3 receptor on larvae (Ariyaratne and Finney, 2019; Ramalho-
Pinto et al., 1978). Whether eosinophils migrate to the granuloma or expand
through proliferation in the granuloma remains unclear (Ariyaratne and Finney,
2019).

Interestingly, whilst many helminth host responses provoke a typical Th2

immune response, previous work in the laboratory and in recent research show
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IFN-y, a cytokine more typically associated with Th1 immune responses, is
produced in some early helminth infections including H. polygyrus and T. muris
(Bancroft et al., 1994; Gentile et al., 2020; Webster et al., 2022). What is known
thus far about the relationship between IFN-y, the host response and the
helminth is described in section 1.4.3. Overall, the orchestration of the innate
immune response includes alarmin secretion, granulocyte degranulation,
chemokine production, immune cell recruitment and activation, and goblet and
tuft cell hyperplasia. This co-ordinated response controls worm burden, and
supports further host immunity to the helminth infection through the induction

of adaptive, Th2 immunity.
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Figure 1-4 Anti-helminth immune responses in small intestine
Diagram showing a summary of the local anti-helminth immune responses in the small intestine
during H. polygyrus infection. Created using BioRender.com.

1.1.3.3 Adaptive responses

DCs provide a link between the innate and adaptive immune responses, being
shaped by other innate cells and essential for activating adaptive immune cells.

ES molecules produced by helminths can be recognised by DCs through their
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PRRs, and due to the stimulus and subsequent signalling, promote a Th2
polarisation in subsequent T cell responses (Motran et al., 2018). ILC2s can
produce the neurotransmitter acetylcholine during helminth infection which
contributes to eosinophil recruitment and can also induce OX40L expression on
DCs (Vacca and Le Gros, 2022). This ligand is able to promote Th2 priming of T
cells upon antigen presentation (Croft et al., 2013). For T cell priming, DCs from
the small intestine sample for antigens and then travel to the mesenteric lymph

nodes (mLNs) where they present antigen to T cells.

For CD4+ T cell differentiation and activation, three signals are required, shown
in Figure 1-5. Initially, DCs will present antigen bound on their MHC class Il
receptor which binds to the T cell receptor (TCR). Upon binding, costimulatory
molecules are the second required signal for differentiation. One of the co-
stimulatory molecules involved in priming Th2 activation is CD28 and its ligand
CD80/86, binding enhances IL-4 responsiveness, and increases inducible T cell
costimulatory (ICOS) expression another important co-stimulatory molecule, thus
promoting Th2 cell differentiation (Schorer et al., 2019). In helminth infection,
blockade of ICOS shows hindered generation of effective Th2 cell responses
(Kopf et al., 2000). The OX40L expression on DCs is also key for initiating IL-4
production by naive T cells and when binding to OX40 on naive T cells, it
enhances IL-4 production, working through autocrine signalling to promote
differentiation (Ohshima et al., 1998; Schorer et al., 2019; So et al., 2006).
Researchers have previously suggested that the Th2 response is the default
response upon T cell activation when IL-12 is not secreted (Everts et al., 2010).
TSLP can inhibit the secretion of IL-12, in favour of suppressing Th1 and
promoting Th2 responses (Massacand et al., 2009). However, IL-4 is key for Th2
differentiation. IL-4 and IL-2 cytokines are the final signal required for Th2 cell
differentiation (Cote-Sierra et al., 2004). Stimulation with these enables
differentiation and promotes cell survival, although the source of the IL-4 is a
debated topic. Some papers have shown that ILC2s can produce IL-4 required for
whilst other research has shown that eosinophils, basophils and Th2 cells were
recruited to the lung as IL-4 producing cells for Th2 differentiation during

protein 3 (GATA-3) is the master transcription factor for Th2 cells and its
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expression is promoted upon IL-4 binding (Paul and Zhu, 2010). Signal transducer
and activator of transcription (STAT) proteins are activated and bind specific
DNA loci to initiate upregulation of specific genes. IL-4 and IL-13 can activate
STAT®6 to upregulate GATA3 and TSLP and IL-2 activate STAT5 to initiate
production of IL-4 and upregulate other Th2 cytokines.
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Figure 1-5 DC and Naive CD4+ T cell interaction
Diagram showing three signals required for Th subset differentiation: MHCII-TCR, CD80/86-CD28
and cytokine stimulation to direct subset. Created with BioRender.com.

As effector differentiation occurs, Th2 cells migrate to the site of infection, the
small intestine. Studies show that IL-25 and TSLP produced by epithelial cells
can stimulate the migration process of DCs and also enhances T cell activation
and differentiation by promoting upregulation of the OX40L on DCs (Fernandez
et al., 2011; Ito et al., 2005). Additionally, TSLP can induce production of TARC
(CCL17) and MDC (CCL22), chemokines known to attract Th2 cells (Soumelis et
al., 2002). Once primed, many Th2 cells travel to the small intestine using
increased expression of a4B7 integrin on their cell surface to home to gut tissue
through binding of mucosal addressin cell adhesion molecule-1 (MAACAM-1) on
endothelial cells (Hepworth et al., 2012).

When in the small intestine, the Th2 cells amplify ongoing immune responses to
try and expel the helminths. Th2 cells secrete the key type 2 associated
cytokines IL-4, IL-5, IL-13, IL-25 and also IL-2 for self-amplification. Each of
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these can work locally in the small intestine to both promote tissue resolution
and enhance immune responses, further activating AAMs, ILC2s and other type 2
components to promote worm expulsion. IL-5, IL-13 and IL-25 are predominantly
tissue based. IL-5 can recruit granulocytes whilst IL-13 plays a wider role in
wound repair and resolution, also driving AAM polarisation. IL-4 is most
important in the lymph node tissue, driving new Th2 cell differentiation and
guiding B cell class switching. Th2 cells interact with B cells in the mLN via the
CD40: CD40L binding and by producing cytokines IL-4 and IL-13 they initiate
immunoglobulin E (IgE) class switching (Janeway et al., 2001). B cells then
produce parasite-specific IgE which is able to act upon helminths by targeting
mast cell and basophil functions towards the parasites. Higher IgE levels have
been shown to correlate with improved infection outcome and increased
resistance to helminth infections in humans (Fitzsimmons et al., 2014). One
particular study found that IgE is essential and works with basophils to trap N.
brasiliensis larvae in the skin, preventing migration of this parasite to the host
lungs (Obata-Ninomiya et al., 2013). Gurish et al also found that during the
larval stages of T. spiralis infection, IgE-mediated mast cell activation promoted
expulsion of helminths (Gurish et al., 2004). However, helminths are able to
promote the production of polyclonal IgE which can dilute the parasite-specific
IgE, preventing the helminth from being targeted (Cooper et al., 2008).
Consequently, anti-IgE treatment has been shown to reduce worm burden in
some infections, perhaps allowing for more targeted immune responses against
the helminths (Cooper et al., 2008).

Whilst damaging the helminths through each of the described responses is
important, the damaged worms still need to be cleared from the host intestines.
As previously mentioned in section 1.2.2.1, goblet cells undergo hyperplasia and
produce mucins, predominantly the glycoprotein Muc2, to contribute to the
‘weep and sweep’ environment to aid in parasite clearance. The ‘weep and
sweep’ process also involves increased smooth muscle contractions which
accelerates peristalsis. This develops in early infection to try and expel larvae
and persists to later timepoints to try and detach and remove adult helminths
(Baska and Norbury, 2022).

Due to host co-evolution with parasites, there are numerous other ways in which

helminths can modulate host immunity in their favour. For example, ES-62, a
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molecule secreted by Acanthocheilonema viteae parasites is able to suppress
CD4+ T cell and B cell proliferation and promote an anti-inflammatory
environment (Doonan et al., 2019a; Harnett and Harnett, 2009). In other
infections, research has shown that helminths can produce protease inhibitors to
inhibit antigen processing, neutrophil functions and also to promote IL-10
production (Nutman, 2015). Another branch of the helminth immunomodulation
is immune mimicry and involves the helminths producing molecules which
resemble host proteins and act as agonists to promote certain responses (Hurford
and Day, 2013). In H. polygyrus infection, the helminths produce TGF-B mimicry
molecules which can promote regulatory effects to dampen the local immune
responses and promote parasite survival (White et al., 2021) (further described
in section 1.1.3.2). Other helminths have also been shown to produce anti-
inflammatory mimicry molecules such as SOCS-1, macrophage migration
inhibitory factors (MIF) and even chemokine receptor-like proteins to affect cell

recruitment (Nutman, 2015).

Although most research on helminth infection is carried out in controlled
infection environments, often using murine models, human infections are often
not as clearcut and involve repeated exposure and secondary infection from the
same helminths after clearance. Th2 cells are essential for successful and rapid
clearance of helminths upon secondary challenge (Harris and Gause, 2011).
Research has shown that T follicular helper (Tfh) cells are also crucial for
effective type 2 immunity and form germinal centres (GC) in the mLN to interact
with B cells and promote antibody production and development of memory B
cells that protect the host upon reinfection (Zaini et al., 2023). When B cells
were depleted in mice, protective immunity against H. polygyrus reinfection was
deficient (McCoy et al., 2008). Overall, the combination of innate and adaptive
immunity together forms a carefully orchestrated response to combat helminth

infection and provide protection from future infection.

1.2 The intestinal barrier

1.2.1 Small intestine environment

The digestive tract functions to digest and absorb nutrients from ingested food.

Often referred to collectively as the ‘bowels’ or ‘guts’, the intestinal system is
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composed of the small and large intestines. Following on from the stomach, the
small intestine is primarily responsible for absorbing nutrients from food, whilst
the large intestine (colon) absorbs remaining water and is the final stage of the
digestive system (DeSesso et al., 2012). One of the main anatomical differences
between mice and human large intestine is the caecum. In rodents, this is a
separate compartmentalised structure where fermentation of food takes place,
whilst in humans this plays a much less prominent role and is part of the
continuous colonic structure instead of a separate compartment (DeSesso et al.,
2012). To help with nutrient absorption, the small intestine has hair-like
projections known as ‘villi’ which increase the surface area of the small
intestine, hence increasing the amount of nutrients that can be absorbed from
food. The small intestine can be classified into three sections, the duodenum
(proximal upper section), jejunum (middle section) and the ileum (distal lower
section) (Collins et al., 2025). Each section has slight changes in environment
and structure to cater to different functions in digestion and nutrient and water
absorption. Digested food from the stomach enters the duodenum and is met
with enzymes which further break the food down. Glands within the duodenum
release bicarbonate to neutralise the luminal contents and bile to digest and
absorb lipids. Further nutrient absorption takes place in the jejunum and the
ileum alongside uptake of bile acids which are recycled for future digestion
(Collins et al., 2025). Surrounding the small intestine, the mesentery is the
organ which attaches the digestive tract to the abdomen. It contains lymphatics,
blood vessels and nerves which carry out their independent functions and allow
crosstalk between each system to shape the environment of the small intestine.
Overall, immunity in the small intestine has been highly conserved in evolution
and remains very similar between humans and mice, even in the developmental
process (Stanford et al., 2020). Both species develop tolerance to food antigen
and commensal bacteria, maintain a strong barrier through tight junction
proteins and respond with similar cells and antimicrobial properties to barrier
breach (Gibbons and Spencer, 2011). Therefore, mouse models are an effective

way of studying intestinal infections and diseases.

Dividing the luminal and tissue interface, the intestinal epithelium is a simple
columnar epithelium, with only a single layer of cells (Kong et al., 2018). There

are several differentiated types of intestinal epithelial cells (IECs) each with a
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specific role to co-ordinate nutrient absorption, barrier protection and
communication with other host systems. The types of IECs are enterocytes,
goblet cells, Paneth cells, enteroendocrine cells, tuft cells, microfold (M) cells,
neuroendocrine cells, transit-amplifying cells (TACs) and stem cells which are
each further discussed in section 1.2.2.1 and shown in Figure 1-6 (Collins et al.,
2025). Many of these specialised IECs also contribute to immune responses as has
been described with examples in anti-helminth immunity in section 1.1.3. Also,
there are a variety of immune cells residing in the small intestine to defend
against infection and maintain homeostasis. These include myeloid cells such as
macrophages, neutrophils and eosinophils, ILCs and adaptive cells such as
effector T cells, Tregs and B cells. Additionally, gut associated lymphoid tissues
(GALT) can be found throughout the small intestine in the form of large
secondary lymphoid tissues called Peyer’s patches or as isolated lymphoid
follicles (Fenton et al., 2020; Lorenz and Newberry, 2004). Peyer’s patches
contain organised follicles which are predominantly made up of B cells with
smaller amounts of other both innate and adaptive cells. These structures have
M cells at the luminal interface and are important for immune surveillance in the
gut and maintaining healthy gut tissue, defending against infections
(Panneerselvam and Vaqgar, 2025). Similarly, ILFs are also important in infection
control, however their formation can be induced in response to infection
challenges in the gut. They contain B and T cells and can produce antigen-
specific immunoglobulin (Lorenz and Newberry, 2004). Lymph fluid from the
small intestine is drained to and filtered by the mLN chain. This is the most
crucial site for initiation of adaptive immune responses to combat infections in
the small intestine (Macpherson and Smith, 2006). From the proximal to distal
end of the small intestine, there is an increase in Peyer’s patches, likely due to
the increase in bacterial diversity and numbers further along the digestive tract
(Martinez-Guryn et al., 2019). Whilst there are many cells and structures
contributing to the small intestinal environment, bacteria are fundamental to
overall host health, helping to digest food and facilitating vitamin production

(further discussed in section 1.2.4).

On top of the single layer of epithelial cells providing a barrier is a thick layer of
mucus to provide further protection. Mucus is made from glycoproteins that are

produced by goblet cells. This layer enables nutrients to travel from the lumen
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to the epithelium, whilst containing antimicrobial substances and providing a
physical barrier to prevent direct contact with bacteria and harmful digestive
enzymes (Macierzanka et al., 2019). Certain less virulent bacterial species can
inhabit the mucus layer and the host facilitates this by providing digestible
glycans as a food source and preventing influx of competing bacterial species
(Johansson and Hansson, 2016). Studies have shown the importance of mucus
through KO studies using mice with specific deletion of muc2, the main
glycoprotein component of mucus. One study found that this KO led to the
spontaneous onset of colitis and another found that the mucus-dependent niche
for some commensal bacteria prevents colonisation by bacterial pathogens
(Birchenough et al., 2023; Van der Sluis et al., 2006). In addition to bacterial
species, parasites such as helminths can find suitable niches for growth along the
intestinal tract due to the easy access of nutrients. Similarly to bacteria, certain
parasites localise to different intestinal regions; in the case of H. polygyrus

infection, larvae and adult worms reside in the duodenum of the small intestine.

1.2.2 Epithelium
1.2.2.1 Cells of the epithelium

Since the small intestine functions to absorb nutrients from digested food, most
cells in the single layered epithelium are enterocytes which have microvilli
structures on their luminal facing surface and focus their functions on nutrient
uptake (Collins et al., 2025; Kong et al., 2018). Mixed in between these
enterocytes are less abundant goblet cells and tuft cells. As previously
mentioned, goblet cells are responsible for the production of mucins including
the main component of mucus, Muc2. Their proliferation is enhanced by type 2
cytokine, IL-13 to increase mucus production in infections, an example being in
helminth infection as described in section 1.1.3 (Zhang and Wu, 2020). Tuft cell
differentiation and proliferation is also stimulated this way and these cells are
able to promote a Th2 response upon helminth infection, as described, through
their secretion of IL-25 (Howitt et al., 2016). Tuft cells express ‘taste’ receptors
which enable them to directly sample their surroundings and the contents of the
intestinal lumen and respond to infection (Howitt et al., 2016). Another cell
known to sample its surroundings is the M cell. These are located on the luminal

surface of Peyer’s patches and sample antigens in the lumen before transporting
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them into the tissue to initiate immune responses in the Peyer’s patch (Collins et
al., 2025). A study by Kanaya et al has shown that deletion of M cells impairs the
uptake of antigens into the Peyer’s patches (Kanaya et al., 2018).

Enteroendocrine cells (also referred to as neuroendocrine cells) are also found in
the epithelium of the small intestine (Gunawardene et al., 2011).
Enteroendocrine cells have sensory receptors on their luminal surface to detect
homeostatic changes such as pH, nutrient concentrations and physical changes in
intestinal structure. Upon changes, these cells produce hormones and signalling
molecules and use neural signals to communicate with local and systemic
immune cells and connect the gut-brain axis (Atanga et al., 2023; Collins et al.,
2025). Due to the ability of these cells to influence systemic responses, they
have recently been studied in the context of targets for disease therapy (Atanga
et al., 2023). For example, clinical trials have been ongoing to harness anti-
inflammatory secreted products from enteroendocrine cells and use these to
treat IBD patients (Atanga et al., 2023; Blonski et al., 2013).

Located in the crypts (the dipped areas between the villi) are Paneth cells, stem
cells and TACs. Paneth cells have toll-like receptors (TLRs) on their cell surface,
a subset of PRRs enabling them to detect bacteria. They have granules loaded
with antimicrobial peptides such as defensins which can target bacteria. Paneth
cells are also able to produce growth factors for other cell types and cytokines
to promote immune responses (Bevins and Salzman, 2011; Collins et al., 2025;
Kong et al., 2018). Several different enteric helminth infections result in Paneth
cell hyperplasia, although whether this is a response to the helminth itself or the

damage it causes is unclear (Kamal et al., 2002).

At the very base of the crypts are multipotent stem cells. They are identified by
the expression of leucine-rich repeat-containing G protein-coupled receptor 5
(LGR5) (Bevins and Salzman, 2011). These cells continuously undergo
proliferation and have the ability to differentiate into all of the IEC types
described above (Collins et al., 2025). The cells in the intermediate stage
between a stem cell and differentiated cell are the TACs (Sanman et al., 2021).
Certain infections or autoimmune diseases can affect the rate of proliferation
and differentiation by the stem cells, manipulating the overall functions of the

epithelium. For example, in H. polygyrus infection, helminths can induce a



Chapter 1 37

reprogramming of the stem cells to lessen the type 2 response and reduce their
clearance (Karo-Atar et al., 2022). Several other studies have also shown
reprogramming of the intestinal epithelium during H. polygyrus infection. Such
reshaping of the epithelium by H. polygyrus was initially suggested by the
researchers Nusse et al. Through analysis of whole crypts they found that local
to the helminths, cells showed ‘foetal-like programming’ a process often during
tissue regeneration in which epithelial cells can reactivate markers from

was a response to tissue injury following the burrowing of the helminth (Nusse et
al., 2018a). Drurey et al also show that the ES products from H. polygyrus
helminths are able to block type 2 cytokine function, further inhibiting
expansion of goblet and tuft cells. The researchers found that these products
were altering the intestinal epithelium composition (Drurey et al., 2021a).
Likewise, another study found that the loss of Lgr5 expression on stem cells in H.
polygyrus infection and the reduced numbers of Paneth cells were both effects
that were mediated by IFN-y signalling (Eriguchi et al., 2018). This set of papers
together show that epithelial differentiation changes during infection,

influenced both by immune signals and parasite instructions.
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Diagram showing different cell types of the intestinal epithelium and proliferative direction of cells.
Adapted from (Bao et al., 2020) and created in BioRender.com.

1.2.2.2 Epithelial turnover

Epithelial cells in the small intestine have a very high turnover rate, with most
cells being replaced every 3 to 5 days (Collins et al., 2025; Kong et al., 2018).
The stem cells in the crypts divide and differentiate into each of the IEC types
and, as they divide, they migrate upwards towards the top of the villi. Cells at
the tips of the villi undergo apoptosis (shown in Figure 1-6) (Bao et al., 2020).
This rapid renewal process ensures a strong and healthy epithelial barrier,
important to prevent pathogen invasion. The IECs which have undergone
apoptosis at the top of tip of the villi are shed into the gut lumen (Williams et
al., 2015). The process of this cell extrusion has been studied visually using
different pathological techniques. It is proposed that when an epithelial cell
undergoes apoptosis, it detaches from a basement membrane and the cells
either side redistribute their tight junction proteins as the cell protrudes
upwards. As these redistribute, the neighbouring cells join their tight junction
proteins to keep the barrier sealed and maintain barrier integrity (Guan et al.,
2011; Madara, 1990; Williams et al., 2015). Intestinal stem cell proliferation is
controlled by and dependent on Wnt signalling (Mah et al., 2016; Rao and Wang,
2010). In a study where a Wnt signalling inhibitor was produced by mice, not
only was proliferation reduced but crypt structure was lost along with many
differentiated IEC types (Pinto et al., 2003).

The rates of proliferation in intestinal stem cells can vary depending on a variety
of factors. The microbiota and the host diet alter the proliferation rate through
production of molecules such as short chain fatty acids (SCFA) or metabolites. As
well as influencing Wnt signalling, microbiota can directly modulate proliferation
signalling pathways (Brandi et al., 2024; Shiratori et al., 2024). Also, infections
can significantly impact proliferation rates. A recent study found that in
zebrafish, infection with the bacteria V. cholerae activates growth inhibitor
proteins to inhibit epithelial cell proliferation in the intestine (Xu and Foley,
2024). On the contrary, another study found that damage to the intestine caused
by Salmonella pullorum infection in chickens over-activated signalling pathways

to induce an escalation in intestinal stem cell proliferation (Xie et al., 2020). In
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Drosophila, infection with Drosophila A virus also promoted proliferation of
intestinal stem cells, disrupting homeostasis (Nigg et al., 2024). In helminth
infections, there is increasing evidence for accelerated intestinal epithelial cell
turnover. As previously described, infections with helminths such as H. polygyrus
can cause goblet and tuft cell hyperplasia. This is often beneficial to the host as
it increases mucus production and the movement of the worms through the
intestine. One particular study showed that, in severe combined
immunodeficient (SCID) mice given T. muris infection, the response involved
IFN-y driven amplification epithelial cell turnover (Cliffe et al., 2005a).
Additionally, T. spiralis infection has been shown to increase epithelial cell
proliferation in the small intestine as well as the differentiation of stem cells
into other cell types (Walsh et al., 2009).

1.2.2.3 Barrier integrity

The intestine is one of the parts of the body most exposed to infection. Although
only a single layer, the intestinal epithelial barrier is tightly regulated and
sealed to enable sufficient nutrient absorption and to prevent infections. The
intestinal epithelial cells are adhered to a layer of extracellular matrix known as
the basement membrane by adhesion molecules: integrins and hemidesmosomes.
This attachment provides further structural support for the epithelium
(Gilcrease, 2007). Between each of the IECs is a region called the apical
junctional complex (AJC) which is a structure composed of molecules to adhere
the epithelial cells together (Barbara et al., 2021). The main components of this
structure are tight junction (TJ) proteins, which form a barrier between cells

and regulate movement of molecules across it.

TJ proteins are split into four families: claudins, TJ-associated marvel proteins
(TAMP), angulins and junctional adhesion molecules (JAM) (Liebing et al., 2025).
There are over 24 members of the claudin family and each is a transmembrane
protein, interacting at the cell walls between adjacent cells as either sealing
proteins or pore forming proteins (Barbara et al., 2021; Suzuki, 2020). The pore
forming protein, claudin-2, is responsible for enabling passage of cations and
other molecules between the cells in the intestinal epithelium. A recent study
by Oami et al found that claudin-2 is upregulated in patients with sepsis who

also show increases in intestinal permeability. In the same paper, the
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researchers use a claudin-2 KO mouse model to show that claudin-2 is
responsible for the increased permeability in septic mouse models (Oami et al.,
2024). Additionally, another role for claudin-7 in epithelial turnover has been
reported by researchers who suggest that it is required for the Wnt signalling
pathway, thus controlling proliferation and differentiation of IECs (Xing et al.,
2020). In the TAMP family, members include occludin, tricellulin and marvelD3,
all of which are important in TJ stability and barrier function (Liebing et al.,
2025). One publication found that a double KO of both occludin and tricellulin
proteins reduced the tight junction adherence points and led to an increased
intestinal permeability (Saito et al., 2021). The same study also created cell
lines which overexpressed these proteins and found that overexpression of
occludin strengthened the intestinal barrier (Saito et al., 2021). Occludin is the
primary TAMP and its phosphorylation state has been reported to influence its
function and localisation (Wong, 1997). Additionally, occludin contains a binding
domain for zonula occludens (Z0-1), a scaffold protein that can bind multiple
proteins to the cytoskeleton (Barbara et al., 2021; Kuo et al., 2022). Deletion of
this protein in cell lines can impair barrier function by preventing recruitment
and attachment of TJ proteins (Kuo et al., 2022). The angulins TJ protein family
function to aid tricellulin and cater for paracellular movement of
macromolecules and water (Liebing et al., 2025). Finally, the JAM family play a
role in barrier formation and are essential for effective barrier integrity as has
been shown through impaired function in deletion mouse models (Rouaud et al.,
2020). Additionally, calcium dependent adhesion molecules (cadherins) are
transmembrane glycoproteins, also an important component of barrier integrity.
Impairment of cadherins has been shown to negatively impact barrier function

and intestinal homeostasis (Schneider et al., 2010; Schnoor, 2015).
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Figure 1-7 Apical junctional complex
Diagram showing the apical junctional complex, with examples of each of the structures important
in maintaining barrier integrity. Created using BioRenderl.com.

Whilst all these molecules combine to create a strong intestinal barrier shown in
Figure 1-7, permeability can be affected by numerous factors including
microbiota, diet, stress, pathogens and autoimmune diseases. Commensal
bacteria are able to strengthen the barrier through production of metabolites,
tightening TJs and maintaining their structural integrity (Paradis et al., 2021).
Pathogens have evolved ways to target the AJC and specific TJ proteins to
support their ability to infect the host. Inflammatory cell signalling upon
bacterial recognition, changes caused to commensal bacterial populations and
causing stress and inflammatory responses by releasing harmful molecules are all
ways by which bacteria can modulate cell adhesion. Each scenario could affect
the expression of TJ genes, their phosphorylation and localisation or could alter
cytoskeletal structures to disrupt the barrier (Paradis et al., 2021). For example,
Astrovirus is able to increase intestinal permeability by delocalising occludin

(Moser et al., 2007) and a toxin released by Bacteriodes fragilis can cleave
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cadherin proteins (Wu et al., 1998). The proteins are also harnessed by
pathogens in other ways; the intracellular parasite T. gondii is able to bind to
extracellular loops of the occludin protein, supporting their cellular invasion
(Weight et al., 2015) whilst SARS-CoV-2 can also harness occludin for cellular
transmission (Zhang et al., 2023). In acute H. polygyrus infection, a recent
publication found that TJ protein expression is significantly altered and
intestinal permeability is increased (Mules et al., 2024a). Another study proposes
that acetate, one of the ES molecules produced by H. polygyrus, is able to
disrupt the claudin-7 protein to facilitate barrier breach by the helminth
(Schalter et al., 2022a).

1.2.3 Barrier breach

A barrier breach is when the intestine becomes more permeable due to
disruption of the barrier integrity, enabling substances and pathogens to cross
the epithelium. Even though the intestinal epithelial barrier is highly effective at
steady state, pathogens can disrupt this integrity by interfering with TJ proteins
as discussed in section 1.2.2.3. Barrier breach can lead to translocation of
bacteria or other pathogens from the lumen to the lamina propria (Di Tommaso
et al., 2021). This then leaves a host susceptible to local and systemic infection

and in severe cases, sepsis (Deitch, 2012).

In addition to the examples of pathogens that damage cell adhesion on the
intestinal epithelium described previously, infections with pathogens such as
parasites can also cause physical damage in other ways and allow bacterial
translocation. One example of this is in host infection with Toxoplasma gondii.
This parasite can cause intestinal damage by provoking an intense inflammatory
response and researchers found that bacteria from the gut could then
translocate and were identified in mLNs, the liver and the spleen (Hand et al.,
2012a). Intestinal damage is frequently associated with helminth infections.
When T. muris embeds in the intestinal epithelium, it causes intense local
inflammation and damage. One study identified bacterial translocation and
suggest that this is due to not only barrier damage but is directly facilitated by
the movement of the helminths (de Oliveira et al., 2025a). In the H. polygyrus

infection model, there is literature to suggest barrier breach may occur and
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bacterial translocation has been proposed, although no evidence has been found
for this yet (Gause and Maizels, 2016).

As well as disruption to the barrier, intestinal bacterial translocation can occur
across an intact epithelium, when there is a large colonisation or due to
weakened immune responses (Berg, 1999). The most common bacteria to affect
the small intestine with high colonisation sometimes leading to translocation
are Escherichia coli, Aeromonas, and Klebsiella species (Sorathia et al., 2025).
In IBD, the persistent inflammatory profile causes disruption to the epithelial
barrier, increasing the ability of bacteria to take advantage of a weakened
barrier and colonise (Jin et al., 2022). Also, when a host has a weakened
immune system due to primary infection with immunodeficiency viruses such as
HIV or SIV, bacterial translocation is increased (Estes et al., 2010; Klatt et al.,
2013). When the intestinal barrier is not disrupted, some pathogens are able to
infect host cells intracellularly as a route into tissues (Berg, 1999); this is further

discussed in section 1.3.1.

1.2.4 Microbiome

The gut microbiome is the collection of microorganisms residing in a host
intestine and is composed of predominantly bacteria, but also fungi, viruses and
other microbes (Sorboni et al., 2022). Although the microbiome comes into a
contact with a range of virulent pathogens at any one time, most commensal
microbes are fundamental to host survival. From fermenting and digesting food
to protecting us from other pathogens, we rely on commensal bacteria in
everyday life (Hou et al., 2022). As previously described, bacteria in the gut can
contribute to strengthening intestinal barrier integrity and prevent colonisation
by other virulent bacteria. They can also produce metabolites from food such as

SCFA to contribute to immune regulation (Maciel-Fiuza et al., 2023).

Dysbiosis refers to the disruption of bacteria within the gut, either loss of
bacterial diversity, lack of beneficial bacteria or overgrowth of pathogenic
species. Several autoimmune diseases have been linked to dysbiosis, further
demonstrating the importance of the commensal microbiota (DeGruttola et al.,
2016). Additionally, pathogenic microorganisms are also able to alter the

diversity of microbiota to their advantage. For example, certain bacterial
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species including Salmonella enterica serovar Typhimurium and Citrobacter
rodentium can promote inflammation in the intestine during infection which has
been found to negatively impact the levels of beneficial commensal bacteria.
This enables more space for the invading pathogen to colonise and hinders the
protective role of the microbiota, thus increasing the chance of infection
(Khosravi and Mazmanian, 2013). Viral infections are also capable of causing
intestinal dysbiosis to favour their survival. During hepatitis infection, the virus
is able to escape the immune defence mechanisms by promoting dysbiosis,
although exact mechanisms of the virus to cause this dysbiosis remain unclear
(Inoue et al., 2018).

On the other hand, pathogens may also increase the diversity of commensal
bacteria. In the case of enteric helminth infection, this often occurs (Garcia-
Bonete et al., 2023; Lee et al., 2014). Various studies have shown that H.
polygyrus infection can alter the microbiota of its host during infection
(Reynolds et al., 2014a; Su et al., 2018a; Walk et al., 2010a). Interestingly,
while in C57BL/6 mice a significantly increased abundance in the bacterium
Lactobacillus is shown during H. polygyrus infection (Reynolds et al., 2014a;
Walk et al., 2010a), the most recent study by Su et al shows that Balb/C mice
exhibit the opposite effect and show reduced levels of Lactobacillus (Su et al.,
2018). Su et al further explore the mechanisms by which helminths alter
microbiota in Balb/C mice and demonstrate that this process is Th2-dependent
and involves suppression of protective responses to bacterial pathogens in the
intestine by Tregs (Su et al., 2018a). Interestingly, with the promotion of
Lactobacillus by H. polygyrus in C57BL/6 mice, the researchers found that the
relationship is mutually beneficial as these bacteria increase susceptibility to H.
polygyrus infection too (Reynolds et al., 2014a). Mechanisms for how the
helminths promote the bacterial abundance in this paper are unclear, although
they show that the Lactobacilli bacterium enhances Treg cell numbers and

increase worm burden by limiting Th2 immunity (Reynolds et al., 2014a).
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1.3 Bacteria

1.3.1 Bacterial infection

As discussed in the previous section, many bacteria in a host intestine are
beneficial, however, it is important that the immune system is alert and ready
to defend against pathogenic strains of bacteria. Therefore, there is a careful
balance in the intestine so that defence and attacks against virulent species can
be made whilst inhibiting responses against commensal bacteria. In general, the
aim for bacterial pathogens is to multiply and colonise to increase their chances
of survival. In the intestine, bacteria often translocate and invade the intestinal
tissue either by paracellular (between epithelial cells) or transcellular
(intracellular through epithelial cells) routes. Examples of bacterium which
often use the paracellular route include Vibrio cholerae and Pseudomonas
aeruginosa and in each case they can produce toxins to breakdown and disrupt
the tight junction protein complexes, enabling their entry into intestinal tissue
(Barreau and Hugot, 2014). The transcellular route involves intracellular invasion
and is carried out by bacteria such as Shigella or Salmonella. There is evidence
for Salmonella using specific receptors on the surface of M cells to enter these
and cross the intestinal barrier (Hase et al., 2009). Although, there have also
been studies proposing that they may also translocate through paracellular
mechanisms disrupting tight junctions too (Broz et al., 2012; Jepson et al.,
1995).

Different bacterial species can use a range of mechanisms for invasion and
colonisation, known as virulence factors. Some species have outer capsules to
protect themselves from host defences such as phagocytosis, other species use
adherence molecules to attach to other cell surfaces as methods of invasion, and
often bacterial species can produce toxins to weaken host cells, enabling their
colonisation (Peterson, 1996). Even with each of these infective mechanisms, in
the small intestine, the host has several layers of immune defence mechanisms

in place to prevent and limit the colonisation of bacterial pathogens.
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1.3.2 Antimicrobial responses
1.3.2.1 Physical / physiologic barrier

To prevent bacterial pathogens from causing infections, there are several
physical barriers in place preceding the immune responses. As discussed in
section 1.2, the epithelial barrier is composed of a range of specialised cells and
involves tightly regulated junctions to carefully police what crosses from the
lumen into the intestinal tissue. Also, the mucus produced by goblet cells
creates an additional layer to prevent most bacteria from getting close contact
with the barrier (Santaolalla and Abreu, 2012; Takiishi et al., 2017). As well as
these mechanisms, the muscles in the small intestine work to stimulate
continuous peristalsis, rhythmic contractions to push luminal contents along the
intestinal tract. This not only aids in digestion but also continuously pushes
bacteria in the lumen along and out of the host’s system, preventing their ability
to colonise and cause infection (Takiishi et al., 2017). Together, these functions
make up the first line of defence in the small intestine. Pathogens successful in
invading intestinal tissue are next met with innate and adaptive immune

responses.

1.3.2.2 Innate

Upon recognition of invading pathogens by PRRs on the cell surface, or cytokine
stimulation following another cell’s response, antimicrobial defences are
initiated. As described above, some epithelial cells including Paneth cells store
antimicrobial proteins (AMPs) which can be released upon recognition and
function to kill bacteria (Kinnebrew and Pamer, 2012). There are several types
of AMP, each of which have different mechanisms of killing bacteria. They can
interfere with bacterial cell wall structures or induce stress, and are frequently
responsible for killing particular bacterial subsets; either gram-negative or gram-

positive due to their mechanisms of killing (Hassan et al., 2022).

Neutrophils are often first responders to bacterial infection. They are an
abundant cell type, small and quick moving, and they can rapidly release
antimicrobial products including reactive oxygen species (ROS) which kill
bacteria. Another kill mechanism they use is neutrophil extracellular traps

(NETs), a projection of their DNA into the environment. This NET is able to trap
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and kill bacteria (Mumy and McCormick, 2009). Neutrophils are also capable of
phagocytosing pathogens although to a lesser extent than macrophages.
Phagocytosis is the process by which immune cells can engulf other cell types;
either invading bacteria or infected/ dying cells. Macrophages are the most
phagocytic of immune cells and are very effective at eliminating bacterial cells
via this mechanism. Macrophages also heavily contribute to the inflammatory
response, secreting pro-inflammatory cytokines such as IL-12, IL-6 and TNF-a
(previously discussed in section 1.1.3) (Yip et al., 2021). Despite this role in
inflammation, macrophages are also critical for wound repair which aids in
preventing further bacterial invasion across the intestinal barrier. Macrophages
can either be tissue-resident or can be recruited to tissues upon infection.
Monocytes circulate the blood and differentiate into macrophages once they
migrate to the infection site. Complement is another important component of
the innate defence against bacteria. In the gut components of this system are
produced locally and work to combat pathogenic bacteria but not commensals
(Wu et al., 2024). ILCs and NK cells are also quick to respond to pathogens. ILCs
can produce cytokines to amplify the surrounding immune responses and
mediate production of AMPs (Vivier et al., 2018). NK cells are effective at killing
bacteria through the release of cytotoxic granules. They also secrete IFN-y
which is responsible for activating the antimicrobial responses fundamental in
host defence against many bacterial species (Lieberman and Hunter, 2002).
Additionally, the IFN-y produced by NK cells is required to drive the adaptive
Th1 response; enabling longer lasting and more effective immunity that just the
innate response can provide. Likewise, DCs are also required to drive adaptive
immunity, presenting antigen to T cells to initiate their differentiation and

activation (Figure 1-5).

1.3.2.3 Adaptive

As shown earlier, when DCs present antigen to T cells, the outcome of the T cell
differentiation depends on the cytokine signals given and the nature of the
antigen presented. Th1 cells require IL-12 and also IFN-y stimulation whilst Th17
cells are initiated by a combination of cytokines including TGF-B, IL-6 and IL-23.
Th17 cells are another subset of T helper cells which function to promote
immune responses against extracellular pathogens, secreting IL-17, IL-22 and

TNF-a. On the other hand, Th1 cells produce cytokines IFN-y and TNF-a and are
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induced to protect mainly against intracellular bacterial pathogens such as
Salmonella. There is also evidence for combined Th1/ Th17 responses where

these differentiated cell subsets can work inhibit or promote one another to

Th1 cells are a key subset involved in eliminating bacteria (Wu and Wu, 2012).
They support the priming of CD8+ T cells by interacting with DCs to enhance
their costimulatory molecule expression and cytokine production to help CD8+ T
cell activation. Th1 cells can also produce cytokines such as IL-2 and IL-21 to
cells which have been primed and helped by the Th1 cells have enhanced
efficacy with increased cytotoxic activity by their Fas ligands and granzyme
release, and increased cytokine production amplifying overall innate responses
of IFN-y, Th1 cells also activate or super-activate macrophages, increasing their
phagocytosis and killing of bacteria. Th1 cells are also essential for developing
memory T cell responses (Sun and Bevan, 2003). Together, these studies
highlight the importance of Th1 cells in contributing to antibacterial defence in
the host.

Several studies provide evidence for Th17 responses, particularly IL-17 signalling
being important in neutrophil recruitment and general protection against
extracellular bacteria pathogens (Khader et al., 2009; Ouyang et al., 2008; Ye et
al., 2001). Additionally, Th17 cells have been shown to induce AMP production
protect against the mouse infecting bacterium, C. rodentium (Ishigame et al.,
2009). Also, disruption of Th17 responses increase susceptibility to the

Some studies found that Th17 differentiation could be controlled by segmented

filamentous bacterial (SFB) within the commensal bacteria population and are

bought from different suppliers contained different levels of the SFB commensal
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bacteria which in turn influenced Th17 cell proportions through inducing
these papers highlight that Th17 cells respond to and activate protective

responses to extracellular bacteria.

1.3.3 Co-infection

Co-infection is when a host is simultaneously infected with two or more
pathogen species (Dong and Xing, 2024). Due to the precise orchestration of host
immune responses, each one tailored to the initiating pathogen, dealing with
two types of pathogens at the same time can create a complicated environment.
Depending on infection locations, the host may have to prioritise combating one
infection first, or compromise host immune responses to fight both pathogen
types. There is also a dynamic between the infecting pathogens whereby they
try to manipulate host mechanisms to outlast other competing microbes. As
previously described, H. polygyrus infection can induce hyperplasia of goblet and
tuft cells in the host, as a mechanism of eliminating the worms. Single cell
sequencing of the epithelium in a study by Haber et al confirmed this expansion
of goblet and tuft cells, and highlighted the contrasting results of similar
analysis of intestinal epithelium during Salmonella infection. In the bacterial
infection, antimicrobial reprogramming, increased Paneth cells and increase in
IECs were identified (Haber et al., 2017). This study reflects the diversity in

responses dependent on pathogen type.

In areas where helminth infection prevalence is high, bacterial co-infections are
frequent. There are a number of potential reasons for the high frequency of co-
infections. Helminth infections are often spread through poor access to clean
water, and other infections can spread this way too. Helminths are larger
pathogens and cause disruption to barrier sites within a host, different
pathogens require different responses to control them, and each microbe also
secretes its own immunomodulatory molecules which could alter responses to
other pathogens too. Another suggestion is that susceptibility to co-infection
may be increased during helminth infection due to changes in nutrient
availability. Many cases of helminth infection result in malnutrition and it has
been shown that lack of nutrients can alter and impair immune system function

in these cases (Shea-Donohue et al., 2017). In experimental models, this has also
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been reflected. Mice fed reduced protein content in their diet or reduced overall
calories showed inability to effectively drive Th2 responses, mice had lower
antibody levels and were slower to clear parasites, resulting in worse infection
outcomes (Ing et al., 2000; Shea-Donohue et al., 2017). In contrast, another
paper found that vitamin deficiency resulted in impaired immunity to bacterial
infections and enhanced ILC2 mediated anti-helminth immunity. The authors
suggest that this is reflective of a selective activation of particular host

responses due to nutrient deficiencies being commonly associated with helminth

Since helminths are much larger pathogens and their lifecycle can often involve
a breach in barrier, this damage and the host response to the ongoing helminth
infection could alter the outcome of infections with other pathogens. One study
suggested that upon infection with both helminths and bacteria, these co-
infections can mutually benefit each other by increasing both bacterial load and
helminth burden and egg production (Lass et al., 2013). Research has focussed
on modelling co-infections; in particular the H. polygyrus model has been used
to study roundworm infection in various conditions. In a co-infection model of H.
polygyrus and C. rodentium, one study found that the DCs primed by the
helminth worsen bacterial infections, which the authors propose is due to their
ability to inhibit development of Th1 immune responses or induce Th2 responses
(Chen et al., 2006). Also, research using co-infection with H. polygyrus and S.
Typhimurium resulted in worse disease outcomes with increased pathology and
increased Salmonella colonisation due to limited neutrophil recruitment and
chemokine recruitment compared with sole S. Typhimurium infection (Su et al.,
2014a). The findings of this study were further supported by Brosschot et al who
found that helminths increased Salmonella colonisation in the duodenum of mice
and this colonisation persisted even after helminth clearance (Brosschot et al.,
2021a). Another study demonstrated that H. polygyrus altered the metabolic
environment in the small intestine which directly altered virulence gene
expression in the bacteria and enhanced their ability to colonise (Reynolds et
al., 2017a). In the case of viral infection, H. polygyrus can also worsen infection
outcome. In a co-infection model using H. polygyrus and West Nile Virus (WNV),
dual-infected mice had increased mortality when compared with sole WNV

infection. This was due to the H. polygyrus associated changes in gut morphology
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and the ability of commensal bacteria to translocate in the intestine, which
increased apoptosis of WNV-specific CD8+ T cells, which would otherwise target
and kill the virus (Desai et al., 2021). This impaired immunity to virus infection
is supported by another study where researchers found that T. Spiralis infected
mice had increased virus genome copies in the intestinal tissue and could not
provide effective antiviral immunity against intestinal murine norovirus infection
(Osborne et al., 2014).

In contrast, there is also evidence for systemic beneficial immune effects by
helminths, influencing infection outcome of distal pathogens. Recent research
has suggested a new subset of T cells, virtual memory T (Tvm) cells, which have
a memory cell phenotype having undergone partial differentiation, but do not
have experience with antigen. In contrast to the other studies mentioned, this
study suggested that these Tvm cell populations are expanded by helminth
infection, undergoing antigen-independent expansion upon direct IL-4 signalling
protection against additional infection with the bacterium, Listeria
monocytogenes as shown by reduced bacterial load (Lin et al., 2019). In the
lung, research shows that helminths can cause structural and immune changes.
Goblet cells in the lung undergo hyperplasia and Th2 cytokines are increased as
well as the overall number of Th cells and upon co-infection in the lung with
bacteria, neutrophil recruitment is enhanced, resulting in increased survival
rates in mice (Long et al., 2019). Additionally, another study shows that H.
polygyrus infection causes an accumulation of H. polygyrus specific CD4+ Th2
cells in the skin of mice which accumulate and persist after infection, impairing
the host immune response to helminths tries to protect other host barrier sites
from the invading parasite. Overall, these each show that helminths can
influence not only local immunity but also systemic responses to other

infections.
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1.4 IFN-y

1.4.1 IFN-y production, function and signalling

One aspect that is quite common in these co-infection models is cytokine
crosstalk between the immune responses against each pathogen, and IFN-y (also
known as type Il IFN) is often a key mediator of this crosstalk. As one of the main
pro-inflammatory cytokines and specifically a key driver of the Th1 response,
IFN-y can be produced by several cells and plays a key role in activating and
instructing many different cell types to orchestrate inflammatory responses. It is
mainly produced by activated T cells, natural killer (NK cells) and type 1 ILC1s,
and under certain conditions has been shown to be produced at low levels by
other innate cells including DCs (Darwich et al., 2009; Ivashkiv, 2018; Tau and
Rothman, 1999; Vremec et al., 2007). IFN-y plays a role in activating and super-
activating macrophages, which enhances IL-12 and IL-18 secretion, activating NK
cells to secrete IFN-y, thus providing a positive feedback loop for production
(Tau and Rothman, 1999). IFN-y Is a homodimer, comprised of two polypeptide
chains. The IFN-y receptor is composed of two subunits, IFNGR1 and IFNGR2
which together signal through the JAK/STAT pathway (de Weerd and Nguyen,
2012; Walter et al., 1995). IFN-y binds to the high affinity alpha subunit,
IFNGR1, which then recruits IFNGR2, inducing a confirmational change in both
receptor components. This brings together the protein-tyrosine kinases, Janus
kinase 1 (JAK1) and JAK2, causing their activation. The active JAK1 and JAK2
then phosphorylate the tyrosine residue (Tyr701) of STAT1, enabling this
molecule to translocate to the nucleus and bind to the IFN-y activation site
(GAS) in the promoter regions of target genes (Figure 1-8) (De Benedetti et al.,
2021; Marsters et al., 1995; Platanias, 2005). Promoter binding activates the
transcription of these target genes, the interferon-stimulated genes (I1SGs),
which encode chemokines, phagocytic receptors, antigen presentation molecules

and several antibacterial and antiviral molecules (Ivashkiv, 2018).
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IFN-y

Figure 1-8 IFN-y signalling pathway.
The JAK/STAT signalling pathway downstream of IFN-y and IFNGR1 binding. Created with
BioRender.com.

IFN-y is a multi-functional molecule, able to promote activation of innate
immune cells such as macrophages, neutrophils and NK cells, enhance antigen
presentation, promote Th1 cell differentiation and, depending on the setting,
can enhance inflammation or promote tissue repair. Macrophages are crucial
defenders of many infections, undergoing phagocytosis, acting as antigen
presenting cells and producing molecules such as inducible nitric oxide synthase
(iNOS) to kill invading pathogens. The IFN-y cytokine is the main macrophage
activating factor and therefore is key in all of these functions (Tau and Rothman,
1999). IFN-y is able to enhance not only macrophage antigen presentation
through activation, but also widespread antigen presentation through
upregulation of major histocompatibility complex | (MHC |) and other molecules
involved in processing antigen (Zhou, 2009)(Baldeon et al., n.d.; Naoshi Hikawa

et al., 1996; Tau and Rothman, 1999). Depending on other environmental
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stimuli, IFN-y can also promote recruitment and activation of neutrophils.
Studies have shown that IFN-y can enhance chemokine expression, in turn
recruiting neutrophils to infection sites (Sun et al., 2007). Additionally, IFN-y
signalling in neutrophils can enhance phagocytic function, increase release of
enzymes and ROS and promote further cytokine production to amplify the
inflammatory response (Marchi et al., 2014). NK cell produced IFN-y can activate
several antimicrobial responses which control bacterial infections; including
release of reactive oxygen species (ROS), production of AMPs and pro-

inflammatory cytokines and enhanced function of phagocytic and antimicrobial

production through macrophage activation and subsequent increased IL-12
secretion, further activating other NK cells to produce more IFN-y (Hodge-Dufour
et al., 1998; Lin et al., 2021). In section 1.1.3.3, Figure 1-5 shows the DC
interactions and signalling process for T cell differentiation. IFN-y is one of the
main cytokines involved in promoting Th1 differentiation, further amplifying

inflammation and bacterial/ viral pathogen targeted killing.

In addition to promoting inflammation and pathogen clearance, several studies
provide evidence for IFN-y involvement in tissue repair. One study by Kanno et
al, found that IFN-y KO mice had defective wound healing both in the time taken
and in the strength of the wound repair when compared with wild type (WT)
mice (Kanno et al., 2019). On the contrary, an earlier study had described that
IFN-y KO led to faster wound healing due to antagonistic effects that IFN-y can
have on the TGF-B regulatory cytokine pathway in the reparative process (Ishida
et al., 2004). In another setting, a study found that IFN-y signalling was
upregulated upon cartilage injury and was required for regeneration of the
cartilage tissue (Kim et al., 2024). These data suggest that the surrounding
environment and the tissue site can determine the outcome of IFN-y signalling.
The specific role of IFN-y in the small intestine is further discussed in section
1.4.2. Each of the IFN-y functions discussed so far demonstrates the importance
of this cytokine as a fundamental part of the immune system, from initiation of

inflammation to tissue resolution.
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1.4.2 IFN-y in the intestine

The previous section demonstrates the diverse range of functions of IFN-y. In the
context of the small intestine, IFN-y contributes to immune responses to control
pathogen invasion and can also promote intestinal homeostasis. The literature
discussing the influence of IFN-y on the intestinal epithelium remains
controversial. Research has found that proinflammatory changes driven by IFN-y
can dysregulate homeostasis in the gut (Omrani et al., 2023); some studies show
a IFN-y driven hyperproliferation of epithelial cells and other studies suggest
that IFN-y can inhibit proliferation and cause apoptosis of the epithelial cells

each discussed further below.

As part of the proinflammatory role that IFN-y plays in pathogen clearance in the
small intestine, IFN-y can upregulate AMP expression through its STAT signalling
pathway (Yue et al., 2021a). It can stimulate the release of chemokines to
recruit immune cells to the intestinal tissue upon infection and it can then
directly activate them to carry out their defensive antimicrobial functions
(Evaristo and Alegre, 2013; Gomez et al., 2015). In the small intestine,
microbiota can also impact IFN-y production to enhance pathogen clearance.
One study illustrates a microbiota driven production of IFN-y during Salmonella
Typhimurium infection in mice which is able to provide host protection,
prolonging survival and reducing colonisation of the Salmonella bacterium
(Thiemann et al., 2017). Molecules involved in the digestive process have also
been shown to influence IFN-y levels. For example, bile acids, SCFA butyrate and
the amino acid, tryptophan, can each decrease IFN-y production. On the other
hand, IFN-y can also influence microbiota colonisation. For example, the
bacterium Akkermansia muciniphila has known benefits in host metabolism and
has been shown to be regulated by IFN-y in both mice and humans (Greer et al.,
2016).

As described in section 1.2.2.2, Wnt signalling is required for intestinal
proliferation. Nava et al found that IFN-y is able to regulate the Wnt signalling
pathway and prevent excessive proliferation of IECs with long term exposure
(Nava et al., 2010). Research has also found that IFN-y produced by T cells can
directly signal to intestinal stem cells to upregulate proapoptotic gene

expression and their cell death (Takashima et al., 2019). This apoptotic
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reprogramming by IFN-y has also been shown in a recent study where they
suggest NKT cell production of IFN-y induces these changes (Lebrusant-
Fernandez et al., 2024). One paper shows evidence that IFN-y induced apoptosis
is a result of the inhibited Wnt signalling pathway (Laukoetter et al., 2008).
Another study supports this regulatory role, showing that IFN-y can reduce
Paneth cell numbers and hinder IEC regeneration (Eriguchi et al., 2018).
Interestingly, this paper also proposes a role for IFN-y in modulating the markers
expressed by the intestinal stem cells with loss of Lgr5 and Olfm4 expression
upon IFN-y treatment (Eriguchi et al., 2018). In contrast to the findings above,
the same study by Nava et al found that, in short term exposure of an intestinal
epithelial cell line to IFN-y, the Wnt signalling pathway is induced and cells are
hyperproliferative (Andrews et al., 2018a; Nava et al., 2010). In each case, IFN-y
often works synergistically with TNF-a to have effects on the intestinal
epithelium as was shown in both this study and others (Nava et al., 2010;
Woznicki et al., 2021). Additionally, several studies have shown that IFN-y can
increase intestinal permeability by disrupting the TJ protein structures
(Beaurepaire et al., 2009; Rahman et al., 2018). However, Yue et al found that
IFN-y instead improved barrier function in the gut by strengthening the
distribution of ZO-1 (Yue et al., 2021a). Again, each of these factors may be
dependent on duration of exposure to this cytokine and on the additional

environmental stimuli within the gut.

1.4.3 IFN-y in helminth infection

IFN-y is a known driver of the inflammatory response and has been identified in
helminth infections, alongside type 2 immune responses, long before this project
(Urban et al., 1996). On the theme of epithelial effects of IFN-y signalling, in
helminth infection, IFN-y has been shown to induce proliferative changes to the
intestinal epithelium. Artis et al demonstrated that IFN-y production induced by
the T. muris parasite promoted epithelial cell hyperproliferation (Artis et al.,
1999b). Cliffe et al add to this finding by showing that the CXCL10 chemokine
induced by IFN-y during infection controls epithelial proliferation (Cliffe et al.,
2005). Additionally, in H. polygyrus infection, IFN-y has been identified to
facilitate the upregulation of proliferative cells indicated by Sca1 expression and
facilitate the reversion of cells to a foetal-like programming (Nusse et al.,

2018a) (previously discussed in more detail in section 1.2.2.1).
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Interestingly, through experimental IFN-y depletion, a study revealed that IFN-y
is required for successful chronic infection with the parasite T. muris (Else et
al., 1994a). This is because IFN-y is able to promote a Th1 response and limit the
expansion of the Th2 response to prevent parasite clearance (Dea-Ayuela et al.,
2008). This finely balanced Th1/ Th2 response to determine the outcome of
infection is also mediated by B cells in the mLNs (Sahputra et al., 2019). In H.
polygyrus infection, similar results were found in several studies although IFN-y
was not required for chronic infection. IFN-y and the subsequent Th1 cells were
shown to hinder the Th2 responses, and blocking IFN-y reduced worm counts,
egg counts and parasite fecundity in later infection (Kapse et al., 2022a). A
previous study in our laboratory demonstrated that IL-10 regulates and maintains
IFN-y levels during the later stages of H. polygyrus infection (Webster et al.,
2022). This research was mirrored in the past with Schistosoma mansoni
infection where researchers also found that IL-10 was responsible for regulating
IFN-y and Th1 levels (Montenegro et al., 1999).

Whilst evidence for IFN-y in early H. polygyrus infection has been published by
both our laboratory and others, the exact role of this cytokine remains unknown.
One study found that increased IFN-y expression in H. polygyrus also coincides
with proliferation of enteric glial cells (EGCs). These cells function to control gut
motility and play a role in the immune responses and wound repair. CXCL10
expression is increased in the EGCs and together the IFN-y and EGC-CXCL10
signalling is able to promote tissue repair in early helminth infection (Progatzky
et al., 2021). In line with this outcome, another study suggested a role for IFN-y
signalling in recruiting NK cells to the helminth infection sites and found that the
NK cells were fundamental for effective tissue repair in H. polygyrus infection
(Gentile et al., 2020). Helminth infection has been proposed to increase
susceptibility to further infections from other pathogens both bacterial and viral
(Donohue et al., 2019; Salgame et al., 2013). Additionally, there is evidence of
increased susceptibility to further infection in H. polygyrus mouse models
discussed in section 1.3.3. Although IFN-y is commonly associated with
antimicrobial responses and clearance of both bacteria and viruses, this cytokine

has not been explored in this context during H. polygyrus infection.



Chapter 1 58

1.5 Hypothesis and aims

The main focus of this thesis is to unravel the early shaping of the immune

responses provoked by IFN-y during helminth infection.

Whilst H. polygyrus itself is a well-defined helminth infection model, the threats
posed whilst the worm burrows into the intestinal wall have not been thoroughly
explored. With the helminth crossing the barrier, bacterial access to host tissue
and easier colonising opportunities may arise. Certain immune changes have
been characterised during H. polygyrus infection, although most research has
focussed on later timepoints. More recent studies have confirmed IFN-y
production at day 2 of infection, with some of the roles for this cytokine
suggested to be in epithelial and stromal cell changes. However, the
involvement of IFN-y in local protection from secondary infection has had little
focus in the literature. Taken together we hypothesised that IFN-y is produced
in early H. polygyrus infection to promote and provide local protection
against bacteria which might otherwise invade the host via helminth barrier

breach points. To test our hypothesis, we addressed three main aims:

1. To examine barrier breaches and intestinal changes during early H.
polygyrus infection. The lifecycle of this helminth is known to have a
stage in which it lives in the intestinal tissue, and hence the parasite
migrates across the intestinal barrier twice, although little is understood
regarding its mechanisms. We aim therefore to investigate evidence of
barrier disruption during early infection and monitor antimicrobial

immune changes which may be provoked upon reduced barrier integrity.

2. To determine the role of IFN-y and its potential involvement in
antimicrobial defence at day 2 of H. polygyrus infection. Recent research
shows evidence for IFN-y production at day 2 of H. polygyrus infection,
although the role it plays in the helminth response is not well understood.
To investigate this, an anti-IFN-y antibody will be used to neutralise IFN-y
signalling in H. polygyrus infected mice and immune and epithelial

changes will be monitored.

3. To investigate whether bacterial presence is required for production of
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IFN-y and antimicrobial defence responses in early H. polygyrus infection.
We hypothesise that helminth migration across the intestinal wall can
create an entry point for bacteria, enhancing susceptibility to co-
infection. To investigate whether commensal bacteria stimulate immune
responses, broad-spectrum antibiotics will be given to H. polygyrus -
infected mice to deplete microbiota and assess the changes in intestinal

immunity.

Overall, focusing on these aims should enhance our understanding of the
intestinal environment in early H. polygyrus infection, specifically characterising
a role for IFN-y and broadening our understanding of how this cytokine shapes

the local immune response during helminth infection.
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Chapter 2 Materials and Methods

2.1 Mice

Female C57BL/6 mice aged between 7-14 weeks (purchased from Envigo, UK)
were used throughout this project. They were caged relative to their sex and
kept in individually ventilated cages under the standard animal housing
conditions in accordance with the University of Glasgow. All procedures used
were performed in line with UK Home Office regulations which have been
approved by the University of Glasgow Ethics committee and under UK Home
Office Licenses (Project number PP4096415, Rick Maizels or Project Number
PP2894536, Simon Milling). Mice were euthanised by cervical dislocation or
inhalation of carbon dioxide and in both cases the femoral artery was cut for

confirmation of death.

2.2 Infections and treatments

2.2.1 Heligmosomoides polygyrus infection

Claire Ciancia and subsequently Anne-Marie Donachie (Maizels laboratory,
University of Glasgow) were responsible for maintaining, preparing and counting
the Heligmosomoides polygyrus lifecycle. This was carried out using previously
published methods from the same laboratory (Johnston et al., 2015). Upon
arrival to the animal unit, mice were given a minimum of 5 days to acclimatise
before infections were induced. In water, L3 larvae were prepared at a
concentration of 1 larva/pL. Experimental mice were infected with 200uL of 200
L3 larvae by oral gavage (round ball stainless steel tip; Size:24G). In experiments
lasting for a week or more, mice were weighed before infection and on days 7

and 8 post infection to monitor their health.

2.2.2 IFN-y monoclonal antibody blockade

To block IFN-y signalling in vivo, we used a purified InVivoMAb rat anti-mouse
IFNy (BioXcell #BE0055) and as an isotype control, InVivoMADb rat 1gG1, anti-
horseradish peroxidase (BioXcell #BE0088). Stocks of both the IFN-y mAb and the
isotype control were prepared at a concentration of 2.5mg/mL in sterile

Phosphate buffered saline (PBS). Each mouse received a total volume of 200uL
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(equivalent to 500ug) of the appropriate antibody via intraperitoneal injection
(26.5G needle). The treatments were administered on days -1 and 2 of H.
polygyrus infection, and the mice were culled at various timepoints up to day 15
of infection. Throughout the study, H. polygyrus infected mice were housed
together and separate to uninfected mice. Within cages, a mixture of anti-IFN-y
and isotype treated mice were housed together to limit variation between

experimental groups as much as possible.

2.2.3 Antibiotics

Mixed in with their drinking water, mice were given a combination of ampicillin
(1g/litre)(Sigma), metronidazole (1g/litre)(Sigma), neomycin (1g/litre)(Sigma),
gentamicin (1g/litre)(Sigma), and vancomycin (0.5g/litre)(Wockhardt), a range
of broad spectrum antibiotics (ABX) sweetened with 10 sweeteners per litre
(Sweetex). This combination was previously optimised and established to be
successful and effective in the laboratory and was used in published research
(Scott et al., 2018).The ABX were given for up to 14 days and replaced with a
fresh mixture every 3-4 days whilst control mice were provided with drinking
water plus the 10 sweeteners. If any mouse weight dropped below 90% of their
start weight, all mice from each sample group were supplemented with soft food
diet and baby food to ensure consistent treatment. The reason for weight loss
during antibiotics supplementation experiments is often due to uptake of less
fluids, therefore the drinking water of their respective cage was mixed with
their usual food, and a consistent amount of baby food (Ella’s Kitchen) was

added and mixed to encourage uptake of fluid.

2.3 Histology

2.3.1 Processing, Embedding, Sectioning

Small intestinal tissue was collected and processed as Swiss rolls or 1cm sections
of the duodenum was collected. To form Swiss rolls, the top two thirds of the
small intestine, the duodenum and jejunum were collected. Fat tissue was
removed using tweezers and the intestinal tissue was gently washed through
with 5mL of PBS. The intestine was inverted onto a kebab stick and placed in
10% neutral buffer formalin (NBF) for 5 hours and then a surgical blade was used

to cut open the small intestinal tissue along the length of the kebab stick. Using
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a toothpick, the intestinal tissue was then rolled into a Swiss roll shape so that
the proximal intestine was located at the outer-most part. A needle was used to
secure the intestinal tissue in place which was then placed in a cassette and
back into the NBF. In total any collected intestinal tissue was left in 10% NBF for
24 hours and transferred to 70% ethanol until processed in a Leica ASP 300 (Leica
Biosystems) and embedded in paraffin wax. The samples were sectioned at a
thickness of 5 microns using a Shandon Finesse 325 rotary microtome (Thermo
Fisher Scientific) and collected on frosted microscope slides, then ready for

staining.

2.3.2 Staining

Firstly, samples were placed in a 60°C oven for 35 minutes to melt wax
surrounding the tissue. In each case, slides went through a deparaffinisation and
rehydration process before further staining. For Haematoxylin and eosin (H&E)
staining, slides were taken through a series of reagents with Haematoxylin nuclei
stain and Eosin a cytoplasm and extracellular matrix stain. (The preparation for
staining slides from the Leica ASP 300 tissue processor stage onwards and
occasionally the H&E staining was often carried out by staff in the histology
core.) For saffron gram-staining, gram staining was used to identify bacteria and
saffron was used as a counter-stain to improve tissue visualisation. The protocol
was adapted from one shared by Dr Constance Finney and Lori Goodbrand,
University of Calgary. The reagents used for immersion of slides were Crystal
violet, Lugol’s iodine, decolouriser, 2.5mg/mL Safranin-O and alcoholic saffron.
In each staining procedure, slides were then dehydrated and mounted with glass
cover slips using DPX mounting medium (CellPath). Slides were imaged on the
NanoZoomer-SQ Digital slide scanner (Hamamatsu) and analysed using QuPath
(Version 0.5.1) (Bankhead et al., 2017). In each case, these slides were analysed

with a minimum of 3 slides per treatment group.

2.3.3 EdU staining

For this experiment, the Click-iT EdU Cell Proliferation Kit (Invitrogen) was used
and contained all reagents required for in vivo EdU delivery and staining assays
after sample processing. 40 hours prior to the cull, mice were administered with
200pL of 0.75ug/pL EdU diluted in PBS by intraperitoneal (IP) injection. After the
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cull, the small intestine was rolled into a Swiss roll, processed, paraffin
embedded and sliced as described (section 2.3.1).Using the Click-iT EdU Cell
Proliferation Kit (Invitrogen), staining was carried out following manufacturer
guidelines. Slides were imaged on the EVOS FL Auto 2 microscope (Thermo
Scientific™) and analysis was carried out on QuPath (Version 0.5.1). For analysis,
20 villi were randomly selected from each microscope slide (one per mouse) and
the length was measured. Additionally, the length from the base of the crypt to
the top of the cells positive for EdU stain in the villus were measured as well as
the length to the bottom section of the positively stained cells. This enabled
calculation of the percentage of each villus positive for EdU staining and the
distance at which stained cells were located from the base could be used to

reflect proliferation since EdU labelling.

2.3.4 Scanning electron microscopy

Intestinal samples were collected from mice at days 8 and 21 post-infection with
H. polygyrus. They were prepared and imaged by Dr Leandro Lemgruber Soares
and my supervisor, Georgia Perona-Wright using scanning electron microscopy
(SEM).

2.4 RT-PCR

2.4.1 Sample collection

Samples taken for ribonucleic acid (RNA) extraction were either 1cm cuts from
the top of the duodenum with gut contents and fat removed, or isolated
granuloma tissue. For the isolated granuloma tissue, worms were identified as
red dots on the small intestine at day 7 (Figure 2-1). A small area surrounding
the identified worm (maximum 0.3cm diameter) was cut out of the small
intestine (Granuloma, G). Similar size tissue was taken from the same area
where no worms were visualised (Non-granuloma, NG) and the same amount of

tissue of comparable sizes were cut and taken from the naive mice.
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Duodenum Jejunum

Figure 2-1 Representative image of small intestine at day 7 post Hpb infection.
Orientation duodenum (left) to jejunum (right), red arrows indicate worm (red dots) which are cut
and isolated from tissue. (Photo also used later in Figure 3-1).

2.4.2 RNA extraction

Tissue samples were collected and stored in 700uL of RNAlater (Thermo Fisher
Scientific) at 4°C for up to 1 month. The fresh tissue was transferred to 700uL of
Qiazol (Qiagen), with a 5mm steel ball and homogenised by the TissueLyser
(Qiagen) for 2 minutes at 25Hz. Subsequently, the RNA extraction was carried
out using the RNeasy Mini Kit and DNase protocol (Qiagen) as per the instructions
of the manufacturer. 50uL of nuclease-free water was used to elute the RNA and
quality, purity and concentration were analysed using the Spectrophotometer,
NanoDrop-1000 (Labtech International).

2.4.3 Reverse transcription

Conversion to cDNA was then performed with 1000ug of RNA using the High-
Capacity cDNA Reverse Transcription Kit as per the instructions (Applied
Biosystems). The prepared samples were run on the Veriti Thermal Cycler
(Applied Biosystems) using the conditions listed in the Applied Biosystems
protocol, shown in Table 2-1. Once complete, the samples were diluted 1:20

with nuclease-free water and stored at -20°C.

Settings Step 1 Step 2 Step 3 Step 4
Temp. 25°C 37°C 85°C 4°C
Time 10 minutes 120 minutes 5 minutes Hold

Table 2-1 Thermocycler parameters for reverse transcription protocol.
Table from Applied Biosystems ‘High Capacity cDNA Reverse Transcription Kit'.
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2.4.4 Quantitative RT-PCR

384-well PCR plates from Applied Biosystems were prepared by loading samples
in triplicate. Master mixes were prepared, and each well was loaded with 4pL of
the prepared cDNA samples, 5uL of PowerUP SYBR Green Master Mix (Thermo
Fisher Scientific) and 1pL of the 10uM forward and reverse primer pair solution.
Table 2-2 shows the primer sequences used for amplification of each gene of
interest with ribosomal protein-S29 (RPS29) being the housekeeping gene used
for normalisation of the values during analysis. The plate was run on the
QuantStudio 7 Flex Real-time PCR System (Thermo Fisher Scientific) in the
following conditions: 2 minutes at 50°C and 2 minutes at 95°C for the initial
holding stage, a subsequent 15 seconds at 95°C and 1 minute at 60°C for the 40
cycles of the PCR stage repeated for 40 cycles. Finally, for validation, a melt
curve was produced with 15 seconds at 95°C, a minute at 60°C and a further 15
seconds at 95°C. Ct values were normalised to RPS29 and averages were taken
from the triplicate repeats with the 22T method used for analysis (Livak and
Schmittgen, 2001).

Gene FW Primer Sequence REV Primer Sequence

Ang4 CTCTGGCTCAGAATGTAAGGTACGA | GAAATCTTTAAAGGCTCGGTACCC
Argt CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC
Cldn7 | CTGCCTTGGTAGCATGTTCCTG CCAGCCGATAAAGATGGCAGGT
Ifn-y TGAGTATTGCCAAGTTTGAG CTTATTGGGACAATCTCTTCC
14 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT
Lcn2 AAGGCAGCTTTACGATGTACAGC CTTGCACATTGTAGCTGTGTACC
Cdh2 AGGTAGCTGTAAACCTGAGC CTTGGCAAGTTGTCTAGGGA
Nos2 CCCCGCTACTACTCCATCAG CCACTGACACTTCGCACA

Ocln CTCCCATCCGAGTTTCAGGT GCTGTCGCCTAAGGAAAGAG
Relma | TATGAACAGATGGGCCTCCT GGCAGTTGCAAGTATCTCCAC
Rps29 | ACGGTCTGATCCGCAAATAC CATGATCGGTTCCACTTGGT
Sprr2a | CCTTGTCCTCCCCAAGTG AGGGCATGTTGACTGCCAT

Zo1 ACTCCCACTTCCCCAAAAAC CCACAGCTGAAGGACTCACA

Table 2-2 List of the primer sequences used for RT-PCR
Ordered from Thermo Fisher Scientific or IDT and shown 5°-3’.
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2.4.5 Bacterial RT-PCR

Spleen, liver, mLNs (avoiding adjacent LNs that drain the large intestine) and
1cm of the distal small intestinal tissue was collected in 700uL RNAlater. In a
sterile cell culture hood, samples were dipped in absolute ethanol to sterilise
their outer surface and subsequently, tissue was cut into smaller pieces and
according to the manufacturer’s instructions DNA was extracted from samples
using the DNeasy Blood & Tissue kit (QIAGEN). The ND-1000 (Labtech
International) spectrophotometer was used to measure the DNA concentration of
the samples, and they were diluted to a concentration of 5ng/pL for RT-PCR.
The plates were set up and run in the same conditions as described above
(section 2.4.4). Since DNA concentrations were kept consistent between samples
as loaded into the plate, the total bacteria was measured using pan-bacterial
primers (forward: CGGTGAATACGTTCCCGG, reverse:
TACGGCTACCTTGTTACGACTT)(Doonan et al., 2019b).

2.5 Protein Measurements

2.5.1 Sample collection

To measure proteins in the gut, sections of approximately 5cm was cut from the
ileum of the small intestine of the mice and tweezers were used to squeeze gut
contents out. The contents or in some cases fresh faecal samples were collected
into an Eppendorf containing 700uL of PBS. Samples were processed through
immediate homogenisation with a 5mm steel ball (Qiagen) using a TissuelLyser
(Qiagen) for 2 minutes at 25Hz. Samples were then centrifuged at 12,000xg for

15 minutes, and the supernatant collected and stored at -80°C.

To measure proteins secreted by gut tissue, granuloma and non-granuloma tissue
were collected as described (1.4.1) and incubated for 24hours at 37°C in 1mL
R10 media, an RPMI 1640 1X with addition of FBS, L-glutamine, Pen-Strep and

beta-mercaptoethanol. The supernatant was collected and stored at -20°C.

To measure proteins in blood serum, blood was collected via cardiac puncture
and samples were left at room temperature (RT) for 1-2 hours to clot. They were
then centrifuged at 1000xg for 20 minutes to separate serum and clot. The sera

samples (upper, clear liquid layer) were collected and stored at -20°C.
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2.5.2 Calprotectin ELISA

An enzyme-linked immunosorbent assay (ELISA) was carried out using the Mouse
S100A8/5100A9 Heterodimer DuoSet ELISA kit (R&D Systems). The protocol was
carried out as per the manufacturer guidelines (R&D Systems). Supernatants
collected from gut contents as described above and were diluted to appropriate
concentrations by testing titrations until samples were comfortably within the
range of the standard curves. Plates were read at 450nm using a VersaMax plate
reader. Analysis was performed in GraphPad Prism (version 9 or 10). Blanks were
subtracted from each of the sample readings to remove background. A standard
curve was plotted, and values of the calprotectin concentrations extrapolated.
Total protein concentration in each sample was also measured via a BCA assay
(see below), and to normalise, calprotectin results were divided by the total

protein concentrations.

2.5.3 BCA

To measure total protein concentration in samples, a bicinchoninic acid (BCA)
assay was used. The Pierce™ BCA Protein Assay Kit (Thermo Scientific) was used,
according to the manufacturer’s guidelines. Plates were read at 605nm (Accuris™
SmartReader™ 96) and again, analysis was carried out using GraphPad Prism.
Blanks were subtracted from each of the sample and standard readings to
remove background. The standard curves were plotted and samples were

extrapolated to provide protein concentration in pg/mL.

2.5.4 ELISA detection of commensal bacterial antigens

As an alternative measure of intestinal permeability, total Ig specific for
commensal antigen was determined by ELISA as this should indicate whether
commensal bacteria were able to access blood and systemic sites. The protocol
used was adapted from a published study (Hepworth et al., 2013) and from an
optimised format shared in communications with Andrew MacDonald’s
laboratory, University of Edinburgh. Caecal contents were taken from 3
uninfected, adult mice unrelated to our experiments but housed in the same
conditions. 1mL of PBS and a 5mm steel ball were added to the caecal contents
in an Eppendorf, and the tissue was vortexed and then lysed for 2 minutes at

25Hz using the TissuelLyser (Qiagen). The tube was briefly centrifuged at 1000xg
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for 10 seconds to remove larger caecal contents. 700uL of the supernatant was
removed from above the pellet and added to a fresh tube with 600pL of fresh
PBS and the tube was spun at 5000xg for 1 minute. The pellet was resuspended
in 2mL PBS and sonicated for 2 minutes using Ultrawave steriliser. After
sonication, the sample was centrifuged at 10,000xg for 10 minutes and
supernatant was extracted and stored at -20°C. This sonicated supernatant is
the antigen extract from the caecal contents, a BCA assay was carried out as

described above to determine the antigen protein concentration.

To test whether antibodies reactive to caecal content antigens were present in
the serum of experimental mice, | performed an ELISA on an antigen coated
plate. A 96 well ELISA plate (R&D Systems) was coated with 0.1ug of caecal
content antigen (50pL at 2pug/mL) and incubated at 4°C overnight. The plate was
washed with wash buffer (0.1% Tween/PBS) and blocked with 100uL blocking
buffer per well (1% BSA in PBS) (incubated for 3hrs at 4°C). Serum from
experimental mice was collected and diluted 1:50 in blocking buffer as was
recommended in the shared protocol, 100pL was added to each well and the
plate was incubated at 4°C overnight. The plate was then thoroughly washed
with wash buffer. An anti-mouse Ig conjugated with alkaline phosphatase
(2BScientiifc) was diluted 1:2500 in blocking buffer and added at 100uL per well,
and the plate incubated at RT for 1 hour. This Ig antibody was used to assess the
total antibody reactivity to antigens found in caecal contents. The plate was
washed, 75uL of PNPP Substrate solution (Thermo Scientific) added per well, and
the plate incubated at RT in the dark for 25 minutes for colour to develop. The
plate was then read at 405nm on the plate reader (Accuris™ SmartReader™ 96).
For analysis, a BCA was carried out to determine total protein in the serum
samples, and the OD readings from the caecal content binding assay were

normalised to the total protein concentration.

2.5.5 Assessment of cytokine concentration by CBA

Cytokines were measured in serum, gut content or tissue supernatant samples
using a cytometric bead array (CBA) assay. The BD® CBA Mouse Inflammation Kit
(BD Biosciences) was used which contains beads pre-coated with antibodies
against the cytokines; IL-6, IL-10, MCP-1, IFN-y, TNF and IL-12p70. The beads are

then distinguished by different fluorescence in the APC channel and a PE
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detector is used to indicate how much cytokine has bound. The kit was used
based on the manufacturer’s guidelines, with extension of the standard curve to
give a top concentration of 5000pg/mL and a bottom concentration of 1.2pg/mL,
and using the same ratios of reagents but half of the volumes. Samples were
diluted at 1:2 in appropriate assay diluent (sera) or run neat (supernatant). The
CBA assay samples were acquired on a BD FACS Canto Il (BD Biosciences) and
analysis was performed in FlowJo (version 10) and GraphPad Prism (version 9 or
10).

2.6 FITC-dextran gut permeability assay

To investigate intestinal permeability, a FITC-dextran assay was carried out. 4
hours before blood samples were collected, food was removed from cages to
briefly fast the mice to enable the dextran to travel along the intestine without
obstruction. 30 minutes prior to the cull, 200uL of 15.2mg 4kDa FITC-dextran
(Sigma-Aldrich) diluted in PBS (76émg/mL) was administered to mice by oral
gavage. This size is commonly used to assess intestinal permeability, the sugar
molecule is large enough that it has the potential to pass between cells in the
intestinal barrier but under normal conditions should not freely cross it. Blood
was collected and serum separated as described in section whilst taking
particular care to keep samples in dark conditions to protect the FITC
fluorescence. Samples were diluted 1:4 and 50uL was added to each well of a
standard flat-bottom 96-well plate. The plate was read at 485nm using the
PHERAstar FS (BMG Labtech) to enable detection of fluorescent emission and
analysis was carried out using GraphPad Prism. A standard curve was plotted
based on diluted concentrations of the FITC-dextran in PBS (Figure 2-2). This was
then used to extrapolate values for each sample and determine the level of

FITC-dextran present in the serum.
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Standard Curve
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Figure 2-2 FITC-Dextran standard curve.
Standard curve of relative fluorescent units (RFU) plotted against known FITC-dextran
concentrations. R squared value = 0.9999.

2.7 Flow Cytometry

2.7.1 Isolation of cells

To assess immune cell infiltration into intestinal tissues, the small intestine was
collected assessed by flow cytometry. The tissue was digested and processed to
provide a single cell suspension as previously described (Webster et al., 2020):
the small intestine was cleaned of fat, and Peyer’s patches were removed.
Intestines were cut below the stomach and above the caecum and cut open,
wiped clean of mucus and cut into small sections no bigger that 0.5cm long. The
tissue was collected in R10 media. Samples were washed through nitex filter
paper with warm 2mM EDTA HBSS then placed into the shaking incubator (37
degrees, 250 rpm) for 15 minutes. This process was repeated 3 times before a
digestion mix of 15mL R10 and 0.5mg/mL of Collagenase VIII (enzyme activity;
>125 CDU/mg solid) per sample was added and they were shaken for a further 20
minutes. After digestion, samples were mashed through a 70pm Easystrainer

filter with additional R10 and washed twice, ready for counting.

2.7.2 Surface and intracellular staining

Live cells were counted using trypan blue and a range of 5-10 million cells were

then resuspended in dilutions of viability dye to stain for live cells and Fc block
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to prevent non-specific binding. Both antibodies were diluted in FACS buffer (FB)
at concentrations shown in Table 2-3 and 200uL was used to resuspend the cells
which were then kept in the dark at 4°C for the 20 minutes staining. The
samples were washed with FB and then surface marker antibodies diluted using
the FB at dilutions specified in Table 2-3 were added to samples at 200pL per
sample and left in the dark for 30 minutes at 4 °C. Samples were then washed
and either fixed using 400uL of Fixation Buffer (Biolegend) in the dark at RT for

45 minutes or permeabilised and fixed for intracellular staining.

To stain transcription factors in the nucleus, the eBioscience™
Foxp3/Transcription Factor Staining Kit (Thermo Fisher) was used. A
concentration and diluent mix were provided and prepared in line with
manufacturer instructions. 400uL of the buffer was added to cells and they were
kept in the dark at RT for 1 hour. Cells were then washed with permeabilisation
buffer, and the same buffer was used to dilute intracellular marker antibodies at
concentrations specified in Table 2-3 and 200pL was added to the samples for 1
hour at RT.

To stain intracellular cytokines, a Cell Stimulation Cocktail containing protein
transport inhibitors (eBioscience (00-4975-93)) was diluted 1/500 in R10 media
and added at 200uL per sample and incubated at 37 °C for 4 hours. Washing and
staining procedures then followed as previously described and 200uL of BD
Cytofix/ Cytoperm Fixation/ permeabilisation solution was added and incubated
in the dark at RT for 20 minutes. Permeabilisation buffer was then used to wash
the cells and the cytokine and intracellular stains were diluted in the
permeabilisation buffer and 200uL was added to samples for 1 hour at RT. Where
IFN-y was the cytokine measured, Rat IgG1 isotype control was used in a control

sample to ensure true staining.

Target Manufacturer | Clone Dilution
T-bet (intracellular) eBioscience eBio4B10 1/100
CD16/32 (Fc block) eBioscience 93 1/100
ZE:;W 780 (viability | pioccience | 65-0865-14 1/1000
Ly6C Biolegend HK1.4 1/200
Ly6G Biolegend IA8 1/200
MHCII Biolegend M5/114.15.2 1/200
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NK-1.1 Biolegend PK136 1/200
Siglec-F Biolegend S17007L 1/200
CD19 Biolegend 6D5 1/200
CD3 Biolegend 17A2 1/200
CD45 Biolegend 30-F11 1/200
CDé64 Biolegend X54-5/7.1 1/200
CD11b Biolegend M1/70 1/200
CD11c eBioscience N418 1/200
B220 Biolegend RA36B2 1/200
CD4 Biolegend RM4-5 1/200
CD5 Biolegend 53-7.3 1/200
CD3e eBioscience eBio500A2 1/200
GATA3 (intracellular) | eBioscience TWAJ 1/100
RORyT (intracellular) | eBioscience AFKJS-9 1/100
IL-17Ra (intracellular) | Biolegend A7R34 1/100
IFN-y eBioscience XMG1.2 1/200
(intracellular cytokine)

Table 2-3 List of antibodies used for analysis by flow cytometry.

Ordered from Biolegend or eBioscience.

All antibodies used for staining cells acquired by flow cytometry are shown in

Table 2-3.

2.7.3 Acquisition and analysis

After staining, all samples were washed and resuspended in 400uL of FB. Then,

they were filtered through nitex and acquired on the LSRFortessa (BD

Biosciences) using the FACS-Diva software (BD Biosciences). Analysis was

performed using FlowJo (version 10). Frequency (%) used as a label throughout
the flow cytometry data in the results chapters is indicative of the proportion of

cells gated from the parent population.

2.8 Analysis of intestinal organoids

Experimental assays were setup and carried out in Menno Oudoff’s laboratory at
the University of Science and Technology, Trondheim (his laboratory group have
since relocated to Carleton University, Canada). In an independent experiment
in Trondheim, crypts from the small intestine were isolated to set up small
intestinal organoid models. These spheroid organoids were seeded for 24 hours

and then treated apically with or without cytokine combinations including IFN-y,
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IL-13 or IL-22 at 10ng/mL and then samples were sent for bulk RNA-sequencing
(Lindholm et al., 2022). The differential gene expression datasets were kindly
shared with us, enabling us to do our own analysis, exploring our own research
questions. Searchlight2 was the pipeline used to initially explore the overall
differential expression of genes between the treatment groups (Cole et al.,
2021). Subsequently, a previous postdoc in the Perona-Wright laboratory, Patrick
Shearer, further analysed the data in R Studio using Metascape and selected
pathway analysis and compared specific gene expression between treatment

groups.

2.9 H. polygyrus and Salmonella co-culture

During a placement in the Reynolds laboratory at University of Victoria, H.
polygyrus L3 larvae (maintained within the Reynolds laboratory using the same
established protocols as Maizels laboratory) were cultured for 5 minutes in a
petri dish with a fluorescently labelled strain of Salmonella enterica (strain

SL1344), and visualised and imaged on the microscope.

2.10 Statistical Analysis

Throughout this thesis the trends discussed are based on small p-values deemed
significant at less than 0.05 or on qualitative consistency of patterns within the
data.

Sample size for each experimental design was determined most often as 5 mice
per group to ensure sufficient power to detect differences in the key read-outs;
whilst covering for the fact that certain treatments or assays could be subject to
loss of a sample within a treatment group (e.g. antibiotics resulting in excessive
weight loss and resulting in early culling). Within each experiment, each mouse
was classified as an ‘independent’ datapoint even although mice were co-
housed. This was still assumed as each individual mouse has its own social
behaviour, genetic predispositions, environmental exposures, immune responses,

unique gut bacteria colonisation and varied physical and behavioural traits.

All statistical analyses were performed using GraphPad Prism (version 9 or 10).

Graphed data is typically presented as mean + standard deviation, with details in
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each figure legend. Normality of all data sets was assessed using the Shapiro-
Wilk test. For normally distributed data, comparisons between two groups were
made using Student's t-test, and comparisons among three or more groups were
made using one-way or two-way ANOVA with Tukey's multiple comparison
correction. For non-normally distributed data, comparisons between two groups
were conducted using the Mann-Whitney U test, and comparisons among three or
more groups were performed using the Kruskal-Wallis test with Dunn's multiple
comparison correction. Significance levels are denoted as follows: *p < 0.05, **p
< 0.01, **p < 0.001, ***p < 0.0001, and ns = not significant.

2.11 lllustrations

All illustrations throughout this thesis were created using Biorender.com with an

academic subscription and are cited as used.
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Chapter 3

3.1 Introduction

Maintaining a strong and intact epithelial barrier is essential in controlling
infections. The apical junctional complex (AJC) is the network of molecules
which ensure tight adhesion between neighbouring epithelial cells and is
therefore a crucial component of the epithelium. Tight junction (TJ) proteins
are a key part of this adhesion and are found in epithelial cells as either
transmembrane or cytosolic proteins which together form strong and complex
bonds with each other to seal and adhere cells together to tightly regulate the
passage of molecules across the epithelium (Chelakkot et al., 2018; Lee, 2015).
Several of the proteins involved in this include occludin, scaffold proteins,
claudins and cadherins. Disruption of these proteins by pathogens has been
shown in numerous studies, further discussed in section 1.2.2.3 as a mechanism
to breach the intestinal barrier. In helminth infection specifically, a previous
study proposed that the metabolite acetate is one of the secreted products of H.
polygyrus and is able to facilitate the breakdown of TJ proteins to open the

epithelial barrier and allow entry of the helminth (Schalter et al., 2022).

Since TJs are important for integrity, and helminths are able to break this, we
hypothesise that breaking of this barrier by the helminth can allow bacteria to
enter. Other intestinal infections including Toxoplasma gondii infection can
cause high levels of intestinal damage, allowing commensal bacteria from the
gut to ‘leak’ into the intestinal tissue (Hand et al., 2012b). Similarly, we
hypothesise that as the H. polygyrus helminth crosses the intestinal wall, this
causes a breach in the gut barrier, leading to a loss of integrity. The increased
permeability could allow bacteria from the lumen of the gut to translocate into
the intestinal wall with the helminth, using the disrupted epithelium as an entry
point to colonise, infect host cells and evade the ordinary antimicrobial

response.

Antimicrobial proteins (AMPs) are a large family of proteins, key in protecting
the host from bacteria at barrier sites. They are predominantly secreted by
epithelial cells, expressed continuously at low levels to keep bacterial presence

controlled and prevent infection (Gallo and Hooper, 2012). Through a number of
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mechanisms including membrane disruption, attacking cell walls, inhibiting iron
uptake or activating other antimicrobial defences, they are able to kill and
inactivate a range of bacterial pathogens. Certain AMPs including calprotectin
and lipocalin-2 can also be produced by myeloid cells including neutrophils as
these cells are effective first responders to bacterial invasion. By investigating
the expression levels of these proteins and the myeloid cell infiltrate during
early H. polygyrus infection, we thought these may serve of an indicator as to

whether bacteria have invaded host tissue.

Helminths which have burrowed through intestinal tissue are encased in
granulomas, an inflamed area surrounding the worm at the site of tissue entry.
Within this space local to the worm we thought that presence of immune cells,
and ongoing responses may also be as a reaction to bacterial translocation. In
the granulomas of H. polygyrus, an infiltration of immune cells are present,
composing of neutrophils, dendritic cells, eosinophils and macrophages. The
macrophages present in H. polygyrus helminth infection have high plasticity to
enable them to adapt to the changing environments between type 1 and type 2
immunity states (Reynolds et al., 2012b). Both arginase 1 (Arg1) and resistin-like
molecule-alpha (Relm-a) are markers indicative of alternatively activated
macrophage (AAM) phenotypes, activated by type 2 associated cytokines and
involved in tissue repair and remodelling. Their presence in helminth infection is
likely due to the damage caused by the worm when migrating through the
intestinal barrier. In contrast, the more classically activated macrophage could
develop as a result of IFN-y stimulation or other pro-inflammatory cytokines.
Assessing the cytokine profile in early infection and the changes in cell
composition within the intestinal tissue throughout infection may indicate

whether cells are responding to bacterial as well as helminth invasion.

In early H. polygyrus infection, the inflammatory cytokine prolife has not been
widely researched. Since IFN-y plays an important role in myeloid cell function
and activation, assessing the presence of this cytokine in H. polygyrus infection
and whether it is stimulated by and enhances responses to bacteria could
develop our understanding of early helminth infection. When starting this
project, previous findings in our laboratory and a recent publication had
identified that IFN-y is present in early H. polygyrus infection (Gentile et al.,

2020). Other parasitic infections have described an initial type 1 phenotypic
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immune response with an IFN-y signature (Else et al., 1994b; Urban et al.,
1996), yet little is known about its role in early helminth infection, especially H.
polygyrus, and how local or systemic the response is. Additionally, what the IFN-
Yy is produced in response to, whether it is the worm itself, damage as a
consequence of helminth breach, or in response to bacteria remains unclear. We
hypothesised that locally produced IFN-y in the intestinal wall could be an
intrinsic defence to prevent bacterial invasion, and/ or a response induced by
bacteria that successfully enter the tissue alongside H. polygyrus. To summarise,
intestinal helminths are known to disrupt the epithelial barrier, but the
consequences for barrier integrity, bacterial invasion and host immunity are not
yet clear. In this chapter we explored whether early stages of H. polygyrus
infection are associated with evidence of barrier breach, bacterial translocation

and pro-inflammatory and anti-bacterial immune defences.
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3.2 Aims;

Our overall objective in this chapter was to explore the intestinal changes during

early H. polygyrus infection, answering these specific aims:

e To characterise the local area surrounding the H. polygyrus in the

duodenum.
e To assess gut barrier integrity during early H. polygyrus infection.

e To test whether bacteria can enter the intestinal tissue more easily in H.

polygyrus infection than in uninfected mice.

e To investigate the local intestinal immune responses at the timepoints of
the H. polygyrus ‘breaches’, assessing whether there are indications of

bacteria being present as well as immune responses typical of helminths.
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3.3 Results

3.3.1 Exploring gut barrier integrity during H. polygyrus infection

We first aimed to examine the intestinal tissue surrounding the H. polygyrus
worm as it enters the duodenum and assess the general changes in intestinal
immune responses in early infection. The small intestine of mice was opened
and rolled into a Swiss roll shape (Figure 3-1). This was H&E stained so that the

worm could be identified, and pathology could be assessed.

Figure 3-1 H&E staining of Swiss rolled small intestinal tissue from C57BL/6 mice.
Representative image of Swiss roll shape and staining. Proximal section of small intestine
(duodenum) on outer edge of roll, moving distally towards the centre of the image.



Chapter 3 80

Without magnification, the helminths become visible in the intestine at day 7
post-infection (Pl) (Figure 3-2A, red arrows) and are more commonly found in
the duodenum, decreasing in number into the jejunum. The worm resides in the
lamina propria tissue which when imaged at a higher magnification in our H&E-
stained Swiss rolls, are more clearly shown to be surrounded by a modest
inflammatory response, forming a granuloma of infiltrating immune cells (Figure
3-2B, red circles). In line with the described lifecycle (section 1.1.2), H.
polygyrus can be identified in the lamina propria as early as day 2 of infection
where it then matures as is shown in the increase in size at both day 5 and day 7
until day 9 when most helminths have emerged back into the lumen of the gut.
As indicated by the day 9 H&E-stained image, the granuloma remains present
after the helminth has left and is still present even at day 14. Notably, the
worms were much larger than the epithelial cells at both early and later time

points, prompting us to investigate potential barrier breaches.
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Figure 3-2 Hpb granuloma identified in the intestinal tissue.

C57BL/6 mice were infected with 200 L3 Hpb larvae and samples were collected at days 2, 5, 7 or
9 post infection. A) Image of small intestine at day 7 post-Hpb infection. Orientation jejunum (top)
to duodenum (bottom), red arrows indicate worm (red dots) residing in lamina propria. B) H&E
staining of small intestinal tissue at days 2, 5, 7, 9 and 14 post-infection (PI) with naive control. Red
ellipse, circling worm and formed granuloma within intestinal lamina propria. D14 is an image from
early in my PhD and staining and tissue processing is not ideal but the main result is clear.

To explore evidence of intestinal barrier breach, we firstly collected gut
contents of mice at days 2, 5, 7 and 9 of H. polygyrus infection and measured
calprotectin (heterodimer of S100A8 and S100A9) protein concentration in these
samples. Calprotectin is a known common faecal marker of intestinal

inflammation and has been associated with intestinal permeability (Tyszka et
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al., 2022). Our data show that calprotectin increased significantly in H.
polygyrus infection at timepoints the worm is known to be residing in the
intestinal tissue (Figure 3-3A). The calprotectin suggests that inflammation
begins early and is already significant at day 2 of infection. We wanted to then
assess whether the inflammation reflected barrier disruption so looked at TJ
protein expression. TJ proteins are expressed by epithelial cells and facilitate
cell adhesion, thereby maintaining barrier function (Chelakkot et al., 2018).
Several of these including cadherin 2 (Cdh2), claudin 7 (Cldn7) and Occludin
(Ocln) showed higher gene expression in the duodenum at day 2 of H. polygyrus
infection (Figure 3-3B-D). This may suggest that the barrier has been disrupted,
and higher gene expression is required as part of the repair and remodelling
process in the epithelium. Consistent with this, lipocalin-2 (Lcn2) has a number
of roles in immunity and has been speculated as a biomarker of intestinal
permeability (Zhang et al., 2020). Measuring the gene expression of this protein
at day 2 of H. polygyrus infection also reflected a significant increase.
Altogether, Figure 3-3 suggests that H. polygyrus infection disrupts the intestinal

barrier integrity.
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Figure 3-3 Hpb disrupts intestinal barrier integrity.
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C57BL/6 mice were infected with 200 L3 Hpb larvae and samples were collected at days 2, 5, 7 or
9 post infection. A) Calprotectin concentration pg per ug of total protein in gut contents of mice. B-
E) Fold change of B) Cdh2, C) Cldn7, D) Ocln and E) Lcn2 in the duodenum compared to
housekeeping gene (Rps29) and normalised to the mean of the naive samples. Data shown with 5
mice per experiment and statistical significance calculated by a One-Way ANOVA followed by a
Tukey’s multiple comparisons test (A). Or data shown with mean +SD, 2-3 pooled experiments with
4-5 mice per experiment. Statistical significance was calculated by unpaired student t-test or Mann-
Whitney U test depending on whether data was normally distributed. (Significance *p <0.05,
**p<0.01, ***p<0.0001).

3.3.2 Antimicrobial responses in H. polygyrus infection

Given these changes in barrier integrity, we examined alterations in
antimicrobial defence mechanisms indicative of increased bacterial threat to the
host. Both calprotectin and lipocalin-2 have additional roles as antimicrobial
proteins (AMPs) and are often secreted by neutrophils. Similarly, other AMPs
have also been reported to be active in the duodenum, including Sprr2a (Hu et
al., 2021). We measured gene expression in the duodenum at day 2 of infection,
and saw higher expression of Sprr2a, Nos2 and Ang4 compared to uninfected

mice, suggesting enhanced host defence mechanisms (Figure 3-4A-C).
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Figure 3-4 Increased AMP expression in early Hpb infection.

C57BL/6 mice were infected with 200 L3 Hpb larvae and samples were collected at day 2 post
infection. Fold change of A) Sprr2a, B) Nos2 and C) Ang4 in the duodenum compared to
housekeeping gene (Rps29) and normalised to the mean of the naive samples. Data shown with
mean +SD, 2 pooled experiments with 4-5 mice per experiment. Statistical significance was
calculated by unpaired student t-test or Mann-Whitney U test depending on whether data was
normally distributed. (Significance **p <0.01, ****p <0.0001, NS, Non-significant).

We also investigated myeloid populations throughout an infection time course

including day 2, day 7 and day 14 of H. polygyrus infection so that we could
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assess the immune cell infiltrate at the time of the early AMP increases, and in
the days following as the granuloma matures. The small intestine was collected
and digested for flow cytometry analysis using previously optimised methods
(Webster et al., 2020). The gating strategy used to identify the different myeloid
cell populations in the small intestinal lamina propria (SILP) is shown in Figure 3-
5. Live, single, CD45+lineage- (lineage markers; CD3, CD19 and NK1.1) cells were
gated in each case (Figure 3-5A) and CD64+ cells were further gated to show
monocyte and macrophage populations in a ‘waterfall’ formation using the
markers Ly6C and MHCII (Figure 3-5B). CDé64- cells were further gated into
eosinophils using SiglecF expression (Figure 3-5C), neutrophils based on CD11b
and Ly6G expression (Figure 3-5D) and dendritic cells (DCs) based on MHCII and
CD11c expression (Figure3-5E).
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Figure 3-5 Gating strategy for identification of myeloid cells from the SILP tissue during Hpb
infection.

C57BL/6 mice were infected with 200 L3 Hpb larvae and samples were collected. Small intestinal
lamina propria digested and analysed by flow cytometry. A) Gating strategy shown with final gates
for B) monocytes (live, single, CD45+, lineage-, CD64+, Ly6C+, MHCII- cells), intermediates (live,
single, CD45+, lineage-, CD64+, Ly6C+, MHCII+ cells), macrophages (live, single, CD45+, lineage-
, CD64+, Ly6C-, MHCII+ cells), C) eosinophils (live, single, CD45+, lineage-, CD64-, SiglecF+
cells), D) neutrophils (live, single, CD45+, lineage-, CD64-, SiglecF-, CD11b+, Ly6G+ cells), and E)
DCs (live, single, CD45+, lineage-, CD64-, SiglecF-, Ly6G-, MHCII+, CD11c+ cells). Lineage
channel for myeloid gating- CD3, CD19, NK1.1
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DCs show no significant changes in cell numbers throughout infection, although
there is a slight trend in increased numbers as infection progresses. The
proportion of DCs within the recovered leukocytes showed a similar trend,
although the increase at day 14 of infection reached significance compared to
cells from uninfected mice, possibly in line with the role of DCs in adaptive
immunity (Figure 3-6A). Moreover, eosinophils show no significant changes in
frequencies or total cell counts in the small intestine throughout H. polygyrus
infection (Figure 3-6B). We also decided to gate on Ly6G+ eosinophils specifically
which are largely unreported in literature but have been recently described as
the dominant eosinophil population in wild mice and have been found at low
levels in lab mice as a result of acute infection with the T. muris parasite (Mair
et al., 2021). Work in other laboratories has also recently identified these cells
in laboratory mice infected with H. polygyrus and therefore we decided to
include this gating in our time course (Dr Constance Finney, University of
Calgary, personal communication). Our data found that Ly6G+ eosinophils show
an increase during H. polygyrus infection, reaching significance at day 7 when

compared with uninfected controls (Figure 3-6C).
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Figure 3-6 Myeloid cell population changes in the SILP during Hpb infection.

C57BL/6 mice were infected with 200 L3 Hpb larvae and samples were collected at days 2, 7 and
14 post infection. Small intestinal lamina propria digested and analysed by flow cytometry
populations gated and measured as previously identified (Figure 3-5). Frequency and absolute cell
count of A) DCs, B) eosinophils and C) Ly6G+ eosinophils plotted. Data shown with mean +SD, 2-
3 pooled experiments with 3-6 mice per experiment. Statistical significance was calculated by a

Kruskal-Wallis test followed by Dunn’s multiple comparisons test. (Significance *p < 0.05,
**p<0.01, NS, Non-significant).
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The monocyte/ macrophage ‘waterfall’ changes drastically in infection when
compared with the naive mice (Figure 3-7A), with a substantial increase in the
total CD64+ cells at days 2 and 7 predominantly reflected in the monocyte
(Ly6C+, MHCII-) and intermediate monocyte (Ly6C+, MHCII+) proportions (see top
left and top right quadrants, Figure 3-7A). Interestingly, macrophages increased
in total cell count by day 7 of infection but were significantly decreased in
proportion/ frequency at days 2 and 7 Pl in comparison to the naive mice. Each
of these fluctuations in cell population during infection returned to baseline

levels by day 14 of H. polygyrus infection (Figure 3-7).
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Figure 3-7 Monocyte and macrophage population changes in the SILP during Hpb infection.
C57BL/6 mice were infected with 200 L3 Hpb larvae and samples were collected at days 2, 7 and
14 post infection. Small intestinal lamina propria digested and analysed by flow cytometry
populations gated and measured as previously identified (Figure 3-5). A) Gating of the macrophage
‘waterfall’ with different populations identified and labelled with frequency of ‘parent’ population. B)
Frequency and absolute cell count of monocytes (MHCII-Ly6C+), intermediates (MHCII+Ly6C+)
and macrophages (MHCII+Ly6C-) plotted. Data shown with mean +SD, 2-3 pooled experiments
with 3-6 mice per experiment. Statistical significance was calculated by a Two-Way ANOVA
followed by a Tukey’s multiple comparisons test. (Significance *p <0.05, **p <0.01, ***p <0.001,
****p<0.0001, NS, Non-significant).

Next, we investigated neutrophil populations, as these are often first responders

to bacterial infections and their presence could indicate that inflammatory
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stimuli such as bacteria have invaded the intestinal tissue. Comparisons of their
gated plots alone show a considerable increase in the neutrophil populations at
days 2 and 7 of infection with the helminth (Figure 3-8A). These increases were
shown to be significant in both frequency and cell count (Figure 3-8B) with a
similar pattern of the changes, returning to comparable levels to that of the
naive mice by day 14 (Figure 3-8B). Overall, the myeloid population changes
shown thus far confirm that early H. polygyrus infection is comprised of a highly
active and defensive immune response in the small intestine, especially at the

‘breach’ timepoints of days 2 and 7 PI.
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Figure 3-8 Neutrophils increased in the SILP during early Hpb infection.

C57BL/6 mice were infected with 200 L3 Hpb larvae and samples were collected at days 2, 7 and
14 post infection. Small intestinal lamina propria digested and analysed by flow cytometry
populations gated and measured as previously identified (Figure 3-5). A) Gating of neutrophils
identified and labelled with frequency of ‘parent’ population. B) Frequency and absolute cell count
of neutrophils plotted. Data shown with mean £SD, 2-3 pooled experiments with 3-6 mice per
experiment. Statistical significance was calculated by a Kruskal-Wallis test followed by Dunn’s
multiple comparisons test. (Significance ****p <0.0001, NS, Non-significant).

With changes in the immune cell composition identified in the SILP during
infection, we aimed to determine how local they are to the worm and whether
they are each localised to the granulomas. Since we are unable to identify
granulomas visually at day 2, we used only day 7 of H. polygyrus infection to
investigate the localisation of responses. Granulomas were identified along the
small intestine (Figure 3-2A) and small areas with a maximum of 0.3cm diameter
were cut around them and they were collected (Figure 3-9: Granuloma, G).
Separately, 0.3cm diameter sections with no visible granulomas on the same
small intestines were also collected from similar areas, mainly along the
duodenum (Non-granuloma, NG). The naive tissue used were again cut isolates
from the small intestine to ensure that similar amounts of tissue were used; the
same digestion protocol and flow cytometry analysis as previously described was
then carried out. Of the interesting changes described in bulk small intestinal
tissue above, Ly6G+ eosinophils, monocytes, macrophages and neutrophils each
show significant differences between the granuloma tissue and the naive
samples. Although similar trends are reflected when comparing granuloma to
non-granuloma tissue, some of these comparisons did not reach statistical
significance. This experiment was only carried out once in the interest of time
and thus further repeats would help to strengthen this data. Although
preliminary, these data in Figure 3-9 might suggest that the myeloid population

changes in H. polygyrus infection are localised to the helminth granuloma.
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Figure 3-9 Myeloid population changes localised to Hpb granuloma during early infection.
C57BL/6 mice were infected with 200 L3 Hpb larvae and granulomas (shown in Figure 3-2A) and
non-granuloma equivalents were isolated from mice at D7 post-infection then digested and
analysed by flow cytometry. Populations gated and measured as previously identified (Figure 3-5).
Absolute cell count per gram of tissue plotted for A) Ly6G+ eosinophils, and with frequency for B)
monocytes (MHCII-Ly6C+), intermediates (MHCIl+Ly6C+), macrophages (MHCII+Ly6C-) and C)
neutrophils. Data shown with mean +SD, one experiment with 3-4 mice per sample group.
Statistical significance was calculated by a One-Way Anova or in cases where data was not
normally distributed a Kruskal-Wallis test followed by Dunn’s multiple comparisons test was used.
(Significance *p < 0.05, **p < 0.01, ***p <0.001, NS, Non-significant).
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3.3.3 Bacterial Translocation

Altogether, my data thus far indicates that barrier integrity is disrupted, and
antimicrobial defences are increased through AMP expression and infiltration of
innate immune cells. Both of these findings may indicate bacterial entry into the
intestinal tissue. Since the H. polygyrus helminth is large compared with
epithelial cells and yet resides within the lamina propria for a portion of its
lifecycle, we wondered whether the ‘breach’ points at days 2 and 7-8 of
infection may act as an entry point for bacteria, increasing the susceptibility of
the host to co-infection. Therefore, we decided to directly gram-stain our Swiss
roll sections to see if bacteria could be detected in the intestinal tissue,
surrounding the invading worm (Figure 3-10). Different from an ordinary gram-
stain, the method used an alcoholic saffron counterstain which is able to
highlight collagen fibres and is an effective contrasting dye to allow easier
visualisation of bacteria (Becerra et al., 2016). The red circles indicate the
helminth, and the red arrows indicate the bacteria (purple). The naive sample
shows a layer of bacteria in the luminal section of the tissue, some of which can
also be identified in the lumen of the day 2 image. In each slide, bacteria could
be identified in the lumen however, this did not always align with the frame
used to capture the worm (the number of bacteria in the luminal sections are
variable in these samples due to the wash methods used in forming the Swiss
roll: most of the mucus and bacterial layers will be cleared). However, the
granuloma and pocket hosting the worm itself remain clear of bacteria. The
absence of detectable bacteria around the worms suggests that bacteria do not
translocate at these entry point opportunities in H. polygyrus infection, or that

perhaps they are rapidly cleared by a protective immune response.
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Figure 3-10 Bacteria not detected in intestinal wall during Hpb infection.

C57BL/6 mice were infected with 200 L3 Hpb larvae and small intestine was harvested and saffron
gram-stained at days 2 and 7 of infection. Red arrows indicate bacteria (stained purple), red circles
indicate helminth.

3.3.4 Immune changes in H. polygyrus

Since no bacteria were detected in the intestinal tissue, we decided to
characterise the immune response in more detail. Some of our data so far had
suggested an inflammatory influx and therefore we wanted to further explore
this and determine whether there is evidence of anti-bacterial activity in the
intestine during H. polygyrus, corresponding with the recruited cells. Usually
helminths, H. polygyrus included, elicit a type 2 immune response (McGinty et
al., 2020; Smith et al., 2012). We confirmed evidence of type 2 responses in the
small intestine of infected mice compared with naive mice by qPCR. We show

increased gene expression of the type 2 cytokine IL-4 and type 2 inflammatory
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markers Arg1 and Relm-a (Figure 3-11A-C), both associated with an AAM
phenotype. Expression of these genes was increased only at day 7 of infection,
indicating that the type 2 immune response is not yet elicited as early as day 2

of H. polygyrus infection.
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Figure 3-11 Increased expression of type 2 markers confirmed in Hpb infection.

C57BL/6 mice were infected with 200 L3 Hpb larvae and samples were collected at days 2 and 7
post infection. Fold change of A) 114, B) Arg1, C) Relm-a in the duodenum compared to
housekeeping gene (Rps29) and normalised to the mean of the naive samples. Data shown with
mean +SD, 2-3 pooled experiments with 3-6 mice per experiment. Statistical significance was
calculated by a Kruskal-Wallis test followed by Dunn’s multiple comparisons test. (Significance
**p<0.01, ***p<0.001, ****p<0.0001, NS, Non-significant).

Following this confirmation, we aimed to investigate the inflammatory profile of
the host during infection. Using the same timepoints of interest as before, serum
was extracted from the blood of mice at days 2 and 7 Pl and a CBA assay was
carried out to measure the protein levels of six different inflammatory
cytokines; IFN-y, IL-6, IL-12p70, MCP-1, TNF and IL-10 (Figure 3-12A-F). IFN-y
was significantly increased in serum at day 2 of infection, compared to naive;
and IL-6 was significantly increased at days 2 and 7 PI (Figure 3-12A&B).
However, the other proteins measured did not show any significant changes

during infection compared with the serum of the naive mice.
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Figure 3-12 Inflammatory profile of proteins in serum during early Hpb infection.

C57BL/6 mice were infected with 200 L3 Hpb larvae and blood samples were collected at days 2
and 7 post infection. Protein levels of A) IFN-y, B) IL-6, C) IL-12p70, D) MCP-1, E) TNF and F) IL-
10 measured in serum of mice using CBA assay. Data shown with line indicating median data
point. 2-4 pooled experiments with 3-6 mice per experiment. Statistical significance was calculated
by a Kruskal-Wallis test followed by Dunn’s multiple comparisons test. (Significance *p <0.05,
**p<0.01, ***p<0.001, ***p<0.0001, NS, Non-significant).

Since IFN-y is a known driver of the anti-bacterial and inflammatory response
and has been reported in early helminth infection before (Else et al., 1994;
Gentile et al., 2020; Nusse et al., 2018; Urban et al., 1996), we decided to
primarily focus on this cytokine, to confirm these data and investigate the
proximity of the expression to the worm. We first aimed to confirm higher
presence of IFN-y in the small intestine in early H. polygyrus infection. A gPCR
was used to measure the gene expression of IFN-y in the duodenum during H.
polygyrus infection and showed a significant increase at days 2 and 7 PlI

compared to naive mice (Figure 3-13A). Additionally, 1cm sections of the



Chapter 3 97

duodenum were collected at days 2 and 7 of infection, cultured overnight, and
the supernatant assayed for secreted IFN-y protein. Secreted IFN-y showed a
significant increase at day 2 of infection but not at day 7 Pl compared with non-
infected mice (Figure 3-13B). To investigate whether IFN-y expression was local
to the worm’s location, granuloma and non-granuloma sections were collected
at day 7 as described earlier and shown in Figure 3-2A. Gene expression of IFN-y
was significantly higher in the granuloma when compared with the naive and
non-granuloma tissues (Figure 3-13C). Secreted protein did not reach
significance at D7 even in the granuloma-specific tissue, although a trend
towards an increase can perhaps be seen (Figure 3-13D). Altogether this figure
shows that IFN-y is higher in the H. polygyrus granuloma at day 2 of infection,
prior to the dominant expression of type 2 markers shown in Figure 3-11. With
the known roles of IFN-y in promoting anti-bacterial defence, we hypothesise
that this increase may suggest a role for the cytokine in clearing invading
bacteria or preventing their entry, thus preventing their visualisation by gram-

staining earlier.
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Figure 3-13 IFN-y expression increases in Hpb granuloma during early infection.

C57BL/6 mice were infected with 200 L3 Hpb larvae and samples were collected at days 2 and 7
post infection. A) Fold change of Ifn-y in the duodenum compared to housekeeping gene (Rps29)
and normalised to the mean of the naive samples. B) 1cm sections of duodenum isolated and
cultured in R10 media overnight, supernatant was collected and IFN-y protein levels measured
using CBA assay. C & D) Granulomas (shown in Figure 3-2A) and non-granuloma equivalents
were isolated from mice at D7 post-infection and used either for C) qPCR (analysed as in A) or D)
cultured as described above for measurement of secreted IFN-y protein levels. Data shown with
mean +SD, or with line indicating median data point. 1-3 pooled experiments with 3-6 mice per
experiment. Statistical significance was calculated by a One-Way Anova or in cases where data
was not normally distributed a Kruskal-Wallis test followed by Dunn’s multiple comparisons test
was used. (Significance *p <0.05, **p<0.01, ****p <0.0001, NS, Non-significant).
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3.4 Discussion

In this first chapter, | aimed to investigate the local environment of H.
polygyrus; specifically exploring indication of disruption to barrier integrity,
suggestion of bacterial invasion and defining the local immune responses.
Overall, we show that H. polygyrus disrupts gut barrier integrity and initiates
local increases in antimicrobial responses including antimicrobial protein (AMP)
expression and innate immune cell recruitment. Although the helminth disrupts
the epithelial barrier, bacteria do not appear to translocate with the helminth
during infection, perhaps because of these antimicrobial responses. H. polygyrus
also induces an increased inflammatory profile with a specific increase in the
production of IFN-y both locally and systemically in early infection before type 2

cytokine responses begin to dominate.

3.4.1 Disruption of the barrier

As indicated by the images in Figure 4-2B, the worm is encased in a sizeable
granuloma throughout its maturation in the lamina propria, especially days 5-7,
and a considerable inflammatory response is underway with high immune cell
infiltrate. The size of the H. polygyrus helminth is staggeringly large when
compared with the intestinal epithelial cells and thus, we hypothesised that
there must be disruption at the barrier interface. At the timepoints which the
helminth migrates across the intestinal wall, our data collectively indicate that
the gut barrier integrity is affected. TJ proteins are crucial for maintaining
barrier integrity, acting as a “glue” between epithelial cells. Their increased
expression is suggestive of a role of repair upon damage (Namrata and Bai,
2021). Other recent studies have reported changes in tight junction protein
expression during H. polygyrus infection (Mules et al., 2024; Schalter et al.,
2022). One study suggests that through the production of metabolites, the
helminth can break down tight junction proteins to facilitate its transportation
across the epithelial barrier (Schalter et al., 2022). However, other publications
speculate that short-chain fatty acids produced by the worm can facilitate
assembly and strengthening of tight junction proteins (Mules et al., 2024; Peng
et al., 2009), perhaps to strengthen the barrier to protect the host from further
infection or to protect the worm from clearance throughout the maturation

stages of its lifecycle. Taken together, these studies suggest evidence for
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disruption of the intestinal barrier in helminth infection and provide insight into
mechanisms by which the helminth can manipulate TJ proteins. Perhaps the
worm breaks down TJ proteins to enter the intestinal tissue and is able to
facilitate their assembly and reinforce the barriers once through, to protect the
host from additional infection and evade mass disruption which may lead to
clearance by the immune system. We assessed the dynamics of TJ components
only by measuring gene expression at particular timepoints. To get a more
complete understanding of how local these TJ changes are to the helminth and
whether the helminth appears to disrupt the structure between cells, a next
step would be to carry out immunofluorescent staining of TJs in the small
intestine at the ‘breach’ timepoints. Determining the localisation of TJ
expression within the intestinal epithelium would help to clarify the involvement

of these proteins in barrier breach during H. polygyrus infection.

Both calprotectin and lipocalin-2 are proteins usually produced in inflammatory
environments and are known to also positively correlate with intestinal
permeability (Berstad et al., 2000; Zhang et al., 2020). Since this project
started, other laboratories have also explored intestinal permeability using a
FITC-dextran assay and have shown significant increase in permeability at day 7
of H. polygyrus infection (Mules et al., 2024). This supports our data indicating
that the worm is indeed causing disruption to the gut barrier integrity. We
hypothesised that this disruption may allow for bacteria to translocate across

the barrier.

3.4.2 Antimicrobial responses

Lipocalin-2 and calprotectin are also AMPs, produced by cells of the intestinal
epithelium (Gallo and Hooper, 2012). Lipocalin-2 functions to inhibit the growth
of bacteria by binding to siderophores on the bacteria directly to sequester their
iron acquisition (Furci and Secchi, 2018). Similarly, calprotectin is able to starve
bacteria of essential metal ions to inhibit expansion and further growth
(Nakashige et al., 2015). Due to the indicated barrier disruption in helminth
infection by our data and others, we decided to further investigate AMP
expression in H. polygyrus as altered expression could indicate bacterial
presence in the intestinal tissue (Duarte-Mata and Salinas-Carmona, 2023; Gallo

and Hooper, 2012; Lai and Gallo, 2009). When measuring AMP expression in the
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duodenum, our data show that other AMPs including SPRR2A, NOS2 and ANG4
were also increased in early H. polygyrus infection when compared with the
naive mice. SPRR2A is an AMP produced predominantly by Paneth and goblet
cells and functions to kill gram-positive bacteria (Hu et al., 2021). NOS2 is an
antimicrobial gene which produces large amounts of nitric oxide in a short
amount of time, causing direct targeting of pathogens (Muhl et al., 2011; Okda
et al., 2025). ANG4 is a ribonuclease that functions to kill bacteria by binding to
and disrupting their membrane (Abo et al., 2023; Sultana et al., 2022). As is
evident by their functions, AMPs are fundamental in protecting the host from
bacterial infections and have even been shown to protect the host from further
infection during H. polygyrus (Horsnell and Oudhoff, 2022; Hu et al., 2021; Muniz
et al., 2012). One particular study showed that specifically SPRR2A was
increased at day 14 Pl with H. polygyrus and was required to prevent bacterial
invasion during infection (Hu et al., 2021). Thus, we propose that the increased
AMP expression is stimulated in response to bacterial invasion or as a protective

measure upon the barrier disruption.

To test the hypothesis that bacteria are infiltrating the intestinal tissue by using
‘breach’ points created by the H. polygyrus worm, we decided to explore the
myeloid cell infiltrate to the small intestinal tissue during infection as myeloid
infiltration is often associated with bacterial invasion. A recent publication from
our laboratory showing an optimised method for isolating leukocytes from the
lamina propria in H. polygyrus infection has enabled the field to study cell
populations in this context (Webster et al., 2020). The methods paper also
reported that neutrophils are increased in the lamina propria at day 7 of H.
polygyrus infection. Our data in this chapter show that neutrophil and
monocyte/ macrophage populations have significant increases in cell number
during early H. polygyrus infection, whilst DCs and eosinophils show small trends
in increase but do not reach statistical significance until later in infection.
Crucial, quick responders to infection, neutrophils are key in protecting the host
from bacterial translocation (Fournier and Parkos, 2012). When neutrophils are
depleted, bacterial translocation is greater, leaving the host more vulnerable to
infection (Kuhl et al., 2007). Interestingly, aside from their involvement in anti-

bacterial action, recent work has proposed an important role for neutrophils in
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particular study used a mouse model of injury in the skin and found that
infiltrating neutrophils could produce proteins for building the extracellular
matrix around a wound and also protected the area from bacterial invasion,
suggesting that neutrophils may play a more diverse role in helminth infection
than suspected (Vicanolo et al., 2025). Our data show an increase in monocytes
and intermediate monocytes in early infection with no change to macrophage
numbers. The proportions however reflect a significant decrease in macrophage
frequency, likely due to the influx of monocytes. Monocytes are often recruited
in inflammatory environments and perhaps this increase may be suggestive of a
response to invading bacteria. Although the increased neutrophils and monocytes
shown in our data do not prove that bacteria are able to enter host tissue
through breach points created by the helminth, they are consistent with this

hypothesis, suggesting a host response to increased bacterial contact.

The proportions and numbers of the monocytes and intermediate monocytes
returns to baseline by D14 of infection, with higher macrophage proportions at
this timepoint. AAMs are often associated with helminth infection and, spatially,
have been found locally to helminths (Anthony et al., 2006; Poveda et al., 2024).
These cells are involved in tissue homeostasis, controlling inflammation and can
contribute to the overall elimination of helminths from the host (Anthony et al.,
2006). They are induced predominantly by Th2 cells and would therefore be
expected late in infection, aligning with our cell humbers and frequencies and
also with our qPCR data showing increased Arg1 and Relm-a gene expression
during later infection. DCs are fundamental to kickstarting the Th2 response and
enhancement of type 2 immunity during helminth infection (Maizels et al., 2012;
Phythian-Adams et al., 2010). Due to their role, it is perhaps unsurprising that

they increase as infection progresses at the same time as the Th2 response.

Many studies demonstrate that the host experiences eosinophilia during helminth
infection (Loscher and Saathoff, 2008). Specifically in H. polygyrus infection, a
study has shown that eosinophils aid in the clearance of adult worms (Hewitson
et al., 2015). Our experiments found a trend towards increased eosinophil
number in H. polygyrus infection, although this did not reach statistical
significance. The lack of significance here is likely due to the fact that
eosinophils are recruited and activated by IL-5, a type 2 cytokine, and our data

show that the type 2 cytokines were not significantly increased until later in
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infection. Furthermore, Ly6G+ eosinophils specifically were increased at day 7 of
infection. Commonly immune cells have subsets within subsets, but little is
known about the difference in functional role that these Ly6G+ eosinophils may
have compared with Ly6G- eosinophils (Berdnikovs, 2021). The Ly6G+ marker is
thought to be induced by IL-5, a cytokine known to be present in the local
intestinal response to H. polygyrus infection and known to be key in general
eosinophil recruitment and activation (Lacy, 2020; Limkar et al., 2020). Whether
this marker is in fact a role of a more mature/ immature or active eosinophil in
helminth immunity remains unknown. Although little is known about these cells,
they are reported to have a reduced responsiveness to eotaxin-1, the
chemoattractant known to recruit eosinophils to inflammatory sites (Lacy,
2020). This may suggest that the increase in the Ly6G+ cells we show in H.
polygyrus infection is instead an increased proliferation of eosinophils within the
intestinal tissue. The Ly6G+ eosinophils are also mainly identified in wild mice
compared with laboratory mice (Mair et al., 2021). Since H. polygyrus is a
naturally, common occurring infection (Marchiondo et al., 2019), maybe these
cells play a much larger role in helminth infection than we are able to identify

and understand with researching laboratory mice.

The myeloid changes we characterise here in H. polygyrus infection we also
confirm are local to the helminth in our granuloma specific flow cytometry,
possibly suggestive of bacteria presence in the granuloma of the intestinal
tissue, at the sites of H. polygyrus barrier disruption. Surprisingly little is known
about the functionality and coordination of cell populations local to the
helminth in H. polygyrus infection. Further assessment of their phenotype,
cytokine production, activation state and phagocytic ability could be
investigated by sorting these cells and culturing/ running functionality tests on
them. This could help to further our understanding of the role they are playing
in helminth infection and whether their functions appear to be targeted towards
antimicrobial, reparative or anti-helminth responses. The interface between the
host and nematode has been an expanding topic of research (Patel et al., 2009).
Neutrophils and eosinophils were first characterised in H. polygyrus infection as
early as 1974 (Liu et al., 1974). In more recent years these cells were visualised
in the intestinal tissue surrounding the worm by H&E staining and pathological

examination (Morimoto et al., 2004). However, neutrophils appeared less
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prevalent in cases where the host had increased resistance (Reynolds et al.,
2012). This indicates that they are perhaps not key in immunity against
helminths, and thus we propose their recruitment is to instead target bacteria at

the disrupted barrier site.

Although we hypothesise that bacterial access to the intestinal tissue is
provoking these antimicrobial responses, it is important to note that helminths
may also drive these responses alongside the Th2 response. As previously
mentioned, helminths have been known to alter microbiota composition within
the host and mechanism for this has been proposed to involve altering host AMP
production, perhaps suggesting helminths are responsible for the higher
Additionally, whilst there is no literature examining the direct recruitment of

neutrophils and other immune cells by the helminths, there are several studies

influx.

3.4.3 Bacterial Translocation

Barrier breach could lead to bacterial entry, and both AMP expression and
inflammatory cell influx could be indicators of bacterial presence in the tissue.
Studies have shown that dysbiosis or infection in the gut can cause disruption in
the intestinal epithelial barrier which can lead to bacterial translocation,
identifiable in the intestinal tissue (Hand et al., 2012b; Mouries et al., 2019). We
therefore decided to use a straightforward staining method to gram-stain for
bacterial presence in the vicinity of the worm. Although we hypothesised that
the breach in barrier would allow bacterial entry, we did not detect any bacteria
in the intestinal lamina propria. As this method uses a simple gram stain and
goes through several washes and tissue processing steps, perhaps a more
sensitive assay such as 16S rRNA fluorescence in situ hybridisation (FISH) would
be more effective. Commensal bacteria do not infect the host at steady state
and perhaps would not translocate even where other more virulent strains of
bacteria with more effective immune evasion strategies would. Using a
pathogenic bacterial strain which infects the small intestine in a co-infection

model alongside the H. polygyrus helminth could also more appropriately
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address our hypothesis that pathogenic bacteria use the breach points in H.
polygyrus as an opportunity to invade the intestinal tissue and colonise local to
the helminth. One study shows that even in scenarios of intestinal permeability,
neutrophils remain effective enough to prevent infection (Fournier and Parkos,
2012; Laukoetter et al., 2007). The presence of neutrophil influx we identified
during H. polygyrus infection is consistent with an immune response that would
rapidly clear incoming bacteria. Therefore, we hypothesised that commensal
bacteria may be able to translocate with the helminth but are cleared

effectively by the host’s effective immune response.

3.4.4 Cytokine profile

To explore this hypothesis that the host can clear translocating bacteria, we also
looked at other evidence of inflammatory deterrents to bacteria, aiming to
further characterise the early immune profile in H. polygyrus infection. Although
we only found statistical significance in our IFN-y and IL-6 cytokines in serum,
there is a definitive trend of increased expression of the other inflammatory
cytokines measured (MCP-1, TNF, IL-12p70 and IL-10). It was interesting to find
inflammatory cytokines and chemokines in early helminth infection due to the
more commonly understood type 2 immune response involved in anti-helminth

immunity.

Monocyte chemoattractant protein-1 (MCP-1, also known as CCL2) can be
produced in inflammatory environments by macrophages and epithelial cells to
recruit innate immune cells such as monocytes and NK cells (Ruiz Silva et al.,
2016). Although we have measured the protein levels in serum, this cytokine will
likely be responsible for the local influx of monocytes to the helminth in our
tissue-based flow cytometry data. The production of MCP-1 can be induced in
several innate immune cells by TNF signalling. Interestingly, in a Trichinella
spiralis enteric helminth infection, a study found that TNF was required for the
expulsion of this parasite. Although TNF is often associated as a type 1 response
cytokine, a couple of studies have found that it can regulate Th2 responses in
helminth infections such as T. muris by working to regulate IL-13 (Artis et al.,
1999). Additionally, in H. polygyrus infection, mice with TNF depleted B cells
were unable to properly eliminate the helminth (Wojciechowski et al., 2009).

TNF can also inhibit the production of IL-12p70 by macrophages which ordinarily
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promotes polarisation towards a Th1 cell response (Gilmour et al., 2024; Hamza
et al., 2010), thus contributing to the role of TNF in promoting Th2 responses.
There is a slight increase in serum levels of IL-12p70 found in our data which is
interesting in the context of helminth infection alongside IL-6 and IFN-y
increases. IL-6 is a key in enhancing the inflammatory response, activating
immune cells and contributing to tissue damage and has been shown to control
PRR expression in Schistosoma infection (Antony et al., 2015). Often the
secretion of IL-6 can be enhanced by IFN-y signalling (McLoughlin et al., 2003).
Hence, increased systemic secretion of IL-6 and IFN-y in combination may be a
host protection mechanism to prevent additional infection. The cytokine IL-10
plays a role in anti-inflammation, regulating and limiting the inflammatory
response (Moore et al., 2001). Previous research in our laboratory showed that
at 2 weeks PI with H. polygyrus, IL-10 was able to regulate IFN-y secretion
(Webster et al., 2022). Both our lab and other publications have previously
shown the increase in IFN-y during early H. polygyrus infection (Gentile et al.,
2020). Our data confirm an IFN-y spike at day 2 of H. polygyrus infection and
additionally we show that this response could be detected both systemically and
locally to the helminth. While type 2 immune responses are typically associated
with helminth infections, our data show that the timings of type 1 and 2 immune
responses are exclusive with IFN-y produced early in infection and type 2
associated cytokines produced later. Although it is important to note that the
measurements we make use duodenal gene expression and protein secretion
measurements in blood sera which are not direct matches for one other. The IL-
4, Arg1 and Relm-a markers associated with type 2 immunity that we show
indicate that the type 2 responses do not appear in early infection but rather
develop by day 7, whilst IFN-y is seen as early as day 2 by both gene expression
and protein secretion. The role of this IFN-y is interesting considering the
characteristic type 2 response associated with helminth infection and although it
has been a recent topic of research interest, its role in helminth infection is
largely undefined. IFN-y is well-known for orchestrating inflammatory responses
and contributing to type 1 immunity and previous studies have shown its ability
in manipulating the intestinal epithelium during helminth infection. In H.
polygyrus infection, Nusse et al. found that epithelial proliferation appeared to
be increased and the epithelium had a more foetal like profile, which they

evidence to be driven by IFN-y. Recently, several other laboratories have
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identified more niche roles for IFN-y during helminth infection in contributing to
repair (H. polygyrus) and even encouraging helminth survival (T. Muris). Our own
research priorities were to understand and characterise the role of this
increased IFN-y in protecting the host from further infection, specifically at day
2 PI. The next two chapters aimed to therefore understand the role of IFN-y in
this context and whether it is produced in response to the damage caused to the
epithelium, bacterial invasion or to the worm itself. This chapter has provided
evidence for disrupted barrier integrity and enhanced antimicrobial responses in
the form of AMP expression and immune cell influx during early H. polygyrus
infection. Although, translocation of bacteria was not identified, we
characterised a strong inflammatory profile with anti-microbial responses
suggestive of bacterial invasion. We aimed to explore the role IFN-y plays in the
coordination of these responses and to investigate whether bacteria influence

any of the changes in H. polygyrus infection that we describe.
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Chapter 4

4.1 Introduction

We have shown that during H. polygyrus helminth infection, gut barrier integrity
is reduced, and antimicrobial defences are increased. As a fundamental
cytokine, IFN-y is known to coordinate many immune responses, but its specific
role in the changes we see in H. polygyrus infection remain unclear. In this
chapter we set out to explore whether the IFN-y produced in early stages of H.
polygyrus infection is responsible for changes in barrier integrity, anti-bacterial

defences and preventing bacterial translocation.

Despite its role in suppressing type 2 immunity, studies have shown that IFN-y is
produced in helminth infections. In H. polygyrus infection, studies have shown
that depletion of IFN-y by either signalling blockade or genetic knockout (KO)
models can increase resistance to H. polygyrus infection with reduced worm and
egg counts (Kapse et al., 2022b; Reynolds and Maizels, 2012). Both studies
highlight that absence of IFN-y enables stronger Th2 responses which are
effective at reducing parasite burden. Although, the reason for the production of
IFN-y during helminth infection remains unclear; whether it is a response to
epithelial damage, or is induced by the helminth, allowing larval entry into the
intestinal barrier and providing protection against Th2 immunity or is produced
in response to bacterial invasion, playing an overlooked role in protecting the

host from further infection upon barrier disruption.

The function of IFN-y in intestinal repair in other contexts is controversial: a
study using a human intestinal epithelial cell line has shown that short term IFN-
Yy exposure can induce proliferation, whilst long-term exposure inhibits and
reduces proliferation. A study using another epithelial cell line showed that IFN-
y is able to directly damage the epithelium, promoting apoptosis of epithelial
cells (Woznicki et al., 2021). Whereas, using a model of graft-versus-host
disease, research by Mowat, illustrates that IFN-y can promote epithelial cell
proliferation. Other studies using T. muris infection support this research, and
found that IFN-y could promote epithelial proliferation during infection (Artis
and Grencis, 2008; Cliffe et al., 2005c). Recent research has shown that IFN-y is

also able to manipulate the intestinal epithelium in helminth infection, driving a
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foetal-like reversion in stem cells in the intestinal crypts (Nusse et al., 2018b)
which might control tissue repair and remodelling as helminth-inflicted damage
to the gut wall is resolved. Another paper established that natural killer (NK)
cells localise to H. polygyrus granulomas in infection and contribute to wound
healing in a IFN-y signalling-dependent manner (Gentile et al., 2020). Together,
these data indicate that IFN-y can be a key factor in both epithelial damage and
repair. We therefore aimed to further define the relationship between IFN-y and
the intestinal epithelium, and to determine whether the changes to barrier
integrity identified at day 2 of H. polygyrus infection were controlled by this

cytokine.

Intestinal epithelial cells are not only important in barrier integrity but also
contribute to antimicrobial defence as the predominant secretors of
antimicrobial proteins (Gallo and Hooper, 2012). Thus, we wondered whether
the increased AMP changes that we observe in early infection are due to the
effects of IFN-y on the epithelium. Other cells which express AMPs and have
other antimicrobial functions include neutrophils and macrophages and are
known to be stimulated by IFN-y. However, IFN-y is not always directly
associated with recruitment of neutrophils and monocytes to inflammatory sites
and has been shown to attenuate their recruitment in some cases, maintaining
tissue homeostasis (Dallagi et al., 2015; Hoeksema et al., 2015; Nandi and
Behar, 2011). The recruitment of these cells to the intestine during helminth
infection has not been studied in the context of IFN-y. We hypothesise that IFN-y
has a beneficial role in coordinating local immune responses to limit and prevent

bacterial infection during ongoing H. polygyrus infection.

As previously mentioned, IFN-y can be produced by NK cells, T cells and ILCs
(Mosmann and Coffman, 1989; Perussia, 1991; Sad et al., 1995). ILCs are most
commonly found in the intestinal tissue and can initiate immune responses
reflective of their T cell counterparts. As mentioned in section 1.1.3, ILC2s are
key in helminth infection: when activated in response to alarmins upon
epithelial damage, they initiate the ‘weep and sweep’ response that clears the
worm. ILC1s are most similar to Th1 cells and form part of the type 1 immune
response, key in fighting viral and bacterial pathogens and amplifying responses

via IFN-y production. The researchers who established roles for NK cells in
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wound repair in H. polygyrus infection also suggest that these NK cells may be

responsible for the increased expression of IFN-y (Gentile et al., 2020).

NK cells can be activated and recruited via IFN-y signalling and this is their most
abundantly produced cytokine. Also, as IFN-y activates macrophages, enhancing
IL-12 production, there is a positive feedback loop occurring for IFN-y secretion
to maintain and amplify an active inflammatory response (Tau and Rothman,
1999). Both NK cells and ILC1 can also be directly activated upon bacterial
contact, further increasing local IFN-y production. Therefore, to examine the
source and the regulation of IFN-y during H. polygyrus infection, we aimed to
characterise these populations and assess their activation and IFN-y production

in the presence and absence of IFN-y.

Our overarching hypothesis in this chapter is that IFN-y is produced in response
to translocating bacteria during helminth infection and is contributing to both
repair and antimicrobial defence to locally protect the host from secondary
infection. To test this hypothesis, we analysed epithelial changes under IFN-y
influence to address direct changes. We also used an in vivo monoclonal
antibody against IFN-y to neutralise this cytokine in H. polygyrus infection and
monitored some of our previously identified changes. We analysed TJ changes
and intestinal permeability to assess the influence of IFN-y on damage/ repair.
We also assessed the expression of AMPs and characterised changes in the
immune cell populations upon IFN-y blockade. Additionally, we confirmed a
source for the IFN-y expression. Overall, the data in this chapter helped to
characterise a protective role for IFN-y in the context of early H. polygyrus

infection.
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4.2 Aims

Our overlying aim for this chapter was to understand and characterise the role of
IFN-y at day 2 of H. polygyrus infection and to explore its involvement in the
immune changes characterised in Chapter 3. To do this, we answered these

specific aims:

e To investigate whether IFN-y instructs and alters the intestinal epithelium

in early H. polygyrus infection.

e To explore whether IFN-y is involved in the damage or repair to the gut

barrier integrity that we observe in early H. polygyrus infection.

e To determine whether IFN-y is co-ordinating and promoting the
antimicrobial defences that we characterised in early H. polygyrus

infection in Chapter 3.

e To identify cells responsible for IFN-y production during early H. polygyrus

infection and understand what may drive their IFN-y secretion.
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4.3 Results

4.3.1 Exploring IFN-y effects on the intestinal epithelium

Due to the local expression of IFN-y in the small intestine, we first investigated
the effects of this cytokine in directly instructing the intestinal epithelium. This
work was performed in collaboration with Menno Oudoff’s laboratory (the
experiments were conducted at the Norwegian University of Science and
Technology, Trondheim; and the Oudhoff group have since relocated to Carleton
University, Canada), who kindly shared a dataset generated in recent
experiments culturing murine intestinal organoid systems with a variety of
cytokines including IFN-y individually and in combination with either IL-13 or IL-
22. Crypts from the small intestine were used to set up small intestinal
organoids. These organoids were seeded for 24 hours and then cultured with
each cytokine combination for a further 24 hours, after which the samples were
sent for bulk RNA sequencing (Lindholm et al., 2022). | ran Searchlight2 (Cole et
al., 2021) on this sequenced dataset to look at the differential expression of
genes between the treatment groups, and my colleague Patrick Shearer (a
postdoc in the Perona-Wright group) further analysed the data using R Studio

and generated the figures shown in Figure 4-1.

Our analysis shows first that IFN-y stimulation of these intestinal epithelial
organoids upregulates predicted pathways of IFN-y signalling and MHC
upregulation (Figure 4-1A). We then looked to see if tight junction repair and
barrier integrity were affected and, interestingly, an IFN-y stimulated cell
adhesion pathway and pathways associated with antimicrobial defence were
upregulated (Figure 4-1A). Figure 4-1B illustrates changes in gene expression, for
genes within these pathways that were differentially expressed in untreated and
IFN-y treated organoids. All are upregulated by IFN-y. We also wanted to know if
IFN-y was altering the epithelium to coordinate the neutrophil attraction we
observed in Chapter 3. The volcano plot in Figure 4-1C shows the overall pattern
of genes either up or downregulated in the IFN-y treated organoid culture
compared with the control. Some of the genes with the highest fold change and
statistical significance are labelled and include a number of chemokines known
to attract monocytes and neutrophils into the tissue such as CXCL9, CXCL10,

CCL5 and leukotriene B4 receptor 2 (ltb4r2), and the expression level of these
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four genes is further detailed in Figure 4-1D. Together these data show that IFN-

y can signal directly to intestinal epithelial cells, promoting barrier integrity and

antibacterial immunity, including recruitment of innate immune cells into the

tissue.
Synpo i
Mylk
=L antigen processing and of exogenous antigen ] ﬁght Rabb 1
~ response to type Il interferon ] junction Rhob  ©
=| MHC protein complex assembly . Rab8a -
Top hits ~ @ = = - Tlarz i B
-2
) Ctra
innate Trim12a
immune Zbp1
response [ Gbp4
Ccl20
Selected ~ = = = = = Stat3
pathways Rsad2
cytokine Tnfrsfla
production panx
T T T T 1 Irf7
0 5 10 15 20 25 Irf1
-LogtoP e e - Tir2
.
NS Log, FC p-value p-value and log, FC Ltf
C response to Mbl2
bacterium Myd8s
Irgm1 Nod1
150 H2-Eb1 Thk1
ol Control IFN-y
pend3?’
sm|
M8 ppolioa ligp1 D
1001 Upmmbp 6 kkkk  kkkk )
% H2-BN 8 M M =3 Naive
o |
S Cxel10 4 8 ns *k ok = IFNy
7 Dx3l m m
UbeZle.  Srgn.« Idot Z 5]
Gkn3 icCam1 X
50 Ces1d Tapbpl ABAS ks 7 & e
Cestle Ptk o—-€)-----eee- ? .......... .. 8 ............
Tir, o~
) 8.2
S -
-4
5 0 5 10 R T ! y
Cxcl9 Cxcl10 Ccls Ltb4r2

Log2 Fold Change

Figure 4-1 IFN-y upregulates TJs, cell adhesion and the ability of the epithelium to recruit

neutrophils in a gut organoid system.

Small intestine organoids were stimulated with recombinant IFN-y and sequenced by bulk RNA-
seq. (A) Significantly upregulated pathways calculated by Metascape pathway analysis reported as
the reciprocal of p-value (log,,P). (B) Differentially expressed genes from selected pathways in (A)

from control and interferon treated organoids, z-score scaled Reads Per Kilobase per Million

mapped reads (RPKM) values shown. (C) Most differentially expressed genes after interferon
treatment highlights genes involved in neutrophil recruitment which are presented in (D). Log
scaled RPKM of neutrophil recruitment genes, statistical testing carried out using a two-tailed

unpaired t-test. *P < 0.05, **P <0.01, ***P <0.001 and ***P <0.0001. FC, fold change.

To explore the role that IFN-y plays in H. polygyrus infection, we decided to

block this cytokine in the early phase of infection and to investigate whether

this blockade affects the altered reduction of barrier integrity and increased

antimicrobial defences which we identified previously. We infected mice with H.
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polygyrus as before and additionally administered an in vivo monoclonal

antibody specific for IFN-y at day -1 and day 2 of infection (Figure 4-2A).
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Figure 4-2 Successful in vivo Hpb infection with IFN-y blockade.

A) C57BL/6 mice were infected with 200 L3 Hpb larvae and a monoclonal antibody of IFN-y was
administered at days -1 and 2 of infection, samples were collected at days 2, 3, 5 or 7 post
infection. B) Mouse weights during infection and anti-IFN-y treatment, plotted as percentage of
starting body weight. C) Fold change of Tnf in the duodenum compared to housekeeping gene
(Rps29) and normalised to the mean of the naive samples. Data shown with mean +SD, 3 pooled
experiments with 3-7 mice per experiment. Statistical significance was calculated by a Kruskal-
Wallis test followed by Dunn’s multiple comparisons test. (Significance *p <0.05, ****p <0.0001,
NS, Non-significant).
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Mice were weighed throughout initial experiments to monitor their health and
showed no significant changes when anti-IFN-y was administered alongside H.
polygyrus infection (Figure 4-2B). The antibody used is well cited and,
throughout experiments, changes were observed in gene expression that are
indicative of successful neutralisation of the IFN-y protein. As an example, the
gene expression of TNF is usually increased alongside the IFN-y at day 2 of H.
polygyrus infection as these cytokines often work synergistically. TNF is often
induced as a downstream result of IFN-y signalling (Del et al., 1998). We saw
that, when anti-IFN-y was administered, the expected increase in TNF is
suppressed (Figure 4-2C), reflecting that the resulting IFN-y changes usually
identified are limited, suggesting effective IFN-y neutralisation. Other
measurements which could have been carried out to validate this include
measuring MHC upregulation or NK cells, both of which are more difficult to
measure in vivo than the TNF gene expression. Examination of H&E-stained
slides from H. polygyrus infected mice with and without IFN-y blockade revealed
that infection was successful in both cases, with no inflammatory differences
between intestines from infected mice treated with anti-IFN-y and their

infected, untreated controls (Figure 4-3).

Anti-IFNy

Figure 4-3 Hpb granuloma identified, representing successful and ordinary visual infection
alongside IFN-y blockade.
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C57BL/6 mice were infected with 200 L3 Hpb larvae and a monoclonal antibody of IFN-y was
administered at days -1 and 2 of infection, samples were collected at day 7 post infection. H&E
staining of small intestinal tissue at day 7 post-infection with and without anti-IFN-y treatment and
naive control.

With the intestinal organoid data showing us that IFN-y can influence gene
expression of epithelial cells in vitro, we decided to look at the direct effects of
IFN-y on the proliferation of the epithelial cells during early H. polygyrus
infection. Often in the intestinal epithelium, increased proliferation is an
indication of repair as the body tries to replace damaged tissue and restore the
intestinal barrier upon disruption (lizuka and Konno, 2011). Thus, how intestinal
epithelial proliferation is affected during H. polygyrus infection and assessing
whether it is influenced by IFN-y could help to define the role of this cytokine
during infection. Recent research has shown that during H. polygyrus infection,
the stem cells in the intestinal epithelium appear to revert to a more foetal-like
state. The researchers found that these changes were indicated by Sca-1 and
induced in a IFN-y signalling dependent pathway (Nusse et al., 2018b). We
decided to further investigate the influence of IFN-y on the epithelial
proliferation directly using our in vivo blockade model and an additional 5-
ethynyl-2'-deoxyuridine (EdU) stain. EdU is administered to mice by IP injection
and incorporates into newly synthesised DNA, allowing detection of proliferating
cells by a fluorescently labelled azide group. In the small intestine, 24 hours
after EdU is administered, the stain shows at the base of the villi and by 96
hours after administration, the tips of the villi show as stained (Salic and
Mitchison, 2008). This is due to the direction of the epithelial cell proliferation:
cells proliferate in the crypts of the villi, and this then pushes older cells
upwards towards the tips of the villi. The rate of proliferation since EdU-
injection can therefore be measured by the distance that the stained cells have
travelled upwards along the villi. By measuring how large the stained section is
as a percentage of the total villi length, this indicates the proliferation rates at

the time of injection.

A pilot study was carried out to determine how long after giving EdU to mice
provided the easiest visualisation of proliferating cells. Administering EdU
treatment 40 hours prior to the cull was decided to be the most suitable

timepoint due to the EdU stained cells being in an optimal location on the villi.
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Additionally, administering EdU 40 hours prior to the cull on day 3 of infection
allowed us to capture the proliferation during the day 2 timepoint when the
helminth is breaching the intestinal barrier and the IFN-y is at peak expression.
Figure 4-4A shows the successful imaging of the EdU stained small intestine, with
Hoeschst (a common DNA stain used to identify each cell nucleus) labelled in
blue and the EdU stain (showing labelled proliferating cells) in green. With
further magnification, the proliferating cells can be seen lining the lower half of
the villi (Figure 4-4B). The analysis of the EdU stained slides was carried out by
Jay Biggart, an undergraduate student working with me during her investigative
project in the Milling laboratory. For analysis, 20 villi per mouse sample were
picked at random, the villi length was measured and the lengths from the base
of the crypt to the top of the EdU stained cells and from the base of the crypt to
the bottom of the EdU stained cells were measured. These measurements
allowed us to determine the overall percentage of each villus stained by EdU
and, by measuring the height at which the stained cells had travelled along the
villus, allows us to measure how much proliferation had occurred after the EdU

labelling.

No significant differences were found between the control and IFN-y blockade
experimental group in the length of villi (Figure 4-5A). Additionally,
quantification of EdU staining showed no significant differences in the
percentage of villus containing proliferating cells (stained), or in the percentage
of the villus the stained cells had travelled up (Figure 4-5B). However, there was
a slight trend in the data suggesting that the EdU stained cells had not travelled
as far along the villi in the H. polygyrus infected anti-IFN-y treated mice when
compared with H. polygyrus infected and isotype treated mice, perhaps
indicating less proliferation. Together our data so far suggest that although IFN-y
is able to alter the gene expression of epithelial cells, it does not appear to

change the proliferation of these cells during H. polygyrus infection.
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Figure 4-4 Representative images of EdU staining of the small intestinal tissue.

C57BL/6 mice were infected with 200 L3 Hpb larvae. A monoclonal antibody of IFN-y was
administered at days -1 and 2 of infection and EdU was administered 40 hours prior to the cull.
Samples were collected at day 3 post infection. Small intestine was stained with the Clickit reaction
kit to capture EdU incorporated into DNA of proliferating cells (green). Hoechst was used to stain
cell nuclei (blue). A) Shows overview of staining in Swiss roll. B) shows staining at higher
magnification to show localisation of proliferating cells on the villi. Images shown are representative
of experiment using 3-4 mice per experimental group (data in Figure 4-5).
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Figure 4-5 IFN-y does not affect proliferation of intestinal epithelial cells in Hpb infection.
C57BL/6 mice were infected with 200 L3 Hpb larvae and a monoclonal antibody of IFN-y was
administered at days -1 and 2 of infection and EdU was administered 40 hours prior to the cull.
Samples were collected at day 3 post infection. Small intestine was stained with the Clickit reaction
kit to capture EdU incorporated into DNA of proliferating cells. A) Fold change of villi length
normalised to naive samples. B) Percentage of villi stained, and percentage of height stain begins
from crypt of villi plotted. Data shown with mean +SD, experiments used 3-4 mice. Statistical
significance was calculated by a One-Way Anova followed by a Tukey’s multiple comparisons test
or in cases where data was not normally distributed a Kruskal-Wallis test followed by Dunn’s
multiple comparisons test was used. (NS, Non-significant).

4.3.2 IFN-y effects on gut barrier integrity in H. polygyrus
infection

Although epithelial cell proliferation remained unaffected by IFN-y signalling, we
next examined some of our previously identified changes in epithelial barrier
structure during H. polygyrus infection, starting with tight junction (TJ) protein

expression. We looked at the gene expression of cadherin 2 (Cdh2), Tight
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junction protein 1 (Tjp1) (also known as zonula occludens-1 (Z0-1)) and occludin
(Ocln). As we found before, the duodenum had higher gene expression of these
TJ proteins at day 2 of H. polygyrus infection compared to uninfected mice.
However, blockade of the IFN-y alongside infection with H. polygyrus ablated
the significant changes, particularly in the case of Ocln: for Ocln, gene
expression was significantly lower when IFN-y was neutralised compared to our
isotype control infected mice (Figure 4-6A-C). We proposed in Chapter 3 that the
increased expression suggests a repair process in the epithelium following
barrier disruption caused by the helminth and our data in this figure suggest that
this repair process, at least at the level of TJ gene expression, is normally

directed by the locally produced IFN-y.
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Figure 4-6 Disrupter barrier integrity in Hpb infection is altered by IFN-y.

C57BL/6 mice were infected with 200 L3 Hpb larvae and a monoclonal antibody of IFN-y was
administered at day -1 of infection, samples were collected at day 2 post infection. Fold change of
A) Cdh2, B) Tjp1, and C) Ocln in the duodenum compared to housekeeping gene (Rps29) and
normalised to the mean of the naive samples. Data shown with mean +SD, 3 pooled experiments
with 3-5 mice per experiment. Statistical significance was calculated by a Kruskal-Wallis test
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followed by Dunn’s multiple comparisons test. (Significance *p < 0.05, ***p <0.001, NS, Non-
significant).

To further examine whether IFN-y is playing a role in repair and influencing gut
barrier integrity, we carried out a FITC-dextran experiment in order to assess
intestinal permeability in both the H. polygyrus infection alone and in the
context of IFN-y blockade. The FITC-dextran used is a 4kDa sugar molecule,
commonly used to assess intestinal permeability. Its size means that it has the
potential to pass between cells but should not freely cross the barrier under
normal conditions. Mice were orally administered FITC-dextran 30 minutes prior
to the cull at day 2 of H. polygyrus infection. The image in Figure 4-7A shows a
small intestine from a FITC-dextran treated mouse at the time of the cull. The
fluorescence can be seen along the length of the small intestine, confirming that
the permeability of our area of interest, where the helminths are located, is
being assessed with the assay. In Figure 4-7B, the data points plotted have been
quantified measurements of FITC-dextran from the blood serum of mice, so
these data are a direct measurement of permeability. The assay did not show
any significant differences in the permeability between the naive and day 2 of
H. polygyrus infection sample groups. However, the anti-IFN-y treated infected
mice had significantly lower FITC-dextran measured in their blood serum
compared with H. polygyrus infected, isotype treated mice (Figure 4-7B). This
data suggests that neutralisation of IFN-y in H. polygyrus infected mice
strengthens the barrier, reducing any permeability and possibly implying that
IFN-y may be causing slight disruption to the barrier in both steady state and H.
polygyrus infection. To further explore permeability, we ran an assay which was
adapted from both Andrew MacDonald’s laboratory at the University of
Edinburgh and from published work (Hepworth et al., 2013). The principle of the
assay was that antibodies would only exist to commensal bacteria or in much
higher concentrations, if gut permeability enabled commensal bacteria to access
blood and systemic sites. Serum was taken from mice and Ig specific to
commensal bacteria was measured by an ELISA. Here, no differences were seen
between sample groups (Figure 4-7C). Taken together, these data indicate that
at day 2 of H. polygyrus infection there is not enough barrier disruption to
detect by either FITC-dextran or serum antibody measures of intestinal

permeability. Intestinal permeability may instead be more prominent later in
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infection when the worm is larger, as shown by other recent studies (Mules et
al., 2024).
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Figure 4-7 Intestinal permeability remains intact during Hpb infection.

C57BL/6 mice were infected with 200 L3 Hpb larvae and a monoclonal antibody of IFN-y was
administered at day -1 of infection, samples were collected at day 2 post infection. A&B) 4kDa
FITC-dextran was given to mice 30 minutes prior to the cull. A) Image of small intestine at time of
cull, arrow indicates fluorescent colour to confirm administered FITC-dextran has travelled beyond
the area of interest for examining intestinal permeability. B) Amount of FITC-dextran detected in
serum at D2 of infection. C) serum Ig specific to commensal bacteria plotted with OD readings
compared between sample groups. Statistical significance was calculated by a One-Way Anova
followed by a Tukey’s multiple comparisons test or in cases where data was not normally
distributed a Kruskal-Wallis test followed by Dunn’s multiple comparisons test was used. (*p < 0.05,
NS, Non-significant).

4.3.3 IFN-y effects on antimicrobial responses in H. polygyrus
infection

Next, we aimed to explore how IFN-y affects the local antimicrobial responses in

the context of early H. polygyrus infection. We first assessed Lcn2, which is both
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a marker of intestinal inflammation and an AMP. We showed in Figure 3-3 that
Lcn2 expression is increased in the duodenum during infection. When we
compared H. polygyrus infected mice with and without IFN-y blockade, Lcn2
expression had a decreased trend in expression in the absence of IFN-y
signalling, but the data was not significant (Figure 4-8A). Additionally, we
identified an increase in the gene expression of AMPs Nos2 and Ang4 again in the
duodenum at day 2 of H. polygyrus infection when compared with naive mice
(Figure 4-8B&C). In the case of Ang4, no significant changes in gene expression
were measured between the isotype treated infected and anti-IFN-y treated
infected mice, but there was a possible trend towards lower levels when IFN-y is
neutralised. However, with Nos2, IFN-y blockade reverted the infection-induced
increase in gene expression back to levels similar to those in uninfected mice
(Figure 4-8B). Overall, these changes in gene expression show that IFN-y is
essential for the induction of Nos2 expression upon H. polygyrus infection, and
may contribute to the induction of other AMPs too, suggesting that IFN-y is

contributing to host defence in H. polygyrus infection.



Chapter 4 124

A B Nos2

N
a
]
*
*
*

ey Lo 3
s *%% NS 5 —
B 20 - °
2 154 . 8
2. -
K 5 7
g 10- g
g ° o 10
2 . g
© 5 ®© °
5 £ 54
O °
T )
£ o- S o-
C Ang4 e Naive
ns * D2 Hpb
|—| * D2 Hpb + anti-IFNy
%k NS
T 47 1
:E °
-4
8 3
2
K
8 29 oo
S
[ ]
c
£ 17
o
T
2 0-

Figure 4-8 Increased AMP expression in early Hpb enhanced by IFN-y.

C57BL/6 mice were infected with 200 L3 Hpb larvae and a monoclonal antibody of IFN-y was
administered at day -1 of infection, samples were collected at day 2 post infection. Fold change of
A) Lcn2, B) Nos2, and C) Ang4 in the duodenum compared to housekeeping gene (Rps29) and
normalised to the mean of the naive samples. Data shown with mean +SD, 1-3 pooled experiments
with 3-8 mice per experiment. Statistical significance was calculated by a Kruskal-Wallis test
followed by Dunn’s multiple comparisons test. (Significance *p <0.05, **p <0.01, ***p < 0.001, NS,
Non-significant).

Our data in Chapter 3 found an influx in immune cells local to the infecting
helminths, specifically with high numbers of cells commonly involved in bacterial
defence. We therefore aimed to determine how IFN-y might be involved in
regulating the inflammatory environment during H. polygyrus infection. We
focussed particularly on day 2 of infection, due to this being the peak of IFN-y
production. Previously we found that monocytes, intermediate monocytes and
neutrophils all had significant increases at day 2 post infection with H. polygyrus
when compared to naive mice, whilst each of the other cell populations

measured had trending increase in numbers and proportion (excluding
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macrophages) but did not reach statistical significance. We again used flow
cytometry with the gating strategy defined in Figure 3-5 to classify myeloid cell
populations in the small intestine. Although we didn’t identify any visible
changes in pathology (Figure 4-3), IFN-y significantly impacted the myeloid
influx that occurs during infection. Firstly, the number of DCs, eosinophils and
Ly6G+ eosinophils in the small intestine were all significantly higher at day 2 of
H. polygyrus infection in the isotype treated mice, compared to small intestines
in uninfected mice; contrasting our results in Chapter 3 (Figure 3-6) where
statistical significance is not reached until later in infection. The increases of
each of these cell populations was ablated when infection was accompanied with
IFN-y blockade (Figure 4-9A-C). The impact of IFN-y was not seen when only the
frequency of each cell population was considered: neither infection nor IFN-y
blockade altered the frequency of DCs, eosinophils or Ly6G+ eosinophils in the

small intestine (Figure 4-9A-C).
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Figure 4-9 IFN-y enhances DC and eosinophil cell numbers during early H. polygyrus
infection.

C57BL/6 mice were infected with 200 L3 Hpb larvae and a monoclonal antibody of IFN-y was
administered at day -1 of infection, samples were collected at day 2 post infection. Small intestinal
lamina propria digested and analysed by flow cytometry populations gated and measured as
previously identified (Figure 3-5). Frequency and absolute cell count of A) DCs, B) eosinophils and
C) Ly6G+ eosinophils plotted. Data shown with mean +SD, 2 pooled experiments with 3-6 mice per
experiment. Statistical significance was calculated by a Kruskal-Wallis test followed by Dunn’s
multiple comparisons test. (Significance *p <0.05, **p <0.01, NS, Non-significant).

Further identification of monocyte/ macrophage populations found that the

significant increase in macrophage cell number we see in H. polygyrus infection
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disappears in the IFN-y blocked mice (Figure 4-10A). As we found in H. polygyrus
infection alone in Figure 3-7B, frequencies of macrophages are significantly
lower at day 2 of infection and interestingly although IFN-y appeared to
influence cell number, it does not seem to affect the frequency of these cells.
Although the monocyte and intermediate monocyte populations do not show any
significant changes in cell number between any of the sample groups, the graph
suggests an increase in both cell types during H. polygyrus infection which
disappears in anti-IFN-y treated infected mice. Perhaps explaining why
macrophage frequencies are reduced. Similarly to the macrophage data,
neutrophils again reflected significant increase at day 2 of H. polygyrus infection
both by cell count and proportion, however, neutralising IFN-y impaired the
neutrophil cell counts, whilst frequency remained unaffected by IFN-y (Figure 4-
10B). Taken together these results confirm that IFN-y is playing a role in the

coordination of local protection for the host during early H. polygyrus infection.
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Figure 4-10 IFN-y enhances neutrophil recruitment in early Hpb infection.

C57BL/6 mice were infected with 200 L3 Hpb larvae and a monoclonal antibody of IFN-y was
administered at day -1 of infection, samples were collected at day 2 post infection. Small intestinal
lamina propria digested and analysed by flow cytometry populations gated and measured as
previously identified (Figure 3-5). Frequency and absolute cell count of A) monocytes (MHCII-
Ly6C+), intermediates (MHCII+Ly6C+), macrophages (MHCII+Ly6C-) and B) neutrophils plotted.
Data shown with mean £SD, 2 pooled experiments with 3-6 mice per experiment. Statistical
significance was calculated by a Two-Way ANOVA (A) or a One-Way ANOVA (B) followed by a
Tukey’s multiple comparisons test. (Significance *p <0.05, **p < 0.01, ****p <0.0001, NS, Non-
significant).

Together our data suggest that IFN-y is contributing to the coordination of
antimicrobial responses; stimulating epithelial cell changes, increasing TJ gene
expression, increasing AMP expression and increasing immune cell infiltration.
Considering these data, we asked whether IFN-y is providing a local protective
response for the host which is able to prevent further infection by invading

bacteria. To test this, we used the saffron gram-staining approach as shown in
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Chapter 3 to stain for bacterial translocation surrounding the worm in our IFN-y
blockade model. If IFN-y is able to enhance antimicrobial defence and
contribute to repair, perhaps neutralising this cytokine in early H. polygyrus
infection will hinder the host’s ability to clear and prevent commensal bacterial
invasion. We again show that bacteria can be identified in the lumen of the
small intestine as indicated by arrows in the naive image. We looked at both day
2 of infection and day 7 to enable time for potential translocated bacteria to
colonise and be visualised. Both timepoints show that in the intestinal tissue
surrounding the worm (indicated by red circles), no bacteria are detected,
suggesting no translocation in both isotype treated infected mice and the anti-
IFN-y treated infected mice (Figure 4-11A). In case the washing and fixation
steps of this method were too harsh for bacteria to survive, we decided to carry
out bacterial qPCRs to further assess bacterial translocation. Multiple tissues
including mLNs, spleen, liver and small intestine as a positive control were
collected at days 2, 5 or 7 Pl and a DNA extraction was performed on the tissues.
Using a pan-bacterial primer pair which targets specific regions of the 165
ribosomal RNA gene, this enabled determination of total bacterial burden. This
assay is very sensitive and therefore tissue processing was carried out in a tissue
culture (TC) hood for conditions to be as sterile as possible. For each of the
tissues, no changes were found in the bacterial DNA measurements between
each of the sample groups. Data is shown for liver only (Figure 4-11B). These two
data sets do not suggest any enhanced bacterial translocation when IFN-y is
blocked.
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Figure 4-11 Bacterial translocation not detected in Hpb infection, irrespective of IFN-y.
C57BL/6 mice were infected with 200 L3 Hpb larvae and a monoclonal antibody of IFN-y was
administered at days -1 and 2 of infection, samples were collected at days 2 and 7 post infection.
A) Small intestine was saffron gram-stained at days 2 and 7 of infection. Red arrows indicate
bacteria (stained purple), red circles indicate helminth. Images show naive control group and days
2 and 7 post H. polygyrus infection with either isotype control or anti-IFN-y treatment. B) Fold
change of total bacterial burden in the liver normalised and compared to the mean of the naive
samples. Data shown with mean £SD, 1 experiment with 4-6 mice per sample group. Statistical
significance was calculated by a Kruskal-Wallis test followed by Dunn’s multiple comparisons test.
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4.3.4 Production of IFN-y in H. polygyrus infection

Having shown the effects of IFN-y in early H. polygyrus infection, we were next
interested in where the IFN-y comes from. Although other studies have also
identified the higher expression of IFN-y during H. polygyrus infection, no
definitive cell has been recognised as responsible for this cytokine’s production.
One study suggested NK cells as the dominant producer of IFN-y at day 2 of
infection, whilst other recent research suggests that memory T cells are

(ILCs) are cells commonly found in the small intestine and known to interact
with the epithelial cells to maintain homeostasis, barrier function and control
bacterial pathogens. ILC1s are also known producers of IFN-y, alongside NK cells
which can also be activated and recruited by IFN-y. Therefore, to investigate the
source of IFN-y and to see if it stimulates a positive feedback loop to enhance its
own production, we decided to investigate the populations of ILCs and NK cells
in the SILP during early H. polygyrus infection and determine the consequent
effects that IFN-y blockade has on them. Figure 4-12 shows the gating strategy
used to identify the different populations during flow cytometry analysis. ILCs
were identified and gated as live, single, CD45+, Lineage-, IL-7Ra+, CD3e/TCRB -
cells (Figure 4-12B) which were further subset into ILC1s, ILC2s and ILC3s based
on the expression of their respective transcription factors, T-bet (ILC1s), GATA3
(ILC2s) and RORyT (ILC3s) (Figure 4-12C&D). NK cells were instead gated as live,
single, CD45+, CD3e/TCRB-, NK1.1+ cells (Figure 4-12E).
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Figure 4-12 Gating strategy for identification of ILCs and NK cells from the SILP tissue
during Hpb infection.

C57BL/6 mice were infected with 200 L3 Hpb larvae and a monoclonal antibody of IFN-y was
administered at day -1 of infection and samples were collected. Small intestinal lamina propria
digested and analysed by flow cytometry. A) Gating strategy shown with final gates for B) total
ILCs (live, single, CD45+, IL-7Ra+, lineage-, CD3¢e/ TCRp-), C) ILC3s (live, single, CD45+, IL-
7Ra+, lineage-, CD3e/ TCRB-, RORyt+, T-bet-), T-bet+ ILC3s (live, single, CD45+, IL-7Ra+,
lineage-, CD3¢/ TCRpB-, RORyt+, T-bet+), ILC1s (live, single, CD45+, IL-7Ra+, lineage-, CD3¢/
TCRpB-, RORyt-, T-bet+), D) ILC2s (live, single, CD45+, IL-7Ra+, lineage-, CD3¢e/ TCRpB-, RORyt-,
T-bet-, GATA3+) and E) NK cells (live, single, CD45+, CD3¢e/ TCRB-, NK1.1+).
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Overall, the total number of all ILCs show no significant changes at day 2 of H.
polygyrus infection and this remains unchanged with the blockade of IFN-y
(Figure 4-13A). Further examination into the specific ILC subsets show slight
fluctuations in the cell proportions with increased frequency of ILC3s during
early infection, yet not when anti-IFN-y was also administered (Figure 4-13B).
Additionally, we found that NK cells had increased cell number and frequency
during H. polygyrus infection, irrespective of IFN-y blockade (Figure 4-13C). This
suggests that although NK cells may be a potential source of IFN-y, their cell
numbers do not appear to be altered by IFN-y expression, at least at this early

timepoint.

Since NK cells were increased during infection and are known to produce IFN-y,
we decided to further explore the production of this IFN-y at day 2 of H.
polygyrus infection. Using a cytokine stimulation kit as part our flow cytometry
staining protocol, we use a cell stimulation cocktail which contains components
which can stimulate cells to produce cytokines. The cocktail also contains
protein transport inhibitors to prevent the proteins from leaving the cell,
enabling us to stain them and identify cells positive for cytokines of interest.
With this kit, we were able to identify IFN-y+ NK cells using the same gating as
Figure 4-12E with the additional gating for IFN-y+ cells shown in Figure 4-14A.
The total frequency of NK cells expressing IFN-y was significantly higher in
infection compared to naive, confirming that NK cells are likely a contributing
source of the IFN-y we identify in infection. Taken together, my data here show
that ILCs do not appear to show major differences in infection, yet NK cells are

not only increased at day 2 but also appear to be a source of our IFN-y.
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Figure 4-13 NK cells increased in early Hpb infection.

C57BL/6 mice were infected with 200 L3 Hpb larvae and a monoclonal antibody of IFN-y was

134

administered at day -1 of infection, samples were collected at day 2 post infection. Small intestinal
lamina propria were digested and analysed by flow cytometry populations gated and measured as

previously identified (Figure 4-12). Frequency and absolute cell count of A) total ILCs, B) ILC
subsets (1,2&3) and C) NK Cells plotted. Data shown with mean £SD, with 4-5 mice per sample
group. Statistical significance was calculated by a Two-Way ANOVA (B) or a One-Way ANOVA
(A&C) followed by a Tukey’s multiple comparisons test. (Significance *p <0.05, **p <0.01, NS,

Non-significant).
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Figure 4-14 Proportion of IFN-y expressing NK cells increases in early Hpb infection.
C57BL/6 mice were infected with 200 L3 Hpb larvae and samples were collected at day 2 post
infection. Small intestinal lamina propria were digested and analysed by flow cytometry populations
gated and measured as previously identified (Figure 4-12). A) Gating of IFN-y+ NK cells identified
and labelled with frequency of ‘parent’ population. B) Frequency of total NK cells expressing IFN-y
plotted. Data shown with mean +SD, with 6 mice per sample group. Statistical significance was
calculated using a two-tailed unpaired t-test. (Significance *p < 0.05).

Overall, in this Chapter we sought to define a role for the early IFN-y production
in H. polygyrus infection, investigating whether it contributed to the alterations
in antimicrobial responses and barrier disruption that we identified in Chapter 3.
Our data illustrate that NK cell produced IFN-y contributes to increased cell

adhesion molecule expression and enhances antimicrobial responses through AMP

expression and recruitment of myeloid cells.
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4.4 Discussion

The aim of this chapter was to characterise and establish a role for the IFN-y
produced at day 2 of H. polygyrus infection. This question was particularly
interesting in light of the disruption of barrier integrity and increases in
antimicrobial defences that we had identified in early infection in Chapter 3. We
were able to identify direct effects of IFN-y on the intestinal epithelium in
coordinating barrier integrity and inflammatory cell infiltrate. Using an in vivo
blockade of IFN-y in the early stages of H. polygyrus infection, we did not
uncover a role for IFN-y in the proliferation of the epithelial cells, but we did
find that barrier integrity appeared either more disrupted or better repaired
when IFN-y was present during infection. IFN-y was responsible for the
enhancement of antimicrobial responses measured, and increased immune cell
infiltrate during infection. The commensal bacteria of the host were still not
found to translocate across the intestinal barrier upon helminth damage, even in
the absence of IFN-y and subsequent antimicrobial and barrier integrity. Finally,
NK cells were confirmed producers of IFN-y at day 2 of H. polygyrus infection
and both total NK cell numbers and the frequency of IFN-y producing NK cells
were found to be higher, specifically at day 2 of infection. Together these data
show that IFN-y can signal directly to intestinal epithelial cells, promoting
barrier integrity and antibacterial immunity; and can coordinate recruitment of

innate immune cells into the tissue.

Overall, the data in this chapter show relatively modest differences between
experimental groups, perhaps reflective that residual IFN-y is sufficient to exert
effects even with broad neutralisation by the monoclonal antibody. Our
experimental model is limited by the fact that this residual IFN-y may remain,
however administration of the antibody to align with our infection timepoint
enables us to assess effects of IFN-y without introducing the complications

associated with a systemic IFN-y/ IFNGR KO mouse model.

4.4.1 IFN-y and the intestinal epithelium

As described in this chapter’s introduction, IFN-y has a complex relationship
with the intestinal epithelium, likely shaped by other surrounding stimuli. As we

found in this chapter, IFN-y can directly stimulate gene expression in intestinal
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epithelial cells to both increase cell adhesion and barrier integrity and promote
antimicrobial defence and protective responses. Although it has been reported
that IFN-y can cause epithelial cell death in vivo and in organoid cultures (Osaki
et al., 2019), in this data, we did not find increased apoptotic signals upon IFN-y
stimulation, suggesting that IFN-y is not directly damaging the epithelium. If
IFN-y is causing damage to epithelium this instead is likely to be through
activation of neutrophils/ macrophages. The organoid data set that we used
included sample groups that tested IFN-y in combination with two other
epithelial-relevant cytokines, IL-13 and IL-22 (Lindholm et al., 2022). Although
the sole effects of IFN-y are interesting, further analysis of all sample groups

would be useful as in vivo, most cytokines act in combination.

In other nematode infections, IFN-y has been shown to increase epithelial
proliferation (Artis et al., 1999), but when we assessed the proliferation of the
epithelium during early H. polygyrus infection we did not find any changes
imposed by IFN-y blockade at day 2 of infection. The study by Artis et al. used T.
muris infection and measured the number of cells per crypt in an in vivo IFN-y
blockade model at day 21 PI (Artis et al., 1999), much later than our assay,
perhaps explaining why our findings are inconsistent. So far, evidence of a more
“foetal-like” epithelium during H. polygyrus infection and a proposed role for
IFN-y in this process and in tissue repair has been reported (Drurey et al., 2021b;
Nusse et al., 2018b). Additionally, an axis through which IFN-y signals via glial
cells to contribute to reparative processes within intestinal tissue during H.
polygyrus infection has been described (Progatzky et al., 2021). It is possible
that the role of IFN-y on the intestinal epithelium is not just to stimulate
proliferation, but also to induce stem-like qualities and repair mechanisms, as
suggested by these papers. In our data we did not find evidence for this stem-
cell reversion however, we did see evidence of TJ regulation and altered

permeability.

Both permeability assays used show high variability within sample groups. The
FITC-dextran experiment showed decreased intestinal permeability in the anti-
IFN-y H. polygyrus infected mice although there were no significant differences
shown between the naive and infected groups. Repeating the experiment with
an additional naive with anti-IFN-y treatment sample group would be an

effective comparison. Also, the spread of data in the uninfected group was
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large, and additional repeats might be useful to strengthen this data. The
commensal antigen ELISA also had its own limitations. Whilst adapted from a
published protocol (Hepworth et al., 2013), the readouts of Ig levels were not
normalised against total protein concentration, since total protein content in
serum could also be influenced by either infection or IFN-y blockade. The lack of
normalisation may emphasise technical variations (small pipetting errors, etc)
and increase noise in the data. Recently, other studies have measured intestinal
permeability later in H. polygyrus infection and found significant differences
(Mules et al., 2024). Perhaps day 2 of measurement was too early for any
significant changes to be detected and it is maybe at the later stage of
maturation when the worm travels back into the lumen that is more likely to
increase permeability. IFN-y is still high on day 7 of H. polygyrus infection, as we
show in Figure 3-13, but not to the same extent as during its early spike at day
2. Blockade at a later timepoint to assess its role in the latter breach would be

interesting.

Our results show that IFN-y blockade attenuated the increased TJ protein
expression and reduced intestinal permeability. Perhaps together this indicates a
role for IFN-y in a reparative process in the gut epithelium. Further research is
needed to determine whether IFN-y drives a repair process following worm-
induced damage or if it causes damage to facilitate the worm’s breach,
triggering the subsequent increased reparative response seen in the increased
gene expression of TJ proteins. Research using in vitro intestinal epithelial cell
cultures has identified a role for IFN-y in inducing endocytosis of TJ proteins,
resulting in a leakier and more permeable barrier (Bruewer et al., 2005; Utech
et al., 2005). Additionally, these studies show that IFN-y disrupts TJ localisation
(Lee, 2015). In line with these findings, depletion of the IFN-y receptor on
organoid epithelial cells also disrupted the localisation of TJ proteins
(Bardenbacher et al., 2019). Taken together these papers provide evidence for
IFN-y disrupting the intestinal barrier, potentially used to the advantage of the
helminth as it’s expression coincides with the first ‘breach’ point. IFN-y has also
been found to induce an increased expression of some TJs, resulting in barrier
compromise (Capaldo et al., 2014; Garcia-Hernandez et al., 2017). As earlier
mentioned, other helminth studies have suggested that worms are able to

breach the intestinal barrier through facilitation of barrier breakdown via TJ
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proteins (Schalter et al., 2022). Perhaps our research placed in the context of
these findings suggest that IFN-y is able to promote the internalisation of TJ
proteins on the epithelial cells to enable a smooth entry for the helminth into
the intestinal tissue. This hypothesis that IFN-y could coordinate helminth
‘breach’ would also make the host more vulnerable to opportunistic pathogens
at that moment and a dual role for IFN-y in also promoting antimicrobial
defences at this timepoint may be an essential protection against bacterial

invasion.

4.4.2 IFN-y and antimicrobial defence

In line with the above discussion, while stimulating epithelial cells to internalise
their TJ proteins and allow entry of the worm, IFN-y may also increase the
epithelial AMP secretion and recruitment of other innate immune cells to defend
against potential translocating bacteria. Our results show that IFN-y is also able
to enhance local antimicrobial responses by increasing AMP expression and the
number of innate immune cells infiltrating the small intestine. Upon arrival of
these myeloid cells, IFN-y is likely to play a large role in the activation of
neutrophils and polarisation of macrophages to a pro-inflammatory phenotype.
Research has shown that KO or depletion of IFN-y or its signalling mechanisms
results in a compromised host that is prone to bacterial infections (Shtrichman
and Samuel, 2001). IFN-y has been shown to increase AMP expression in IECs and
Paneth cells via STAT signalling (Yue et al., 2021b). Therefore, we hypothesise
that IFN-y is leading an antimicrobial response to prevent bacteria from
translocating through the weakened barrier after a breach at day 2 of the H.

polygyrus lifecycle.

Our data again found increases in neutrophils and other myeloid cells during
early H. polygyrus infection, and these increases were lost or reduced upon IFN-
Yy blockade. Although neutrophils are often associated with being activated by
IFN-y and not recruited by this cytokine (Dallagi et al., 2015; Hoeksema et al.,
2015; Nandi and Behar, 2011), IFN-y has been shown to recruit neutrophils
indirectly via epithelial stimulation (Andrews et al., 2018b). Together our data in
the context of previously published research suggest to us that IFN-y activates
and enhances antimicrobial responses including neutrophil recruitment through

an intestinal epithelial cell dependent interaction.
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Despite IFN-y’s role in antimicrobial defence, we still found no evidence for
bacterial translocation in H. polygyrus infection when IFN-y was blocked.
Perhaps this result would differ if the host was presented with a more damaging
bacterial pathogen than commensal bacteria. Several studies have used co-
infection models with bacteria and enteric helminths to show increased
susceptibility to secondary infection during infection with a worm. Chen et al.
found that co-infection with the bacteria Citrobacter rodentium alongside H.
polygyrus resulted in bacterial translocation and increased mortality in mice
(Chen et al., 2005). Other studies have explored co-infection using a model of
the Schistosoma flatworms and Salmonella infection. Findings show that
Schistosome eggs secrete glycoproteins to recruit basophils which subsequently
release IL-4 and IL-13, suppressing the protective Th1 and Th17 responses
against Salmonella infection (Schramm et al., 2018). Other researchers using a
similar adult Schistosoma model found that Salmonella could bind to the outer
cuticle of adult Schistosomes via their fimbrial proteins, providing them with a
niche which prevented them from being killed by antibiotics (Barnhill et al.,
2011). Likewise, these results have also since been reported in a H. polygyrus
co-infection with Salmonella, where the helminth provides a niche for the
bacterium (Brosschot et al., 2021). IFN-y is only reported in two of these co-
infection studies, at the latter timepoint of the H. polygyrus infection, the study
by Chen et al. suggests that there is an increase in IFN-y producing T cells
compared to those of the control mice and Schamm et al., show an increase in
IFN-y expression at day 1 of schistosome infection, although this does not reach
find that IFN-y is increased in co-infection when compared to naive mice,
although not as much as in sole infection with the bacterium in either scenario
with helminth and bacterium in the context of IFN-y blockade would deepen our

insight into the antimicrobial role of IFN-y in H. polygyrus infection.

4.4.3 IFN-y production

Both NK cells and T cells have been implemented in the IFN-y production during
H. polygyrus infection. Previous work in our laboratory showed that in later H.
polygyrus infection, IL-10 is able to suppress and regulate Th1 IFN-y production

(Webster et al., 2022). In relation to the earlier IFN-y production, researchers
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had suggested that IFN-y was produced by NK cells and was key in tissue repair
(Gentile et al., 2020). Our data confirms an influx of NK cells with increased IFN-
Yy production in early H. polygyrus infection. Since starting this project, the
production of IFN-y and its role in H. polygyrus infection has been explored by
several other laboratories. In particular, a recent publication has explored
similar questions and have shown that IFN-y is produced by local tissue-resident
CD8+ T cells and signals via stromal cells to recruit neutrophils to the infection
site to aid in limiting tissue damage (Westfall et al., 2025). Some of these
findings overlap with ours, giving confidence in our understanding. IFN-y appears
to be produced by multiple cells, and we hypothesise that the functionality and
abundance of IFN-y may differ depending on the source. The exact driver of the
IFN-y secretion remains unclear. Ordinarily, IFN-y is known to be secreted in
response to bacterial stimuli (Czarniecki and Sonnenfeld, 1993), whilst some
research using schistosome larvae has suggested that these helminths are also
able to modulate IFN-y production (Paveley et al., 2011). The stimulus for
production of this cytokine during early H. polygyrus infection remains a
fundamental question to clearly understanding its role in intestinal helminth

infection.

Overall, our data in this chapter characterise a role for IFN-y in barrier integrity
and in coordinating and enhancing local antimicrobial protection, including AMP
expression and recruitment of innate immune cells such as neutrophils.
Additionally, we reiterate NK cells as a key source of IFN-y at day 2 of H.
polygyrus infection. With our findings so far, the role of IFN-y in relation to the
breaches of the intestinal epithelium caused by H. polygyrus remains slightly
unclear. The exact reason for IFN-y production and whether it is a manipulation
of a response coordinated by the helminth itself is yet to be defined. It is
unclear whether IFN-y and the antimicrobial defences are produced in response
to bacterial stimuli or as a preventative protective measure upon helminth
infection. Additionally, it is unclear whether a more dangerous bacterial
pathogen than commensals would be able to translocate and colonise during H.
polygyrus infection more easily in the absence of IFN-y. Therefore, in our next
chapter we decided to assess the production of IFN-y and subsequent

antimicrobial defences by eliminating bacteria and measuring these responses.
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Chapter 5

5.1 Introduction

Our data so far illustrate that early H. polygyrus infection evokes a complicated
immune response very different to the Th2 response found at the later stages of
infection, including an IFN-y co-ordinated antimicrobial response with increased
barrier remodelling. Although these data are interesting, the order of events and
in response to which stimuli remain unclear. We wondered whether the presence
of IFN-y in H. polygyrus infection is triggered in response to the helminth or as
response to damage caused to the intestinal epithelium upon ‘breaching’ to
prevent further infection or is actually produced in response to bacterial
stimulation to coordinate antimicrobial responses. To address our questions, this
chapter uses antibiotics to eliminate bacteria and determine whether IFN-y and
subsequent enhanced antimicrobial responses are measures in place to prevent

bacterial invasion or are produced in response to bacterial stimulation.

As discussed in Chapter 4, IFN-y has been associated with helminth infections for
some time. IFN-y is known to be involved in defence against invading bacterial
pathogens, and its production is linked with bacterial stimulation (Czarniecki and
Sonnenfeld, 1993; Mertowska et al., 2023). In helminth infection, a recent
publication, argues that IFN-y is produced by gut-resident CD8+ T cells in
polygyrus and other helminths have been shown to manipulate the microbiota
diversity within the infected host (Reynolds et al., 2014b; Walk et al., 2010b).
Further research needs to be carried out to fully understand the effects that
microbiota have on the helminth or resulting immune response. Germ free mice
infected with intestinal helminths have enhanced Th2 immunity compared to
similarly infected specific-pathogen-free (SPF) mice (Rausch et al., 2018), which
suggests that commensal bacteria may suppress/ limit the Th2 response in early
infection through stimulating a contrasting response such as type 1 immunity via

IFN-y production.

The intestine is a perfect niche for many bacteria due to the nutrient rich
environment. Although many are essential for our survival and keeping us

healthy, if not controlled by our effective immune responses there are several
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bacterial species that can infect the host and cause severe health effects or
even be fatal (Burd and Hinrichs, 2015). So far, our data and research from
others have illustrated that H. polygyrus disrupts the intestinal barrier (Schalter
et al., 2022c). We hypothesised that this breach could enable an opportunity for
bacteria in the intestine to also translocate across the barrier, hence increasing
the host’s susceptibility to bacterial co-infection. Our data also record increases
in antimicrobial responses during H. polygyrus infection, and we wondered
whether these increases are provoked by, and indicative of, bacteria crossing

the intestinal barrier and posing a threat to the immune system.

As mentioned in Chapter 3, papers suggest that antimicrobial responses
associated with helminth infection are important in protecting the host from
further infection (Horsnell and Oudhoff, 2022; Hu et al., 2021). Whether these
are preventative measures or initiated by bacterial stimulation is unclear. There
are several studies using co-infection models with enteric helminths and
bacterial pathogens. These studies demonstrate the host’s increased
susceptibility to secondary bacterial infection when the host is already infected
with a helminth (Elias et al., 2005; Potian et al., 2011; Reynolds et al., 2017b).
Research has shown that in some cases helminths are able to provide an extra
physical surface for bacterial species to reside on during infection, preventing
effective clearance by the host of the respective pathogens (Barnhill et al.,
2011). Indeed, the H. polygyrus larvae or mature worms may be able to carry
surface bacteria and perhaps upon intestinal barrier entry, these hitchhikers

induce bacterial-stimulated type 1 immunity.

We propose that the barrier breach and disruption caused by the worm is
providing bacteria an entry point to the intestinal tissue. We therefore
hypothesise that this additional bacterial contact with the host tissue and tissue-
based immune system is provoking the IFN-y -directed antimicrobial defences
that we described in Chapters 3 and 4. To test this hypothesis, we eliminated
bacteria through treatment of H. polygyrus infected mice with broad-spectrum
antibiotics and investigated whether the IFN-y and associated antimicrobial
responses were still present. We also assessed the surface of the helminths and
their interaction with bacteria to determine whether the worms could support

bacterial survival by providing an environmental niche. Together, the data
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contained in this chapter confirm a decisive impact of bacteria on the immune

responses occurring early in helminth infection.

5.2 Aims

The objective for this final Chapter was to determine whether the antimicrobial
and IFN-y enhanced responses in H. polygyrus infection are a consequence of

bacterial stimulation. To achieve this, we addressed the following aims:

e To investigate whether the antimicrobial responses that we have observed

in early H. polygyrus infection are influenced by the presence of bacteria.

e To determine whether the increased IFN-y in H. polygyrus infection is

produced in response to bacteria.

e To explore the physical relationship between the H. polygyrus worm and
intestinal bacteria, to understand whether they co-localise with each

other.
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5.3 Results

5.3.1 The effect of antibiotic treatment on H. polygyrus infection

To deepen our understanding of the relationship between H. polygyrus and
potential bacterial threats, especially during the timepoints when the intestinal
barrier is breached (D2 and D7), we decided to eliminate host microbiota and
assess whether the infection-associated increases in antimicrobial peptide
expression and immune infiltration that we previously observed were affected by
the reduced bacterial load. Mice were treated in their drinking water with a
broad-spectrum antibiotic (ABX) cocktail containing ampicillin, metronidazole,
neomycin, gentamycin and vancomycin. This combination was used in the
laboratory previously and in published research; it was found to be successful at
reducing overall bacterial numbers in the gut and we used it with the intention
of ablating the overall microbiome (Scott et al., 2018). Mice were given the ABX
treatment starting 7 days prior to and throughout H. polygyrus infection. Mice
were then culled on day 2 or 7 of infection (Figure 5-1A). Mice on the antibiotic
treatment lost weight initially but regained it over time (Figure 5-1B), consistent
with previously published work (Scott et al., 2018). These data gave confidence
that the ABX treatment had been effective, but, as a further confirmation of
successful microbiota depletion, the ceca of mice were also collected and
weighed. Ceca were significantly larger in the antibiotic-treated mice (Figure 5-
1C&D). Enlarged ceca have been previously reported to indicate bacterial
depletion, due to the role that microbiota play in fermenting and digesting food
(Ge et al., 2017; Puhl et al., 2012). The larger ceca we see in our results
therefore suggest that the ABX treatment effectively reduced intestinal

bacteria.
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Figure 5-1 Successful in vivo Hpb infection with ABX treatment.

A) C57BL/6 mice were infected with 200 L3 Hpb larvae and given broad spectrum antibiotics in
their drinking water for 7 days prior to and throughout infection, samples were collected at days 2
or 7 post infection. B) Mouse weights during infection and antibiotics treatment, plotted as
percentage of starting body weight. Shaded area reflects time that mice were given supportive
care. Dashed line reflects point of Hpb infection. C) Image of ceca collected at day 2 post infection.
Outlines group ceca by colour, sample groups indicated by the key. D) Weight of ¢ collected from
mice in each sample group. Data shown with mean +SD, 4-5 mice per sample group. Statistical
significance was calculated by a One-Way ANOVA followed by a Tukey’s multiple comparisons
test. (Significance ****p <0.0001).

To assess whether bacteria appear to influence H. polygyrus infection, we then

looked at differences in pathology between sample groups. It should be noted
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that tissue for the images in Figure 5-2 comes from standard sectioning of the
closed duodenal lumen and not Swiss roll preparations as previously shown,
hence overall histology looks different to previously shown sections. Examining
the H&E-stained small intestinal samples found no obvious differences in
intestinal structure or pathology with ABX treatment (Figure 5.2). Consistent
with our earlier findings in Chapter 3, H. polygyrus infection shows a moderate
inflammatory response surrounding the helminth in the intestinal tissue; the
same is true for the ABX treated infected mice. Together our results so far have
shown that ABX treatment effectively depletes bacteria, and there appears to be

no major impact on tissue pathology.

Naive

Hpb + ABX

Figure 5-2 Hpb granuloma identified, representing successful and ordinary visual infection
alongside ABX treatment.

C57BL/6 mice were infected with 200 L3 Hpb larvae and given broad spectrum antibiotics in their
drinking water for 7 days prior to and throughout infection, samples were collected at day 7 post
infection. H&E staining of small intestinal tissue at day 7 of infection with and without ABX
treatment and with ABX or naive control groups.
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5.3.2 Antimicrobial changes in ABX treated H. polygyrus infected
mice

Our data in previous chapters have shown that early H. polygyrus infection is
associated with enhanced antimicrobial responses including increased expression
of AMPs and immune cell influx. Therefore, we next aimed to evaluate these
changes in a microbiota depleted setting to identify if the AMP expression and

immune cell recruitment are enhanced in response to bacterial stimulation.

The previous increases in AMP expression we identified in early H. polygyrus
infection using the markers Nos2 and Lcn2 was replicated in this experiment.
Disappointingly, the expected increase in Ang4 expression we identified in early
H. polygyrus infected mice when compared to uninfected controls, although
higher, did not reach significance in this experiment (Figure 5.3A), contrasting
to our earlier work, shown in Chapter 3 (Figure 3-4C). With additional ABX
treatment, Ang4 and Nos2 expression was significantly reduced in infected mice,
reducing the expression levels so much so that there were no significant
differences between H. polygyrus infected ABX treated mice and naive or just
ABX treated mice. Lcn2 expression in mice infected and treated with ABX also
showed a decreased trend when compared to H. polygyrus infected mice
although this was not significant (Figure 5.3A-C). Together these data show that
microbiota is required for the induction of AMPs in H. polygyrus, that epithelial
damage caused by the worm is not enough alone, consistent with the hypothesis

that these AMPs are a response to bacterial stimulation.
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Figure 5-3 Increased AMP expression in early Hpb infection in response to microbiota.
C57BL/6 mice were infected with 200 L3 Hpb larvae and given broad spectrum antibiotics in their
drinking water for 7 days prior to and throughout infection, samples were collected at day 2 post
infection. Fold change of A) Ang4, B) Nos2, and C) Lcn2 in the duodenum compared to
housekeeping gene (Rps29) and normalised to the mean of the naive samples. Data shown with
mean +SD, 2 pooled experiments with 4-5 mice per experiment. Statistical significance was
calculated by a One-Way Anova followed by a Tukey’s multiple comparisons test or in cases where
data was not normally distributed a Kruskal-Wallis test followed by Dunn’s multiple comparisons
test was used. (Significance *p < 0.05, **p <0.01, ***p <0.001, NS, Non-significant).

Next, we asked whether the immune cell infiltrate seen in early H. polygyrus
infection was also affected by bacterial depletion. Using the same gating
strategies as shown in Figure 3-5, we again measured myeloid cell populations in
the small intestine at day 2 of infection. Consistent with our data in Chapter 3,
both DCs and eosinophils did not show any significant changes in H. polygyrus
infection as early as day 2 (Figure 5.4A&B). Additional ABX treatment did not
impact these results in the DC data, although eosinophils had a small significant
increase in proportion compared to naive mice when both H. polygyrus and ABX

were given. Since eosinophil cell numbers show no significant changes, this
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suggests that ABX may be causing a decrease in other cell populations within the
negative eosinophil gating. In contrast, Ly6G+ eosinophils show significant
increases at day 2 of H. polygyrus infection compared to uninfected controls,
which appear to be completely abrogated with ABX treatment and are even
significantly lower than the levels in naive mice (Figure 5-4C). In fact, ABX
treatment alone appears to reduce this population, perhaps reflecting a role for
the microbiota in maintaining the presence of these cells, even in the absence of

infection.

Using the ‘macrophage waterfall’ shown in Chapter 3, we gated on CD11b and
MHCII to identify the monocyte, intermediate and macrophage cell populations.
Monocyte and intermediate cell numbers are not statistically different but show
an increased trend during H. polygyrus infection when compared with the
uninfected control. Both monocytes and intermediate myeloid cells were
significantly higher in frequency at day 2 of infection vs non-infected animals
(Figure 5-5). With ABX treatment given to infected animals, the higher frequency
of the monocyte and intermediate monocyte cells is absent. Strikingly,
macrophage populations are significantly higher in number and lower in
proportion in H. polygyrus infected mice compared to naive and these changes
are completely nullified when mice are also treated with ABX and compared

against the naive.
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Figure 5-4 Myeloid population changes in early Hpb infection with and without ABX
treatment.

C57BL/6 mice were infected with 200 L3 Hpb larvae and given broad spectrum antibiotics in their
drinking water for 7 days prior to and throughout infection, samples were collected at day 2 post
infection. Small intestinal lamina propria digested and analysed by flow cytometry populations
gated and measured as previously identified (Figure 3-5). Frequency and absolute cell count of A)
DCs, B) eosinophils and C) Ly6G+ eosinophils plotted. Data shown with mean +SD, 2 pooled
experiments with 4-5 mice per experiment. Statistical significance was calculated by a One-Way
Anova followed by a Tukey’s multiple comparisons test or in cases where data was not normally
distributed a Kruskal-Wallis test followed by Dunn’s multiple comparisons test was used.
(Significance *p < 0.05, **p<0.01, ***p <0.001, ****p < 0.0001, NS, Non-significant).
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Figure 5-5 Changes to macrophage populations in early Hpb infection are microbiota
dependent.

C57BL/6 mice were infected with 200 L3 Hpb larvae and given broad spectrum antibiotics in their
drinking water for 7 days prior to and throughout infection, samples were collected at day 2 post
infection. Small intestinal lamina propria digested and analysed by flow cytometry populations
gated and measured as previously identified (Figure 3-5). Frequency and absolute cell count of
monocytes (MHCII-Ly6C+), intermediates (MHCII+Ly6C+) and macrophages (MHCII+Ly6C-)
plotted. Data shown with mean £SD, 2 pooled experiments with 4-5 mice per experiment.
Statistical significance was calculated by a Two-Way ANOVA followed by a Tukey’s multiple
comparisons test. (Significance *p <0.05, ****p <0.0001, NS, Non-significant).

Finally, we looked at neutrophil populations. Gated in Figure 5-6A, neutrophils
were significantly higher in frequency and cell number in mice 2 days Pl when
compared with naive mice and similarly to the macrophages, these increases
were completely ablated in infected mice whom also received ABX treatment
(Figure 5-6B). In the experiments where H. polygyrus has successfully induced

the expected myeloid infiltration into the small intestine, this cell influx does
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not occur if the microbiota is ablated. This suggests that the immune infiltration

is normally induced by the microbiome.

To assess whether the influx of neutrophils into the small intestine were only
found during the early breach point of helminth infection or also later at the
second ‘breach’ point, we also measured neutrophils at day 7 of H. polygyrus
infection (Figure 5-6C). Neutrophil numbers and frequencies were again higher
during infection at this later timepoint compared to uninfected mice. Although
the infection-induced increase in the frequency of neutrophils was significantly
reduced by ABX administration, any reduction in absolute cell number was not
statistically significant. Taken together, our measurements of the myeloid cell
influx and induction of AMPs that occur during H. polygyrus infection shows that
ABX treatment removes multiple aspects of these immune responses. Our
understanding is therefore that bacterial stimulation is essential to drive or

enhance these antimicrobial responses.
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Figure 5-6 Neutrophil infiltration in early Hpb infection induced by microbiota.
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C57BL/6 mice were infected with 200 L3 Hpb larvae and given broad spectrum antibiotics in their

drinking water for 7 days prior to and throughout infection, samples were collected at day 2 post
infection. Small intestinal lamina propria digested and analysed by flow cytometry populations
gated and measured as previously identified (Figure 3-5). A) Gating of neutrophils identified and

labelled with frequency of ‘parent’ population. Frequency and absolute cell count of neutrophils at

B) D2 and C) D7 plotted. Data shown with mean +SD, 2 pooled experiments with 4-5 mice per
experiment. Statistical significance was calculated by a One-Way Anova followed by a Tukey’s
multiple comparisons test was used. (Significance *p <0.05, **p < 0.01, ****p <0.0001, NS, Non-

significant).
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5.3.3 IFN-y expression in ABX-treated, H. polygyrus-infected mice

We next aimed to determine whether the local IFN-y expression and production
we identified during early H. polygyrus infection is also stimulated by bacteria.
Consistent with our data shown so far, sole infection with H. polygyrus caused an
increase in both duodenal gene expression and sera protein levels of IFN-y
(Figure 5-7). When ABX was administered alongside H. polygyrus infection, the

increases in IFN-y were no longer observed (Figure 5-7A&B).
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Figure 5-7 Increased IFN-y expression in Hpb infection is dependent on microbiota.

C57BL/6 mice were infected with 200 L3 Hpb larvae and given broad spectrum antibiotics in their
drinking water for 7 days prior to and throughout infection, samples were collected at day 2 post
infection. A) Fold change of IFN-y in the duodenum compared to housekeeping gene (Rps29) and
normalised to the mean of the naive samples. B) Protein levels of IFN-y measured in serum of
mice using CBA assay. Data shown with mean +SD, 2 pooled experiments with 4-5 mice per
experiment. Statistical significance was calculated by a One-Way Anova followed by a Tukey’s
multiple comparisons test. (Significance *p <0.05, **p <0.01, ***p <0.001, ****p < 0.0001, NS, Non-
significant).

We then looked at NK cells, as we had confirmed in Chapter 4 that these cells
were a source of the IFN-y seen at day 2 of H. polygyrus infection. We used the
same gating strategy as in Chapter 4 (Figure 4-12). Again, we found that sole
infection increased both cell number and frequency of NK cells when compared
to naive mice. Interestingly, NK cell numbers did not seem to change between
ABX treated infected mice and those with sole infection. Irrespective of
infection, the frequency of NK cells was also significantly higher with ABX
treatment alone when compared to naive mice, indicating that other cells
outside of this gating were lower in frequency since cell nhumbers did not

significantly change. Additional markers and further analysis would be required
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to assess the cells decreased in this gating with ABX treatment. Overall, these
data demonstrate that IFN-y is produced in response to bacteria and enhances

local protective antimicrobial responses only in their presence.
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Figure 5-8 NK cell number is unaffected by additional ABX treatment during early Hpb
infection.

C57BL/6 mice were infected with 200 L3 Hpb larvae and given broad spectrum antibiotics in their
drinking water for 7 days prior to and throughout infection, samples were collected at day 2 post
infection. Small intestinal lamina propria digested and analysed by flow cytometry populations
gated and measured as previously identified (Figure 4-12). Frequency and absolute cell count of
NK Cells plotted. Data shown with mean +SD, 2 pooled experiments with 4-5 mice per experiment.
Statistical significance was calculated by a One-Way Anova followed by a Tukey’s multiple
comparisons test or in cases where data was not normally distributed a Kruskal-Wallis test followed
by Dunn’s multiple comparisons test was used. (Significance *p <0.05, ***p <0.001, ****p < 0.0001,
NS, Non-significant).

5.3.4 Variability in bolus H. polygyrus infection

The data shown in this chapter so far are taken from two experiments in which
there were clear differences between infected and uninfected animals, allowing
us to assess the impact of ABX on those differences. However, several
experiments in this chapter were afflicted by repeats in which there was no
statistical differences between infected and uninfected in any of the parameters
we measured. This outcome made it impossible to assess the impact of the
microbiota and these repeats were excluded from our analysis, but an example
is shown in Figure 5-9. In this figure, results of a third repeat of the antibiotics
treated H. polygyrus day 2 infection groups are shown. The AMP expression in
these mice was not altered in the infected mice relative to the naive and neither
was the IFN-y expression (Figure 5-9A-D). Additionally, the neutrophil absolute

number and frequency were not significantly higher in the H. polygyrus infection
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as they usually are, although changes can be seen in some of the antibiotics
treated H. polygyrus infected mice (Figure 5-9E). This experiment alongside one
of a similar pattern in the IFN-y blockade setting were excluded from our pooled
data. Alongside these results, some mice kept until day 7 of H. polygyrus
infection were found to have a lower than expected number of granulomas (data
not shown), which are usually dominant along the duodenum of the small
intestine. Whilst working on this project, this infection variability has been a
discussion of interest with other researchers working with H. polygyrus. In
conversations with Dr Constance Finney, University of Calgary, she informed us
of similar issues within her own laboratory. Interestingly, a recent publication
from another laboratory also working with H. polygyrus has defined a fungal
commensal species in mice, Kazachstania pintolopesii, which they report to
protect the host against parasitic infection, increasing resistance to helminths
(Liao et al., 2024). It is possible that batches of wildtype mice, purchased for
each of our experiments, may have been variable in their levels of colonisation
by such commensal fungi, affecting our ability to achieve consistent H. polygyrus
infections. To determine which experiments were excluded from the results,
when day 7 mice were culled from an experiment at which day 2 mice were also
culled, examination of the intestine for visual granulomas as shown in Figure 2-
1A enabled assessment of successful infection. When no or extremely few
granulomas were seen, infection was deemed unsuccessful, and results were
excluded. Additionally, since our experiments were often repeated, data was
examined and results from these mice did not align with repeated experiments
under the same conditions and therefore these varied experiments were

excluded upon careful examination and discussion with my supervisor.
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Figure 5-9 High levels of variability with bolus dose Hpb infection.

C57BL/6 mice were infected with 200 L3 Hpb larvae and given broad spectrum antibiotics in their
drinking water for 7 days prior to and throughout infection, samples were collected at day 2 post
infection. Fold change of A) Ang4, B) Nos2, C) Lcn2 and D) IFN-y in the duodenum compared to
housekeeping gene (Rps29) and normalised to the mean of the naive samples. E) Frequency and
absolute cell count of neutrophils plotted. Data shown with mean +SD with 3-4 mice per sample
group. Statistical significance was calculated by a One-Way Anova followed by a Tukey’s multiple
comparisons test or in cases where data was not normally distributed a Kruskal-Wallis test followed
by Dunn’s multiple comparisons test was used. (Significance *p <0.05, **p <0.01, NS, Non-
significant).
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5.3.5 H. polygyrus as a bacterial niche

Finally, with some of our data suggesting that the host response to H. polygyrus
infection includes responses that happen upon bacterial stimulation, we went
back to our original hypothesis, thinking that as H. polygyrus burrows into the
intestinal wall it provides an entry point for bacteria, increasing the
susceptibility to co-infection. We hypothesised that bacteria may not only use

the epithelial breach as an entry point, but that they may also use the surface of
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the worm as a physical niche to occupy, to avoid clearance and detection. A
similar attachment of bacteria to a helminth surface has been shown in
Schistosome infection (Barnhill et al., 2011). During a placement in the Reynolds
laboratory at University of Victoria, | cultured H. polygyrus larvae with a
fluorescent strain of Salmonella in a petri dish, in vitro, to assess whether the
two pathogens co-localise. The image in Figure 5-10 shows both H. polygyrus L3
larvae and the fluorescent Salmonella in the same culture. The internal tissues
have some autofluorescence, as seen in Figure 5-10. Control images of the worm
alone and bacteria alone were sadly not taken so no formal conclusion can be
made, but preliminary assessment of the cultures by eye did not suggest
enhanced fluorescence in the co-culture wells, and the surrounding Salmonella

bacteria did not appear to co-localise on the surface of the worm.

Objective Lens: UPLFLN 20x / 0.50

Figure 5-10 Salmonella does not co-localise with Hpb larvae.

Image of fluorescent Salmonella in co-culture with Hpb larvae. H. polygyrus larvae shows level of
autofluorescence captured in image. Bacteria can be identified in image as fluorescent ‘circles’ in
culture.

To further assess whether bacteria is able to bind to the surface of the helminth,
at the later lifecycle stages of H. polygyrus infection, intestinal samples were

taken from mice at days 8 and 21 of H. polygyrus infection and scanning electron
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microscopy (SEM) was performed on the tissue. A recent publication shows the
same assay used in T. muris infection with successful identification of both the
helminth and local bacteria (de Oliveira et al., 2025). In our collected samples,
the helminth is co-habiting the gut lumen with commensal bacteria, enabling us
to assess the co-localisation of these organisms relative to each other. SEM
allows detailed, high-resolution imaging of the surface of the worm (Figure 5-
11). These samples were prepared by my supervisor, Georgia Perona-Wright, and
processed and imaged by the head of our core imaging facility, Dr Leandro
Lemgruber Soares. Figure 5-11A shows an image representative of the larger
tissue sample where the spiral shape of the H. polygyrus worm at day 21,
residing in the intestinal lumen, can be seen. Images of a higher magnification
capture the worm in the lumen at day 8 and day 21 of infection (Figure 5-
11B&C). The surface of the helminths shown in each image is clear and not
obviously covered in adhered bacteria, perhaps giving a further indication that
bacteria do not localise on the surface of the worm as we had hypothesised.
However, it is also possible that these clean surfaces are a result of the washing
and processing that the tissue was subjected to during sample preparation.
Together, our current data perhaps does not support the idea of bacteria binding
to and using the worm surface as a niche, although further work is needed to
prove this conclusively. Overall, the data in this chapter suggest that microbiota
are an influential presence, able to stimulate immune responses during early H.

polygyrus infection.
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Figure 5-11 Bacteria undetected on surface of H. polygyrus helminths.
Scanning electron microscopy images of small intestine from C57BL/6 mice infected with 200 L3
Hpb larvae. A &C) D21 and B) D8 post-infection.
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5.4 Discussion

Overall, the aim of Chapter 5 was to investigate whether the antimicrobial
responses and IFN-y production we demonstrated to be increased in H. polygyrus
infection were related directly to bacterial stimulation. To test this hypothesis,
our approach was to use antibiotic treatment to eliminate bacteria in mice
infected with H. polygyrus to determine whether bacteria play a role in inducing
our identified changes. We have defined a role for microbiota in stimulating and
enhancing the IFN-y-coordinated local immunity in the small intestine during H.
polygyrus infection, suggesting that helminth entry allows bacteria to contact
host tissue and the host immune system, acting as a stimulus for epithelial and
immune responses. Additionally, to explore whether bacteria used the surface of
the helminth as a niche, we took a small glance at the localisation and
interactions of helminths and bacteria using co-cultures and ex vivo SEM
imaging. Using these methods, no evidence was found to suggest that bacteria
co-localise with the helminth. Collectively, the data in this chapter have
furthered our understanding of the relationship between the host immune
response and the helminth, defining that the type 1 immunity found in early
infection is reflective of a local response to bacterial stimulation. We think that
the epithelial disruption caused by early H. polygyrus infection allows
commensals to interact with the host immune system, and stimulate an
antimicrobial immune response, potentially protecting against opportunistic or

concurrent bacterial infections.

5.4.1 Microbiota and antibiotics

Research using either antibiotic treatment or germ-free mice to eliminate
bacteria are common experimental approaches. To deplete bacteria in our
experiments, we decided to use a cocktail of broad-spectrum antibiotics to
reduce overall bacterial load. Compared with germ-free mice, antibiotics are
more accessible and offer precise timing of bacterial depletion (Kennedy et al.,
2018). Whilst countless studies have used these experimental methods and they
are known to be effective, they also have limitations. As well as depleting
bacteria, antibiotics have been shown to have toxic effects on mammalian cells,
causing mitochondrial damage (Morgun et al., 2015). Additionally, different

antibiotics can specifically limit certain bacterial strains due to resistance or
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specific targeting and the precise antibiotics cocktail used can make a
difference to which bacteria remain. Similarly, however, germ-free mice also
have caveats, causing several developmental impairments affecting both
immune and neurological tissues (Delgado-Ocana and Cuesta, 2024; Kennedy et
al., 2018). In our experimental model, the antibiotics treatment we use has
been used in previously published research and includes a cocktail designed to
eliminate a broad range of bacterial strains. Each antibiotics added is most
effective against certain bacterial groups; ampicillin is effective in eliminating
many gram +ve bacteria and some gram -ve, metronidazole is effective against
anaerobic bacteria, neomycin and gentamicin more specifically gram -ve
anaerobes and vancomycin is effective at eliminating gram +ve bacterial strains.
Therefore, the coverage of the treatment should be highly effective with any
remaining bacterial strains likely to be more atypical or resistant to antibiotic
treatment. Although we do not show efficacy of the antibiotics directly, we use
weight loss and caecum size to confirm bacterial changes. Assessing bacterial
elimination in the experimental mice, and specifically locally to the worms in
the duodenum would have complemented the model nicely to confirm which

bacterial species (if any) remain present.

Co-evolution of the host with microbiota has resulted in a complicated and often
mutualistic relationship. It is well established that microbiota can influence
immune responses in a variety of diseases, both infectious and autoimmune
(Zheng et al., 2020). Dysbiosis of commensal bacteria has been linked to
development of conditions such as IBD and Rheumatoid Arthritis and also
exacerbated infection outcome with bacterial strains Salmonella and
Clostridioides difficile (Hou et al., 2022; Pham and Lawley, 2014). Microbiota
can protect against intestinal infections by preventing pathogens from colonising
and secreting toxic antimicrobial peptides to inhibit growth of other bacteria
(Tan et al., 2021). We show here that the microbiota are responsible for
promoting an IFN-y induced, antimicrobial response during helminth infection

which we hypothesise acts to protect the host from future infection.

Research has demonstrated that the microbiota can alter immune cell subsets,
inhibiting mucosal mast cell activation and promoting proinflammatory T cells
and macrophage hyperactivation (Zheng et al., 2020). The commensal bacteria

within a host intestine can also modulate epithelial responses including mucus
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production, proliferation and secretion of AMPs (Tan et al., 2021). Our data
show that the increased AMPs, IFN-y and myeloid cell influx seen during H.
polygyrus infection are influenced by the presence of microbiota. We did not
directly look at the effects of antibiotic treatment on TJ protein expression, but
a published study shows that microbial signals are able to upregulate epithelial
TJ expression to strengthen the intestinal epithelial barrier (Bansal et al., 2010).
These data perhaps suggest that the reparative, enhanced TJ protein expression
we identified in early H. polygyrus infection could also be directed by intestinal
microbes. In future, looking at the TJ proteins in this experimental setup would
be beneficial to understand whether microbiota are contributing to cell adhesion
in early H. polygyrus infection. Taken together, our data so far suggest that,
since microbiota promote IFN-y production, and we show that IFN-y is
responsible for enhancing TJ gene expression in H. polygyrus, it is likely that
microbiota depletion would hinder TJ gene expression. As commensal bacteria
and their relationship with diseases is a growing topic in research, several

studies have explored microbiota effects on helminth infection.

5.4.2 H. polygyrus and microbiota

In 2010, it was first demonstrated that H. polygyrus helminths significantly alter
and shape the commensal bacterial environment in the host (Walk et al.,
2010b). This study and others have since shown that there is a significant
increase in the abundance of certain bacterial species including Lactobacillus
(Rausch et al., 2013; Reynolds et al., 2014b; Walk et al., 2010b). Part of the
influence of the helminth on shaping the commensal bacteria is due to the
worms exhibiting their own antimicrobial defences. These secreted proteins and
peptides can kill certain bacterial species and perhaps enhance the growth of
others to shape the host’s microbiota (Rausch et al., 2018). The H. polygyrus
moulded commensal environment is then able to provoke several immune
responses, thought to be a direct consequence of helminth interaction. Thus,
the relationship and interaction between the helminth and the host microbiota
became a more active area of research to understand how bacterial reshaping in
a similar pattern to the helminth may benefit the host (Blackwell et al., 2024;
Su et al., 2018b; Zaiss et al., 2015). Methods were established to grow sterile H.
polygyrus larvae to eliminate their own microbiota (Blackwell et al., 2024;
Russell et al., 2021; Zaiss et al., 2015), as it had been hypothesised that the
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microbiota carried by the H. polygyrus larvae themselves may contribute to
already established populations in the host and favour the colonisation of certain
species. However, a study identified and characterised the bacteria of the H.
polygyrus larvae microbiome and found that the alterations in bacterial
populations was not associated with the internal microbiome of the worm (Rapin
et al., 2020). Together these data confirm that helminths can alter the
microbiota, in turn influencing local immune responses. With our findings in this
chapter illustrating that microbiota promote IFN-y production and antimicrobial
responses, perhaps the H. polygyrus helminth shapes the microbiota to promote

these responses, protecting the host to benefit its own survival.

Whilst helminths and their infected hosts have co-evolved together for thousands
of years, so have the microbiota and helminths. Hence, several studies have
shown that microbiota are beneficial to helminths. In T. muris infection, Hayes
et al. show that microbiota are essential for the helminth eggs hatching.
Additionally, in germ-free mice infected with H. polygyrus, parasite growth and
fecundity is hindered, illustrating the importance of the microbiota in parasite
overall survival (Rausch et al., 2018). Other studies have shown that commensal
bacteria provide a local increase in the short chain fatty acid, isovaleric acid,
which enhances the fecundity and health of H. polygyrus during infection
(Kennedy et al., 2021). In contrast, a recent paper found that a diverse
microbiota increases host resistance to H. polygyrus (Moyat et al., 2022),
suggesting that the helminth reshaping of microbiota we previously described
may also help in preventing its clearance. Specifically, Lactobacilli has been
shown to create a positive feedback with H. polygyrus, where the bacterial
species enhance helminth infection and are then also promoted by the worms,
working together in a mutualistic symbiotic environment (Reynolds et al., 2014).
The mechanisms for how the helminths promote Lactobacilli abundance remain
unclear, however this paper found that Lactobacilli can enhance Treg numbers,
improving helminth outcome possibly by limiting the Th2 response usually
responsible for helminth clearance (Reynolds et al., 2014). Although we did not
specifically examine the outcome of infection with antibiotics treatment, our
data show that IFN-y production, AMP production and innate immune cell influx
were each hindered. Since the above studies suggest that microbiota often

provide a beneficial relationship to the host, it suggests that these impaired
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responses would benefit the host, likely by hindering Th2 cells and perhaps by

keeping the host from succumbing to further bacterial infection.

The effects of microbiota depletion during H. polygyrus infection have been
primarily studied at later infection stages, with limited research on the early
infection phase (Elizalde-Velazquez et al., 2023; Moyat et al., 2022). Similarly,
studies on H. polygyrus in germ-free mice have also focussed on later stages.
However, these studies have shown increased Th2 responses in germ-free mice,
possibly complementing our data and suggesting that the absence of microbiota
and the IFN-y that the microbiota stimulates allows for an enhanced type 2
immune response (Rausch et al., 2018; Reynolds et al., 2014). Research has also
illustrated that microbiota in helminth infection are important in driving
protective type 1 interferon responses against secondary viral infection
(McFarlane et al., 2017). Together, this complements our data nicely, suggesting

that microbiota are important in driving protective immunity.

5.4.3 Antimicrobial defence in the intestine

Throughout this thesis we have shown that the AMPs are increased during
helminth infection, and in this chapter we show that these AMPs are produced in
response to bacteria. Some studies have suggested a role for AMPs in protecting
the host from further infection during helminth infection (Horsnell and Oudhoff,
2022). In 2021, a study specifically investigating the expression of the AMP
SPRR2A found that, after 2 weeks of infection with H. polygyrus, SPRR2A
expression and production was increased in intestinal epithelium, and that these
SPRR2A changes were promoted by the type 2 cytokines IL-4 and IL-13. The same
study also showed that intestinal microbiota can induce SPRR2A through the TLR-
MyD88 signalling pathway (Hu et al., 2021). Since our research focussed on
earlier timepoints of helminth infection, prior to the dominant expression of
type 2 cytokines, it is possible that the increased AMPs we see are a result of
TLR signalling. This suggests that in H. polygyrus infection, there may be higher
levels of bacterial stimulation, possibly due to the disruption of the barrier,

responsible for the increases in AMP expression.

The data in this chapter show that the influx of myeloid cells, predominantly

neutrophils, in early H. polygyrus infection is influenced and driven by the
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presence of microbiota. In a healthy gut, microbiota contribute to the
maintenance of gut homeostasis, at least in part by regulating and suppressing
neutrophil recruitment via SCFA production (Belkaid and Harrison, 2017). When
neutrophils are recruited, this is often due to pathogenic organisms being
recognised and or upon intestinal bacterial translocation (Schwab et al., 2014).
Neutrophils defend the host whilst in the intestinal tissue but can also migrate to
the lumen to prevent translocation of invading bacterial species (Zhang and
Frenette, 2019). Additionally, not only the recruitment of neutrophils but also
their activation can be altered by microbiota. Studies have shown that
neutrophil extracellular trap (NET) formation from neutrophils can be enhanced
and driven by certain bacterial strains (Doolan and Bouchery, 2022).
Interestingly NETs have also been shown to effectively trap and in some cases
kill helminth larvae (Bonne-Année et al., 2014; Diaz-Godinez and Carrero, 2019).
Together, these papers support our findings that microbiota can co-ordinate the
influx of neutrophils in H. polygyrus infection and also demonstrate mechanisms
by which neutrophils may be driven by microbiota to defend against further

bacterial infection or even the helminth larvae.

We identified that the increased IFN-y expression and secretion in H. polygyrus
infection was ablated with antibiotics treatment and hence illustrated that
bacterial stimulation provoked the production of this cytokine. Although we
confirmed NK cells to be a source of IFN-y in early H. polygyrus infection, their
numbers and proportions did not significantly change in response to antibiotic
treatment. These data perhaps suggest that H. polygyrus increases NK cell
numbers irrespective of microbiota, but NK cell activation and increased
cytokine production is stimulated by bacteria. This is complemented by other
research which suggests that exposure of NK cells to commensal bacteria can
activate them and induce NK cell production of IFN-y (Aziz and Bonavida, 2016;
Horowitz et al., 2012).

5.4.4 Co-infection

In a co-infection model with H. polygyrus and the respiratory bacterium,
Pseudomonas aeruginosa, one study shows that bacteria induce the recruitment
and activation of neutrophils in the lung and helminth infection enhances this,

showing that helminth infection can potentiate neutrophil responses to other
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infections (Long et al., 2019b). This shows that H. polygyrus can provide not just
local but systemic enhanced immunity against invading pathogens. In contrast,
neutrophil recruitment in Salmonella infection was shown to be reduced by co-
infection with H. polygyrus (Su et al., 2014b). In scenarios of co-infection, the
host must prioritise which pathogen to direct its immune response towards,
while also avoiding immune pathology for the host. The impact of helminth co-
infection on the host immune response and neutrophil recruitment may depend

on the location and severity of the bacterial pathogen.

When combined with a secondary infection such as from food-borne bacteria,
helminths can lead to severe disease outcomes. When immune responses
tailored to the helminth disrupt effective immunity against concurrent
pathogens, this is known as immune interference. This has been described in a
number of instances in both helminth-virus and helminth-bacterial co-infections.
Some research has demonstrated beneficial and protective influence of
helminths on secondary infection (McFarlane et al., 2017). However, many co-
infections result in higher pathogen burdens and more severe disease symptoms
(Reese et al., 2014; Su et al., 2014b).

Reflecting on our data, the remaining questions are whether the immune
changes driven by microbiota occur early, to prevent bacterial invasion; or are a
consequence of bacteria actively translocating and posing a threat to the host.
Therefore, our next steps would be to co-infect mice with H. polygyrus larvae
and an additional more severe bacterial pathogen, known to infect and colonise
in the small intestine. If we employed a fluorescent strain of bacteria, this could
allow for visualisation of whether bacteria are indeed exploiting the worm’s
entry point in the intestinal epithelium. We could directly visualise whether
fluorescent bacteria are colonising the intestinal tissue surrounding the
helminth, and/or disseminating systemically. Recently, a paper has
demonstrated a technique for more effectively visualising and monitoring
bacterial translocation across the intestinal wall. The methods used allow for a
real-time monitoring system by labelling gut microbiota and using two photon
microscopy (Fan et al., 2025). In further research for this project, harnessing
this technique would be an effective method of monitoring how helminth
infection and consequent host responses can alter susceptibility to bacterial

infection. Additionally, using co-infection models with a bacterial pathogen and
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the H. polygyrus model alongside IFN-y blockade methods could help us test the

effectiveness of IFN-y in preventing and reducing bacterial infections.

5.4.5 Infection variability

Our data also highlight some infection variability in our experimental models. As
mentioned, this is not a problem limited to our laboratory and has been
experienced by other research groups with a particular laboratory exploring this
in a recent publication where they identify a commensal fungus responsible for
increasing host resistance to helminths (Liao et al., 2024). To address the source
of heterogeneity in the H. polygyrus model in our laboratory, several
experiments could be used. In future experiments, screening could be carried
out to measure the presence of such commensal fungi to assess whether these
are altering infection efficacy. If presence of this fungus was confirmed, future
experiments using this mouse model could include administering a preventative
anti-fungal treatment to mice prior to H. polygyrus infection. However, using
this treatment introduces further variables to the experiments which may
introduce other issues and causes the experimental model to become further
away from reflecting the true nature of infections in the wild. Finally, since our
experiments are carried out early in H. polygyrus infection, egg and adult worm
counts cannot be carried out. However, quantification of worm infection by
gPCR could be a method to consider to enable determination of the infection

level and be used to normalise experimental readouts.

5.4.6 Summary

Together, the data in this Chapter highlight that the IFN-y found in early H.
polygyrus infection is produced in response to bacteria and provides local
antimicrobial protection only in their presence. Perhaps this data suggests that
in the presence of a severe pathogen, the defence pathways we have identified
as coordinated by local IFN-y may be critical in preventing systemic, fatal
infection. With our data, it appears that the mice prioritise avoiding additional
infection by bacterial pathogens over clearing the helminths. In certain parasitic
co-infection models, helminths have been found to provide a niche for bacteria,
rendering antibiotic treatment less effective against infective pathogens

(Barnhill et al., 2011). Therefore, understanding how helminth and host
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responses interact with each other and influence other pathogen’s ability to
infect the host will enhance our understanding of how to better utilise helminths

and effectively treat against them or bacteria during co-infections.
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Chapter 6 Discussion

Much of the immune response to helminths, especially at later stages of
infection is well characterised by a dominating Th2 driven immunity. A major
event of many intestinal helminth lifecycles, however, involves barrier breach at
earlier stages of infection, before adaptive immunity takes effect and where less
research has focussed. The size of these multicellular worms is drastically larger
than any individual mammalian cells and yet the mechanisms by which helminths
can migrate across tissues is still unclear. These migrations often occur twice, to
both enter and exit tissue. In the case of the murine H. polygyrus model, this
migration is into and out of the duodenal tissue in the upper intestine (described
in section 1.1.2). Although these helminths are large, little research has
investigated the resulting state of the intestinal barrier or whether ‘breach’
points could create an opportunity for other pathogens to more easily infect the
host. Previous studies have provided evidence for a granuloma surrounding the
H. polygyrus helminth during its maturation in the intestinal tissue, and for anti-
helminth responses at this stage. However, evidence for antimicrobial activity
and investigation into responses contributing to host protection from further
infection as a result of these migrations have not been explored. The cytokine,
IFN-y, is more typically associated with Th1 immunity, yet research has
confirmed that it is increased at day 2 of H. polygyrus infection. However, the
cause of its production and the role it plays in early helminth infection is
unclear. The overall aim of this thesis was to investigate the breach in early
helminth infection, to define the responses coordinated by IFN-y and understand

why these are provoked.

6.1 Characterising the response at the time of H.
polygyrus breach across the intestinal barrier

Parasitic helminths can often cause tissue damage to the host either through
feeding mechanisms, or as part of their lifecycle migration. In the case of H.
polygyrus, a model representative of soil-transmitted helminths, two breach
points can be identified upon entry and exit of the duodenal tissue at the
beginning of infection. Our H&E images of the helminth in the intestine
demonstrate just how large H. polygyrus is in comparison to the epithelium,

even at just 2 days PI. Although it is well characterised that tissue damage



Chapter 6 172

occurs during early infection as is evident by the release of alarmins and the
initiated type 2 immune response (Inclan-Rico and Siracusa, 2018; Oyesola et al.,
2020), how exactly the worm crosses the barrier and whether it enables an entry
point for other pathogens has not been defined. Certain research has suggested
that molecules secreted by the helminths can facilitate an opening of the barrier
to enable the parasite to travel across. A proposed mechanism is that acetate is
one of the components in H. polygyrus excretory-secretory (ES) molecules and
can disrupt TJ proteins (Schalter et al., 2022). We demonstrate an increase in TJ
gene expression at day 2 of H. polygyrus infection, coinciding with the time the
worm migrates across the tissue, perhaps supporting the proposed mechanism in
this study. The increased gene expression could be indicative of a reparative
process by the epithelium to tightly reinforce cell adhesion after the worms
passing across. A recently published study also explored the barrier disruption in
H. polygyrus infection. Looking at the latter breach point, at day 7 of infection,
the researchers also reported significant changes in the expression of tight
junction proteins, complementing our data. Additionally, they further explore
intestinal permeability using a FITC-dextran experimental assay and confirmed a
significant increase in the permeability again at this latter breach point (Mules
et al., 2024). Although the worm spends several days growing and maturing
between these breaches, it is likely that this permeability may also be reflected
in the initial breach at the day 2 timepoint. To further explore the barrier
disruption, we also found other markers associated with intestinal permeability
to be increased. Other studies have demonstrated that barrier disruption and
intestinal permeability can lead to bacterial translocation, and subsequent
infection (de Oliveira et al., 2025b; Di Tommaso et al., 2021; Hand et al.,
2012b). Due to the bacteria-rich environment in the small intestine, the
indication of permeability led us to question whether the barrier is disrupted

enough to leave the host vulnerable to further infection by bacteria.

We therefore sought to investigate other immune responses local to the
helminth which may indicate whether the barrier disruption enabled bacterial
entry. Antimicrobial proteins (AMPs) are often expressed and secreted at low
levels by epithelial cells, but this can be increased upon bacterial stimulation as
a defence to kill invading bacteria (Gallo and Hooper, 2012; Hassan et al., 2022).

Our results show increased AMP expression in the small intestine upon early H.



Chapter 6 173

polygyrus infection. A previous study has shown that 2 weeks into infection, an
increase in expression of the AMP, sprr2a, can prevent secondary infection in H.
polygyrus infected mice (Hu et al., 2021). This suggestion supported our
hypothesis that AMP expression is increased to prevent bacterial infection and
we wanted to address this in the context of the helminth barrier disruption
providing an opportunity for bacterial invasion. Through further exploration of
local responses, we also confirmed an influx of myeloid cells, including those
often associated with defending against bacterial pathogens; neutrophils and
monocytes. Both cell types have previously been described in H. polygyrus
infection but not reported quite as early as the day 2 timepoint at which the
first breach takes place (Anthony et al., 2006; Hewitson et al., 2015; Webster et
al., 2020). Together with the barrier disruption and evidence for responses
characteristic of defence against bacteria, these findings suggested that bacteria
could be present in the intestinal tissue. Other literature and this thesis do not
provide any evidence of bacterial translocation; however more sensitive assays
would be required to fully test this hypothesis. Use of a 16S probe to carry out
fluorescent labelling of bacteria would be useful and an effective way to address
our hypothesis. Part of our concern with this assay was that the host immune
response to commensal bacterial is highly effective and therefore we wondered
whether a more virulent strain of bacteria would be capable of colonising in the
intestinal tissue where we imaged the H. polygyrus granuloma. To test this
hypothesis, a co-infection model with H. polygyrus and a fluorescently labelled
intestinal pathogenic bacterium would enable similar imaging techniques to
assess the exact localisation of invading species and to determine whether the
breach points created by the helminth can also be used as entry points by the
bacteria. We also measured other responses known to be effective in bacterial
clearance. Our data confirmed that H. polygyrus infection provokes IFN-y
secretion as other studies had identified (Gentile et al., 2020; Nusse et al.,

2018), and we show that this is both local to the helminth as well as systemic.

6.2 IFN-y coordinates a local antimicrobial and reparative
response in early H. polygyrus infection

Even with anti-helminth responses often characterised by type 2 cytokines such
as IL-4, IL-5 and IL-13, certain helminth infections including T. muris had

identified a IFN-y signature in much earlier research (Else et al., 1994). Research
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found that in this infection, IFN-y was important in promoting helminth survival
and enabling chronic infection by limiting the Th2 response and thus preventing
parasite clearance (Else et al., 1994b). In the context of H. polygyrus, several
roles have been proposed for the IFN-y identified in early infection, including
aiding in the reparative process and also a similar responsibility as demonstrated
in T. muris infection with limitation of Type 2 immunity to enable the helminth
to persist (Gentile et al., 2020; Kapse et al., 2022; Progatzky et al., 2021). Our
research reports a pivotal role for IFN-y in strengthening the intestinal barrier
through increasing TJ protein expression, co-ordinating antimicrobial responses
including enhancing AMP expression and mediation of myeloid cell influx to the

infection / breach site.

The enhanced expression of TJ protein expression can indicate repair upon
damage (Namrata and Bai, 2021), which we suggest is what is happening in H.
polygyrus infection. Further research is needed to determine whether IFN-y
drives a repair process following worm-induced damage or if it causes damage to
facilitate the worm’s breach, triggering the subsequent increased repair
response identified by the TJ protein expression. Further analysing these
proteins based on their surface expression and localisation during the breach
point would be more effective than only measuring gene expression by gPCR. To
test this, | propose using antibodies against specific TJ proteins to stain these
and visualise them by immunofluorescence; this could be a next step used in our
laboratory with the collection of Swiss roll samples from the experiments shown
in this thesis. In other effects on the intestinal barrier, we explored permeability
with a more effective assay during IFN-y blockade. Whilst our FITC-dextran assay
did not give readouts showing significant differences between H. polygyrus
infected and naive mice for intestinal permeability, IFN-y blockade during
infection reduced the levels of FITC-dextran found in the blood when compared
to isotype treated, infected mice. A previous paper has reported that IFN-y can
internalise TJ proteins on intestinal epithelial cells (Bruewer et al., 2005; Utech
et al., 2005), and our data placed in the context of this research suggests that

IFN-y may be facilitating barrier breach for the worms to enter the tissue.

Epithelial proliferation is also important in maintaining barrier integrity, and in
contrast to other research, we found no evidence for altered proliferation of

epithelial cells in H. polygyrus, irrespective of IFN-y (Nusse et al., 2018b). This
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study and others also provide interesting evidence of the ability of IFN-y in
altering the phenotypic state of the intestinal epithelium. Several papers show
that IFN-y can cause a foetal-like reversion of the epithelium during H. polygyrus
infection (Drurey et al., 2021; Nusse et al., 2018). Although we did not explore
this in our data, | wonder if this phenotypic change caused to the epithelium by
IFN-y could be responsible for the increases in AMP expression we identify. The
AMP molecules are most often produced by cells of the epithelium, particularly
Paneth cells, goblet cells and enterocytes so perhaps alterations to the numbers
of these subsets may change the antimicrobial responses. Additionally, we
wondered if the altered epithelium could also explain the myeloid cell
recruitment which we found was enhanced by IFN-y in H. polygyrus infection.
Although IFN-y is more often associated with activation of myeloid cells
including neutrophils and monocytes, we found that the level of their influx
during infection with H. polygyrus was very much dependent on IFN-y. With the
use of transcriptomics data generated by exposing intestinal organoids to
recombinant cytokines, we found that stimulation with IFN-y caused intestinal
epithelial cells to upregulate expression of chemokines known to recruit
neutrophils. We suggest that IFN-y signals through epithelial cells to recruit

innate immune cells to aid in bacterial defence.

NK cells, ILCs and T cells can each produce IFN-y. We demonstrate production of
IFN-y by NK cells during infection, with both the number and the frequency of
IFN-y positive NK cells increasing during H. polygyrus infection. This is supported
by previous research in which the authors found increased NK cells at the H.
polygyrus breach sites, with IFN-y production enhanced. These authors propose
a reparative role for the NK cells and subsequent IFN-y during infection (Gentile

et al., 2020). In contrast, a more recent paper from the same team argues that

IFN-y is depending on its source of production remains unclear. Both of these
papers are supported by our findings, that IFN-y can promote both repair and

neutrophil recruitment.
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6.3 IFN-y and subsequent antimicrobial responses
stimulated by bacterial presence

Bacteria do not appear to translocate with the helminth during H. polygyrus
infection, although their presence is essential for promoting the IFN-y co-
ordinated antimicrobial responses we define. Although we hypothesise that
bacteria have easier access to the intestinal tissue due to the H. polygyrus
‘breach’ points and this triggers the immune changes, microbiota also may
influence this in other ways. Instead of direct translocation of whole bacteria,
PAMPs or bacterial metabolites may be able to translocate during H. polygyrus
infection and initiate antimicrobial responses. At steady state, microbiota
contribute to protecting the host from bacterial invasion by preventing
colonisation by pathogenic bacteria, and by producing their own AMPs (Tan et
al., 2021). Some research has shown that the microbiota can influence the
production of IFN-y in an infection setting. One particular study found that,
during infection with the bacterium Salmonella, commensal bacteria enhanced
IFN-y production, contributing to better disease outcome with less Salmonella
colonisation and prolonged survival of mice (Ost and Round, 2017; Thiemann et
al., 2017). We suggest that our data implies a similar mechanism whereby
microbiota are enhancing cytokine responses to protect from bacterial invasion.
To assess whether the antimicrobial responses produced by IFN-y are in place to
prevent or protect against further bacterial infection, | would propose an
experimental co-infection model should be used with both H. polygyrus and a
pathogenic bacterium which invades the small intestine such as Salmonella. It
has already been shown that H. polygyrus can attenuate infection to Salmonella
(Brosschot et al., 2021b; Su et al., 2014b). Although these papers suggest this is
due to more limited neutrophil recruitment in the co-infection than in sole
bacterial infection, it may also be that the breach points in helminth migration
are allowing the pathogenic bacteria easier access to the intestinal tissue.
Administration of additional IFN-y at early infection could provide indication of
whether this further drives the responses we demonstrate; strengthening the
barrier and driving antimicrobial responses by enhancing AMP expression and
myeloid cell influx; and if these responses help to limit bacterial infection. In
contrast, using a monoclonal antibody to neutralise IFN-y in these co-infection

models, as we have in this thesis, would enable determination of whether IFN-y
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is providing protection from other invading pathogens through these

mechanisms.

The helminth faces a fine balance between protecting the host and weakening
the host to facilitate infection. The helminth favours a weakened host to
prevent worm clearance and to enable burrowing in the intestinal wall to allow
successful maturation; although, it is in the interest of the helminth to protect
its host as this provides a niche for survival and allows further spread of
infection in passing of helminth eggs. Therefore, further research is needed to
explore which immunomodulatory effects the helminth employs during early
infection and whether it triggers the early antimicrobial IFN-y response we have
identified in order to protect the host from further infection. Research on
hookworm infection has shown that a protein secreted by the hookworm can
bind NK cells and induce them to produce cytokines, including IFN-y, during
infection, although the exact protein to achieve this has yet to be identified
from the ES products (Hsieh et al., 2004). We show that microbiota are
responsible for the promotion of IFN-y production, which in turn can limit type 2
immunity, benefiting helminth survival. Not only have the host and microbiota
evolved together, but the helminth has also evolved with host microbiota.
Therefore, the helminth could use microbiota to shape the environment and
elicit a type 1 response to dampen and prevent such a strong Th2 response to
clear it. Additionally, whilst the parasite strives to establish its niche, the
helminth disrupts the barrier and with it interrupts the mutualistic symbiosis
between the host and microbiota. In disrupting barrier integrity, the helminth
could provide an entry point for bacteria, some of which may be more harmful
pathogens. | wonder whether the breach in barrier caused by the helminth
serves a dual function, enabling the larvae to cross the barrier into an
environment where it can grow and mature, and also causing damage to provoke

other immune responses to evade being targeted during its early development.

6.4 Additional limitations

The context in which much of helminth research has been studied is in a
laboratory setting with a very clean environment and using mice with no
previous exposure to pathogens. Also, we infect by singular bolus infection to

allow us to focus directly on the timepoints of the helminth breach as we aimed
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to characterise the immune responses in this context. In a regular setting, a host
is exposed to multiple pathogens continuously in everyday life and therefore the
environment in the intestine is stimulated by numerous factors which are not
present in the laboratory setting. Parasites can be ingested at multiple different
times and infect the host across multiple days, therefore a host is often infected
with parasites of different lifecycle stages continuously. A more representative
way of mirroring helminth infections which the hosts are regularly exposed to is
either by a trickle infection method whereby mice are administered larvae at
multiple different timepoints in experimental setup (Ariyaratne et al., 2022), or
by using wild mice as these are often naturally infected with the H. polygyrus
parasite. With constant barrier breach occurring and adult helminths residing in
the gut lumen, whether the antimicrobial responses and IFN-y secretion are
continuously produced remains unclear. Usually by day 14 of infection, an
effective Th2 response is underway in helminth infection (Reynolds et al., 2012),
working to eliminate the helminths, and the increased IFN-y identified in early
infection is no longer seen. Perhaps with trickle infection, each response
continues and the IFN-y can then limit the Th2 immunity, working in favour of
the helminth. Otherwise, | suggest that the Th2 response may dominate,
overpowering any IFN-y responses and preventing antimicrobial defences,
perhaps preventing a protective response which could prevent further infections

by other pathogenic species.

Much of the published literature focusses on the later stages of H. polygyrus
infection when the helminth resides in the intestinal lumen. | hypothesise that
these earlier timepoints of infection when migration into and out of the
intestinal tissue occurs is what can leave the host vulnerable to further
infection. The data in this thesis contributes to current data by suggesting that
bacteria are impacting the immune responses in helminth infection, potentially
this could be by invading the intestinal tissue. Whilst we focus mainly at the
earlier breach point at day 2 of infection, some of our data also explored the
latter breach point at day 7 and found that changes such as some of our barrier
disruption markers, IFN-y production and myeloid cell influx were still
significantly increased when compared to naive mice. Other recent literature
has indicated that the intestine is more permeable in H. polygyrus infected mice

at day 7 Pl (Mules et al., 2024), suggesting that this could provide an opportunity
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for bacterial invasion. To extend the research in this project, a future step
would be to further investigate the less-characterised immune responses at day
7 of H. polygyrus infection, potentially investigating again how IFN-y and
microbiota effect this through similar experimental setup to what we have used
here. Whilst H. polygyrus has been an effective model for exploring the role of
IFN-y and the breach during infection, further investigating these in other
helminth mouse models would enhance our overall understanding of co-

infections.

As addressed in earlier data chapters, there were several other methodological
limitations identified throughout this research project. From assay specific
limitations with the commensal antigen ELISA and FITC-dextran assays having
high variability within experimental groups, to more experimental design
limitations such as the efficacy of both the antibiotics treatment and the

monoclonal in vivo IFN-y antibody.

6.5 H. polygyrus as a model

H. polygyrus as a model is generalisable to many helminth infection outcomes
with similar patterns in Th2 immunity and immunomodulation. One of the unique
points of this model is the lifecycle with the ‘breach’ points in the intestinal
tissue. Whilst using the H. polygyrus model, the findings of this thesis are likely
to be reflective of what could happen in human equivalent STH infections.
Infection with the helminth Ascaris lumbricoides in humans also results in
intestinal penetration into the mucosa, making the H. polygyrus model most
similar to this infection type. As our research has aligned with the known
‘breach’ timepoints of H. polygyrus, perhaps these findings are reflective of
similar immune patterns which may emerge during human infection. Co-infection
with bacterial pathogens during enteric helminth infection is a known issue in
human based infection. Therefore, our findings may contribute to the scientific
field and aid in the development of treatments to provide enhanced
antimicrobial defences during the early stages of infection, preventing such co-

infections.
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6.6 Concluding summary

With this project, we aimed to examine and characterise the immune responses
at the early breach point of H. polygyrus helminth infection and specifically
determine the role of IFN-y at this timepoint, investigating its potential
involvement in protecting the host from further infection. An overall summary

diagram of the findings of this thesis is shown in Figure 6-1. Initially we found
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Figure 6-1 Graphical abstract.

lllustration summarising the data in this thesis. A) Worm breaches the duodenal barrier at day 2
post infection. B) As the breach occurs, microbiota gain access to host tissues and stimulate the
intestinal immune response. C) This stimulation causes recruitment and/ or activation of innate
lymphocytes such as NK cells, which then release IFN-y. IFN-y acts on intestinal epithelial cells to
enhance their D) anti-microbial protein (AMP) secretion and E) tight junction (TJ) protein repair. F)
IFN-y also stimulates epithelial cells and macrophages to secrete chemoattractants that recruit and
activate neutrophils and other inflammatory cells. G) We predict that the epithelial changes and
immune influxes will result in enhanced host protection against concurrent bacterial pathogens.
lllustration created using BioRender.com.

evidence for barrier disruption and enhanced antimicrobial responses at day 2 of
H. polygyrus infection. The area surrounding the worm was further investigated

and immune cell influx was confirmed to surround the helminth during
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maturation, alongside a prominent spike in IFN-y gene expression and secretion
both locally and systemically. Using bulk RNA-seq datasets from intestinal
organoids and in vivo blockade of IFN-y, we demonstrated that NK cells can
produce this early IFN-y which in turn directly stimulates epithelial cells and
contributes to increased cell adhesion expression and co-ordinates antimicrobial
responses including AMP production and myeloid cell recruitment. Whilst no
evidence for bacterial translocation was found in early H. polygyrus infection,
irrespective of IFN-y blockade, we hypothesised that our identified immune
changes described above were due to bacterial stimulation accessing the small
intestine at the helminth ‘breach’ points. To test this hypothesis, broad-
spectrum antibiotics treatment was used alongside infection to eliminate
bacteria and characterise the changes in immune responses. We reported that
IFN-y production, AMP expression and innate immune cell recruitment were each
promoted by or dependent on microbiota. Further exploring the physical
relationship between bacteria and H. polygyrus did not display co-localisation
between these pathogens. Taken together, although we confirm bacterial
presence is required for the IFN-y co-ordinated responses we define, whether
this is a protective host response promoted as a preventative measure by
microbiota or due to bacteria accessing intestinal tissue through helminth-
damaged areas remains unclear. We propose that bacteria use the helminth
points of entry and exit to the intestinal tissue to gain access and invade host
tissue. The data in this thesis contributes to our overall understanding of the
ongoing immune response in early H. polygyrus infection. Whilst IFN-y
production in early H. polygyrus infection has recently been an area of interest,
our data demonstrate a previously unreported role for IFN-y in coordinating local
antimicrobial protection dependent on bacterial presence. Experiments in future
could assess these IFN-y responses in the context of co-infection with a more
pathogenic bacterial strain to determine whether this cytokine is providing
protection from further infections. Sole infection with a helminth can have many
devastating symptoms, some of which can have long-term impacts including
malnutrition and stunted growth. However, due to the nature of infection and
locations of high infection prevalence being associated with poorer living
conditions, co-infections with bacteria are common and can often be fatal.

Understanding how helminth and host responses interact with each other and
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influence other pathogens’ ability to infect will enhance our understanding of

how to better treat co-infections.
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