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1. Abstract

Soil-transmitted helminth infections are neglected tropical diseases, afflicting over 1.5 billion people in
developing countries. Children often endure the heaviest parasite burdens, suffering from malnutrition,
stunted growth and cognitive impairment. The widespread use of anthelmintic drugs as preventative
chemotherapy has accentuated low cure rates, high reinfection rates and increasing prevalence of
anthelmintic-resistant species, particularly in Trichuris infection, highlighting an urgent need for novel
treatments. Intestinal helminth infections are associated with changes in enteroendocrine cell (EEC)
development and peptide hormone secretion. Furthermore, intraepithelial lymphocytes, found at the
parasite intestinal barrier niche, have been shown to express receptors for the EEC derived incretin
peptide hormone, glucagon-like peptide-1 (GLP-1). Recently GLP-1 receptor agonist (GLP-1rA)
treatment has been shown to induce expulsion of a chronic low-dose Trichuris muris infection via the
adaptive immune system and accelerated intestinal epithelial turnover. However, the effects of intestinal
helminths on endogenous GLP-1 secretion are currently unknown. Furthermore, the efficacy of GLP-
1rA treatment in individuals with high infection intensity, and against challenge infection, is yet to be
investigated. A small intestinal organoid platform was used to investigate the effects of intestinal
helminth antigen on GLP-1 secretion. The mouse model of human trichuriasis, Trichuris muris, was
employed to investigate the potential for the GLP-1rA, lixisenatide to induce protective effects against
challenge infection, and, via rlL-12-pretreatment, to investigate the efficacy of lixisenatide against a
chronic high-dose infection. Trichinella spiralis was shown to increase GLP-1 secretion from EECs in
the small intestine through a mechanism mediated by bitter taste receptors. /In vivo experimentation
demonstrated that lixisenatide treatment drives a reduction in worm burden in a chronic, high-dose T.
muris infection, and induces CD4* T cell-mediated protection against challenge infection. These data
provide further evidence that this treatment may provide an exciting novel option for the treatment of
intestinal STH infection, with efficacy in reducing high intensity infection and providing some protection
against reinfection, crucial effects that current anthelmintic treatments lack. GLP-1rAs are already
approved for the treatment of type 2 diabetes mellitus and obesity, which would allow for rapid and
straightforward repurposing of this drug class for the treatment of Trichuriasis afflicting livestock and

humans worldwide.



2. Literature review

2.1 Gastrointestinal Parasites

Despite continued advancements in sanitation and drug regimens, parasitic infections remain a key
cause of morbidity and mortality in both humans and animals throughout the world (Wright 2012). A
common site of primary parasitic involvement is the gastrointestinal (Gl) tract, associated with parasites
of protozoan or helminthic natures; protozoan parasites are more prevalent in developed countries than
helminths, which are much more commonplace in developing countries (Sinha et al. 2012; Taghipour
et al 2021).

Soil-transmitted helminths (STHs) are parasitic worms which are transmitted by the faecal-oral route,
following the contamination of the environment by egg-containing faeces from infected individuals
(World Health Organisation 2023). STH infections are currently believed to afflict almost 25% of the
world’s population (Palmeirim et al., 2018), with their prevalence reportedly highest in Asia, South
America and sub-Saharan Africa (Figure 2.1). The four major nematode species afflicting humans
include the whipworm (Trichuris trichiura), roundworm (Ascaris lumbricoides and Trichinella spiralis),
hookworms (Ancylostoma duodenale and Necator americanus) and threadworm (Strongyloides
stercoralis) (Loukas et al. 2021). In general, STH infections are not associated with mortality but are
diseases of severe morbidity; with moderate- and high-intensity infections associated with symptoms
including weight loss, diarrhoea and malnourishment (Mascarini-Serra 2011, Ngwese et al., 2020). STH
infections, therefore, have intense impacts on quality of life, and were reportedly responsible for the
loss of over 5 million disability-adjusted life-years (DALY's) worldwide in 2010, and are therefore involved

in the maintenance of an impoverished community (Hay et al 2017, Hotez et al. 2014).
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Figure 2.1: Global Distribution of Soil Transmitted Helminth infection by species, in pre-school
and school-age children in 2015. Prevalence (%) of (A) Hookworm (B) Roundworm and (C)
Whipworm infection, showing greater transmission of whipworm and roundworm infection in urban

areas, but greater hookworm transmission in rural areas. Figure adapted from Bundy et al. 2017.

While low-intensity infections, characterised by low worm burden, are often asymptomatic, moderate-
and high-intensity infections are associated with severe morbidity and clinical manifestations including
weight loss, diarrhoea, anaemia and abdominal pain, with children also showing stunted growth,

clubbing of the fingers and malnourishment (Mascarini-Serra 2011).

Pregnant women are at increased risk of STH infection compared to the wider population; however,
children of school age are the most vulnerable to infection (Adegnika et al. 2007; Bethony et al. 2006).
Children often present with high worm burdens and suffer with symptoms including stunted growth,
cognitive impairment, malnutrition, anaemia, and intestinal blockage (Bethony et al. 2006). Despite
donations of anthelmintic drugs to endemic countries, many children still lack access to treatment with
only half of at-risk children receiving treatment in 2016 through mass drug administration programmes.
Furthermore, these programmes aim to reduce infection intensity, rather than eradicating infection
(Jourdan et al. 2018).

2.2 Current Treatments

Broad-spectrum anthelmintic (AH) drugs are the basis of the treatment and management of infection
caused by STHs; treatment of infection and preventative chemotherapy utilises a small number of drugs
belonging to three major drug classes, namely benzimidazoles (BZs), cholinergic agonists and
macrocyclic lactones (MLs) (Fissiha et al. 2021; Prangthip et al 2023) BZs, such as albendazole and



mebendazole, are the most commonly used in humans (Chai et al. 2021). In countries where STH
infections are endemic, prevention of infection through provision of adequate sanitation is not always
possible, and so preventative chemotherapy is often implemented for individuals who are deemed at-
risk. In general, children of preschool and school age, women of reproductive age, women in the second
or third trimester of pregnancy and adult groups with high risk of exposure are administered 400mg
albendazole or 500mg mebendazole as a single dose to be taken once or twice per year (World Health
Organisation 2017), with the aim of reducing infection intensity. Preventative chemotherapy is not used
in ‘developed’ countries where STH infections are rare; STH infections in the UK are not currently
commonplace, likely due to widespread provision of high-quality sanitation and improvements in
hygiene education and food preparation (Ryan et al. 2022), although NHS guidelines suggest that
mebendazole administration twice daily for three days is sufficient for the treatment of whipworm,

roundworm, and hookworm infections (NHS 2019).

Preventative chemotherapy (PC) has shown some efficacy in endemic countries; the WHO estimates
that the implementation of PC averted over 44% of STH-associated DALYs that would have been
caused in children in 2015 (Montresor et al. 2017). However, efficacy of these mass drug administration
programmes in the treatment and prevention of trichuriasis, the disease caused by Trichuris trichiura,
is limited by low cure rates and high rates of reinfection; randomised controlled trials in the analysis of
anthelmintic efficacy have shown that mebendazole shows the highest efficacy against T. trichiura,
although with a cure rate of only 25.9-60.2% (Hotez 2017; Moser et al. 2017; Speich et al. 2014).

Furthermore, the high-intensity use of anthelmintic agents in livestock has demonstrated a rapid
emergence of anthelmintic-resistant (AR) populations, as particularly evident in small ruminant livestock
nematode infections (Kaplan 2004). Although helminth infection in livestock presents a significant
burden on animal health and welfare and agricultural productivity (Kaplan 2004; Fissiha et al. 2021) as
well as potentially increasing greenhouse gas outputs of these rumen (Fox et al. 2018; Kenyon et al.
2013), routine use of AH agents selects strongly for AH resistance. Kenyon et al. (2013) showed that
regular treatment of livestock with AH therapies increased the number of animals that reached their
slaughter weight in 5 years compared to those treated only upon evidence of parasitism, however, this
4-weekly use of ivermectin resulted in a 33.4% reduction in efficacy over 5 years. Moser et al. (2017)
also showed a reduction in the efficacy albendazole in T. frichiura infection by 29.2% between 1995 and
2015.

The alarming rate of anthelmintic resistance in animals, and low efficacy in the prevention of trichuriasis
in humans, highlights a grave situation and calls into question the long-term efficacy of PC. Therefore,
increasing our understanding of these helminths and the immune response to helminth infection is key

to identifying novel therapeutic targets.
2.3 Trichuris trichiura

Colloquially referred to as ‘whipworm’, Trichuris trichiura is one of the most prevalent STH infections in
humans, currently believed to afflict more than 600 million people worldwide (Centers for Disease

Control and Prevention 2023). Trichuriasis disproportionately affects populations in impoverished areas



where access to quality sanitation is poor, with greatest prevalence in Latin America and Caribbean
regions, as well as South-Eastern Asia and Sub-Saharan Africa (Else et al. 2020; Behniafar et al. 2024).
Children between the ages of 5 and 15 bear the highest infection prevalence within endemic
communities, and this age group also suffer with most significant clinical manifestations associated with
highest worm burdens (McDowell and Rafaty 2014; Else et al. 2020). Symptoms of trichuriasis
associated with high worm burden include gastrointestinal pain and bleeding, malnutrition, and anaemia
(OK et al. 2009, Stephenson et al. 2000, Speich et al. 2014). In children, even low-intensity infection is
associated with stunted growth and malnutrition, and increased worm burden associated with Trichuris
dysentery-syndrome (TDS), characterised by chronic dysentery, rectal prolapse, anaemia, stunted
growth and clubbing of the fingers (Bundy & Cooper 1989; Stephenson et al. 2000).

Transmission of T. trichiura occurs through the faecal-oral route (Fig. 2.2); following ingestion, physical
interaction of bacterial species of the host gut microbiota triggers larval activation, and serine proteases
of both larval and bacterial origins degrade a polar plug of the ovum, facilitating larval rupture from the
egg in the proximal colon (Hayes et al. 2010; Goulding et al. 2025). This hatching dependent upon
physical bacterial interaction is best-characterised, however there has since been evidence to suggest
that hatching can occur independently of direct contact (Koyama 2015) and, in the S strain of T. trichiura,
independently of bacteria altogether (Koyama 2013). Following hatching, L1 larvae emerge and burrow
into the epithelial layer at the base of the crypts to form syncytial tunnels (Cliffe and Grencis, 2004).
Within this niche, L1 larvae grow and progress through four larval stages and subsequent adult stages
where they can persist for up to 8 years; the posterior end of L3, L4 and adult worms protrudes into the
intestinal lumen allowing for copulation and oviposition (Else et al. 2020). Fertilised females can release
up to 8000 eggs per day (Pike 1969; Else et al. 2020); these unembryonated eggs are shed in the
faeces and passed into the environment where embryonation can occur at temperatures between 0-
37°C (Else et al. 2020). It is reported that these eggs can remain infective in the environment for at least
5 years (Brown 1927).

10
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Figure 2.2: The life cycle of Trichuris trichiura. Infection begins when embryonated eggs are

ingested. Eggs hatch in the large intestine in response to resident bacteria, releasing L1 larvae which
burrow into the epithelium of the intestinal crypts. Here, the larvae grow and undergo a series of moults
(L2-L4) before a final moult reveals the adult worms. Sexually mature adult worms mate and females
produce unembryonated eggs which are released into the gut lumen and shed in the faeces. These
eggs develop and become embryonated under sufficient moisture and temperature conditions. Figure
adapted from Else et al. 2020.

Key to increasing our understanding of Trichuris infection has been use of the murine parasite, Trichuris
muris; use of this rodent model of trichuriasis has allowed for the elucidation of the host-parasite
interactions and the immune responses underpinning susceptible and resistant phenotypes

(Klementowicz et al. 2012).
2.4 Trichinella spiralis

Trichinosis, caused by parasitic roundworms of the genus Trichinella, is a foodborne parasitic disease
transmitted through the consumption of raw or undercooked meat of infected mammals, birds and

reptiles. Trichinella spiralis is ubiquitous in its distribution, infecting most warm-blooded vertebrates, but
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is a significant parasite afflicting humans and is most often transmitted through the consumption of raw
or undercooked pork and horse meat (Gottstein et al. 2009). Trichinosis is most prevalent in parts of
Europe and the United States, (Centers for Disease Control, 2024) leading to approximately 10 000
cases per year (Murrell & Pozio 2000; Pozio 2007) worldwide. Epidemiology of T. spiralis infection is
strongly associated with culturally associated consumption of traditional dishes based on raw or

undercooked meat (Murrell et al. 2000).

The initial, enteral phase of infection occurs following ingestion of contaminated meat containing
collagen-encapsulated muscle larvae from the domestic or sylvatic cycle (Fig. 2.3). Gastric digestion
releases the encapsulated T. spiralis larvae which invade the small intestinal mucosa and undergo a
series of four rapid moults before maturing to adulthood. This process of maturation is complete within
48 hours of ingestion. Once mature, male and female worms copulate and between 5- and 7-days post-
infection and females begin to release immature larvae, with females producing up to 1500 larvae during
their lifespan. The parenteral, muscular phase of infection occurs when these newborn larvae migrate
to highly oxygenated striated muscle tissue via the lymphatics and circulation. Alterations in infected
muscle cell apoptosis leads to transformation of the muscle cells into encapsulated nurse cells within
approximately 15 days of infection (Despommier et al. 1995; Gottstein et al. 2009). These infective
larvae have been known to survive in humans for up to 40 years (Froscher et al. 1988). Given that T.
spiralis completes its life cycle within a single host, it is ideal for utilisation as a model to observe and
quantify the efficacy of anthelmintic agents (El-Sayad et al. 2023). Furthermore, given the ability of all
mouse strains to expel enteral T. spiralis this helminth is a commonly utilised model of a transient enteric
infection (Bell & Liu 1988).

12
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Figure 2.3: Trichinella spiralis life cycle. 1) Animals that are fed other animals (domestic cycle) or
eat other animals (sylvatic cycle), such as pigs and bears, respectively, become infected through the
consumption of meat containing tissue-encysted larvae. Humans become infected through the
consumption of raw or undercooked meat containing tissue-encysted larvae. 2) Following pepsin and
gastric acid exposure, larvae are released from the cysts in the small intestine and penetrate the
intestinal mucosa. 3) Larvae undergo a series of moults and develop into adult worms. 4) After 1 week,
females release larvae that migrate to striated muscles where they become encysted. 5) The life cycle
continues when a tissue containing encysted larvae is ingested by another carnivore. Image adapted

from Centers for Disease Control, 2024.

Diagnosis of trichinosis is often delayed due to a lack of pathognomonic symptoms; low intensity
infections often remain asymptomatic, although higher intestinal worm burden can cause acute
gastroenteritis, pyrexia and malaise early in infection. Periorbital and/or facial oedema and myalgia are

principal manifestations of the parenteral phase of trichinosis, which is also associated with

13



complications including encephalitis and myocarditis, (Capo & Despommier 1996) and secondary
infections such as sepsis. Though rare, these complications can be fatal, with trichinosis associated
with a mortality rate of 0.2% (Pozio 2007; Gottstein et al. 2009).

T. spiralis is a self-limiting intestinal infection; although infection induces a complex mixed T-helper (Th).-
1/Th2 response, a predominance in polarisation towards Tn2 induces expulsion of adult worms in the
intestine. Given the self-limiting nature of infection, mild infections are generally treated symptomatically
using anti-pyretic and anti-inflammatory agents. Cases of trichinosis resulting in systemic complications,
and therefore requiring diagnosis, are routinely treated using anthelmintic agents (often albendazole or
mebendazole) and corticosteroids (Gottstein et al. 2009). However, the efficacy of chemotherapy using
anthelmintics is strongly dependent upon time of administration; drug administration during the first 3
days post-infection induces intestinal worm expulsion and prevents muscular invasion. However,
efficacy of these agents against the tissue-encysted larvae is variable (Pozio et al. 2001; Codina et al.
2015).

2.5 Trichuris muris

T. muris exists as a natural chronic infection of wild rodents. Sharing high levels of morphology, antigenic
cross-reactivity and niche with the human parasite, this murine helminth is utilised as a laboratory model
for human trichuriasis which has allowed the characterisation of the nature of host immune polarisation
in promoting chronic infection or parasite expulsion (Zaph et al. 2014; Yousefi et al. 2021). Our
understanding of the expulsion mechanisms and the immune response mounted towards T. muris have

allowed for the identification of possible novel drug targets (Klementowicz et al. 2012; Cruz et al. 2021).

The life cycle of T muris is similar to that of T. trichiura; following ingestion of embryonated eggs from
contaminated environment, eggs hatch in the caecum and proximal colon in response to molecular
signals from the host gut microbiota. L1 larvae hatch and burrow into the epithelium of the caecum and
proximal colon where they undergo a series of moults. These worms reach patency at approximately
33 days post-infection and, during chronic infection, may survive in their host for more than 100 days
(Bancroft and Grencis 2021). Mature, adult females lay eggs which are released into the intestinal
lumen and passed in the faeces, which become embryonated in the environment in temperatures
between 0-37°C (Else et al. 2020).

2.6 The Inmune Response to Helminths; Worm Expulsion vs Chronic Infection

In general, immunity to intestinal helminths is dependent on the induction of a type 2 immune response,
which is essential for worm expulsion while promoting tissue repair. During Trichuris infection, the
polarisation of the immune response towards a type 2 phenotype is associated with worm expulsion,
whereas a type 1 response facilitates chronic infection (Cliffe et al. 2005). Though enteric T. spiralis
induces a mixed Th1/2 response, a predominance in polarisation towards a type 2 phenotype during the
systemic phase of infection induces expulsion of adult worms from the intestine (Allen & Maizels 2011).

This Th2-dominated response to both helminths drives significant change in intestinal epithelial

14



physiology, known as the ‘weep and sweep’ response, to physically expel the helminths from their niche
(Darlan et al. 2021).

In intestinal helminth infection, physical invasion of the intestinal epithelium by helminth larvae triggers
the release of alarmin cytokines, including interleukin (IL)-25, IL-33 and thymic stromal lymphopoietin
(TSLP), which are essential to the recruitment of dendritic cells (DCs) and other antigen presenting cells
(APCs) to the intestinal mucosa (Owyang et al. 2006; Angkasekwinai et al. 2013; Kumar et al. 2014).
Presentation of parasite antigen to adaptive immune cells in the mesenteric lymph node (mLN)
coordinates the expansion of a Tn1 or Tn2 response. In resistant animals, release of type 2 cytokines
including IL-4, IL-5, IL-9 and IL-13 drives the ‘weep and sweep’ response to control helminth infection.
Conversely, production of type 1 cytokines, including IL-12 and interferon (IFN)y, facilitates the

establishment and persistence of chronic infection (Cliffe et al. 2005).

A Th2-dominated immune response is characterised by IL-4 production; IL-4 signalling through STAT6
promotes and stabilises Th2 cell differentiation via upregulation of the Tn2-specific transcription factor
GATA3, which also inhibits Th1 cell differentiation (Kanhere et al. 2012). In T. muris infection, knockout
of IL-4 induces a susceptible phenotype in male BALB/c mice. Female littermates, who benefit from
compensatory enhancement of Th2 responses through 17 oestradiol (Lambert et al. 2005; Hamano et
al. 1998) retain their resistance until IL-13 is also ablated (Bancroft et al. 1998). In T. spiralis infection,
mice lacking functional IL-4ra, a key component of both IL-4 and IL-13 receptors, are incapable of
clearing adult worms from the small intestine (Urban et al. 2000). IL-13 is central to the ‘weep and
sweep’ response, promoting increased epithelial turnover, goblet cell hyperplasia and changes in
mucous composition (Grencis 2001; Hayes et al. 2007). IL-9 enhances immunity to helminths through
its induction of colonic muscle hypercontractility and intestinal mastocytosis (Khan et al. 2003; Faulkner
et al. 1997). Neutralisation of endogenous IL-9 by vaccination renders C57BL/6 mice susceptible to T.
muris infection (Richard et al. 2000), and transgenic mice overexpressing IL-9 show rapid T. spiralis

expulsion attributed to increased muscle contractility and mast cell degranulation (Khan et al. 2003).

Conversely, a Th1 response to helminth infection is associated with susceptibility to chronic infection
(Else & Grencis 1991; Else et al. 1992). Chronic T. muris infection is characterised by production of Th1-
associated cytokines; IL-12 is central to the stabilisation of Ta1 polarisation through STAT4 signalling
and induces production of IFNy from natural killer (NK) and undifferentiated CD4* T cells (D’Andrea et
al. 1992; Zhu et al. 2006). Administration of recombinant IL-12 (rlL-12) in resistant mice induces a
susceptible phenotype and chronic infection; rlL-12 pretreatment allows for establishment of a chronic
high-dose T. muris infection, to which most inbred laboratory mouse strains are naturally resistant
(Bancroft et al. 1997). However, mice in which both IL-12 and IFNy have been concurrently depleted
retain worm expulsion capabilities, suggesting that IL-12 induced chronicity of T. muris infection is IFNy
dependent (Bancroft et al. 2001). Neutralisation of IFNy in susceptible AKR mice induces a resistant
phenotype and T. muris expulsion (Else et al. 1994). IL-18 plays a supporting role in maintenance of a
chronic T. muris infection through direct antagonism of Tn2 cytokines, most notably IL-13 (Helmby et al.
2001). In T. spiralis infection, IFNy-deficient mice expel enteric worms more rapidly than wild-type

litermates, and STAT6 deficient mice show increased IFNy production associated with defective worm
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expulsion (Urban et al. 2000). Thus, IFNy is central to the maintenance of chronic infection in both T.

muris and T. spiralis infections.

The Th2-dominated immune response mounted towards intestinal helminth infection is associated with
IL-4 driven B cell expansion, inducing production of parasite-specific IgG, IgE and IgA as early as 14
days post-infection (Blackwell & Else 2002). Parasite-specific IgG1, IgG2 and IgE increase significantly
in T. muris infection, although this effector mechanism is redundant in the response to this helminth;
adoptive transfer of CD4* T cells into SCID mice, who are naturally susceptible to chronic infection,
induces a resistant phenotype (Betts & Else 1999), implicating that B cell responses are obsolete in T.
muris expulsion. Similarly, in T. spiralis infection, IgE deficient mice retain their ability to expel enteric
worms (Watanabe et al. 1988), however there may be a protective role for antibodies in challenge
infection with monoclonal antibody transfer reducing larval migration and muscle larvae burden (McVay
et al. 2000; Gu et al. 2013; Hao et al. 2014).

IL-5-driven eosinophilia is also characteristic of a Th2 response to helminth infection (Coffman et al.,
1989; Sher et al., 1990). However, there is no alteration in T. muris expulsion capability in mice treated
with anti-IL-5 antibodies (Betts & Else 1999). Similarly, in primary T. spiralis infection IL-5 blockade
causes no significant alteration in parasite expulsion or larval survival, however IL-5 deficient mice show
impaired worm expulsion following secondary infection, indicating that eosinophilia may play a role in
protection against challenge T. spiralis infection (Coffman et al. 1989; Sher et al. 1990; Vallance et al.
2000).

Th2-driven mastocytosis is dispensable to T. muris expulsion; naturally mast cell-deficient W/Wv mice
show delayed T. muris expulsion, and ablation of the stem cell factor receptor c-kit, which plays a key
role in mast cell differentiation, has no effect on T. muris expulsion (Betts & Else 1999). Conversely, T.
spiralis expulsion from the small intestine is dependent upon mastocytosis, with mice deficient in c-kit
unable to expel worms (Knight et al. 2000; McDermott et al. 2003), and depletion of the mouse mast
cell protease-1 (MMCP-1), which is expressed by mucosal mast cells, resulting in significantly delayed

worm expulsion (Knight et al. 2000).

Expulsion of T. muris is critically dependent upon the mounting of a ‘weep and sweep’ response; the
release of Th2 cytokines and amphiregulin from type 2 intraepithelial lymphocytes (ILC2s) (Kumar 2014;
Harris 2017), Tn2 cells, basophils and mast cells (Ho et al 2007; Kondo et al 2008) induce this response,
characterised by remodelling of the intestinal epithelium, changes to intestinal mucous production and
increased intestinal smooth muscle activity, in order to physically remove worms from their niche within
the epithelium (Anthony et al. 2007).

2.7 The Intestinal Epithelium in Helminth Infection

The intestinal epithelium is composed of a single-cell layer which selectively facilitates the absorption
of water, nutrients and electrolytes from the intestinal lumen, while maintaining an effective barrier
against intraluminal toxins, pathogens and the resident microbiota. The intestinal epithelial layer is

composed of both absorptive cells, such as enterocytes and microfold cells which orchestrate nutrient
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absorption, and secretory cell types. Secretory cells, including goblet cells, enteroendocrine cells and
tuft cells, are critical to transit of luminal contents, absorption of nutrients and pathogen defence
(Okumura & Takeda 2017; Iftekhar & Sigal 2021).

The gut acts as an ideal niche for soil-transmitted helminths, with an easily penetrated mucosal surface
for access to rich microvasculature and continuous transit of nutrients within the intestinal lumen (Hotez
et al. 2005; Mckay et al. 2017). Furthermore, in some cases the gut microbiota facilitates helminth
infection; eggs of Trichuris species rely upon interactions with host gut microbiota species for hatching
(Hayes et al. 2010; Goulding et al. 2025), and Heligmosomoides polygyrus infection in germ-free mice
is reduced compared to wild-type controls (Rausch et al. 2018). The continuous transit of waste material
through the gastrointestinal tract allows for dissemination of helminth eggs into the environment for

embryonation and transmission (Else et al. 2020).

Physical invasion of the intestinal epithelium by helminths triggers the release of alarmin cytokines from
epithelial cells, including IL-25, IL-33 and thymic stromal lymphopoietin (TSLP), which are essential to
the coordination of adaptive immune responses and epithelial remodelling to aid in parasite expulsion
and epithelial damage repair (Duchesne et al. 2022; Xing et al. 2024). IL-25 and IL-33 are the most
well-characterised alarmins in helminth infection, with an absence of IL-25 and IL-33 impairing
Nippostrongylus brasiliensis expulsion (Neill et al. 2010). IL-25 and IL-33 play a key role in immunity to
T. muris (Owyang et al. 2006; Chen et al. 2021) and T. spiralis (Angkasekwinai et al. 2017), however
TSLP is also an essential alarmin in the expulsion of T. muris and T. spiralis, through suppression of IL-
12 secretion and thus supporting the development of a Th2 response. (Massacand et al. 2009; Giacomin
et al. 2012).

Helminth-mediated changes to the intestinal epithelium, either directly, such as through direct
suppression of secretory cell expansion (Drurey et al. 2021) or indirectly, such as through Tnh2 cytokine-

mediated alterations to epithelial turnover (Cliffe et al. 2005), are essential to immunity to helminths.
2.7.2 Tuft Cells

Tuft cells (TCs) are a chemosensory epithelial cell type expressed in various areas of the body, including
the airways, stomach, pancreas and urethra (Rhodin & Dalhamn 1956; DelGiorno et al. 2020; Saqui-
Salces et al. 2011; Perniss et al. 2021). TCs can be found sporadically and solitarily distributed along
the intestinal epithelium, accounting for as few as 0.4% of murine intestinal epithelial cells (Gerbe et al.
2011). Despite their sparse distribution in the intestine, TC hyperplasia has been observed following
helminth infection; significant increases in TC frequency are seen in N. brasiliensis and H. polygyrus
infection (Gerbe et al 2016, Howitt et al. 2016). Following trickle T. muris infection, characterised by
repeated, low-dose infections, a small but significant increase in TC frequency is seen in the caecum,
and probiotic ingestion of T. suis eggs results in TC hyperplasia in mice (Glover et al. 2019). T. spiralis
infection significantly increases TC frequency, with a 10-fold increase in intestinal TC abundance (Luo
et al. 2019).
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In recent years, TCs have been identified as key orchestrators of the type 2 response to helminths
(Gerbe et al. 2016); the precise ligand-receptor interactions by which intestinal TCs sense helminths is
yet to be elucidated, however there is evidence to suggest that the bitter taste receptors (Tas2rs)
expressed by tuft cells play a critical role in intestinal helminth sensing and thus the initiation of a type
2 immune response (Luo et al. 2019). Stimulation of murine intestinal organoids using T. spiralis antigen
results in tuft cell depolarisation and upregulation of genes of the Tas2r family, and inhibition of Tas2rs
using allyl isothiocyanate (AITC) abrogates T. spiralis-induced release of IL-25 from tuft-cells, whereas

treatment using the Tas2r agonist salicin increases tuft cell-derived IL-25 (Luo et al. 2019).

Tuft cells constitutively express the alarmin cytokine IL-25; activation of intestinal tuft cells following
helminth infection leads to release of IL-25 and cysteinyl leukotrienes (cysLTs) which activate group 2
innate lymphoid cells (ILC2s) as soon as 16 hours post-infection (Von Moltke et al 2016, McGinty et al
2000), highlighting the critical role of tuft cells in early immunity to helminths. ILC2-derived IL-13 then
acts directly on the intestinal epithelium to drive tuft cell expansion thus increasing IL-25 production,
thereby driving a positive feedforward loop to regulate tuft cell frequency in the epithelium (von Moltke
et al. 2016). Given the role of ILC2-derived IL-13 in intestinal epithelial remodelling, it is possible that
this feedforward loop may also regulate other secretory cell lineages; although Paneth and
enteroendocrine cells appear unaffected, goblet cell hyperplasia is inhibited in N. brasiliensis-infected
mice lacking IL-25, abrogating worm clearance (von Moltke et al. 2016), thus highlighting the critical

role of TCs in regulation of the type 2 response.

Although it is well known that intestinal helminths act to remodel their niche, it is interesting to note that
H. polygyrus excretory/secretory products (ESPs) can directly suppress tuft cell expansion (Drurey et
al. 2022), thereby preventing IL-25-induced type 2 expulsion mechanisms. Furthermore, the sweet taste
receptor Tas1r3 on tuft cells responds to Tritrichomonas muris but not to H. polygyrus (Howitt et al.

2016), indicating a selective tuft cell response to different helminth infections.
2.7.3 Goblet Cells and Mucins

The continuous mucus barrier, composed of the secretory products of goblet cells, lining the intestinal
epithelium provides a physical barrier between the epithelium and the luminal contents including
intestinal pathogens (Thornton et al. 2008; Hurst & Else 2013). Changes to the composition of this
mucosal barrier are implicated in aberrant pathologies and are also observed during T. muris infection;
in resistant animals, upregulation of the transcription factors atonal homolog 1 (Math-1) and SAM
pointed domain containing ETS transcription factor (Spdef) drives the differentiation of caecal progenitor
stem cells towards secretory cell types and terminal differentiation into goblet cells, respectively (Noah
et al. 2009; Shroyer et al. 2005). During acute infection, IL-13 also drives upregulation of the GABA-a3
receptor expression in the caecum, mediating secretion of glycoproteins into the mucus barrier (Hasnain
et al. 2011b). Conversely, during chronic infection, enterocyte proliferation is promoted by IFNy-driven

upregulation of the transcription factor hairy and enhancer of split 1 (Hes-1) (Shroyer et al. 2005).

Mucins are heavily glycosylated proteins produced and secreted mainly by epithelial goblet cells and

provide viscoelastic and protective characteristics to secreted mucus (Lamont 1992, Kim & Khan 2013).
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In the intestine, mucin (MUC)2 is the major gel-forming mucin stored within goblet cell granules and
plays a significant role in protection against helminth infection; increased MUC2 production in the
caecum of mice infected with T. muris correlates with worm expulsion, and susceptible AKR mice show
no increase in MUC2 production during infection (Hasnain et al. 2010). Cell surface mucins MUC4,
MUC13 and MUC17 have also been seen to increase in response to T. muris infection, with MUC4 and
MUC13 elevated during acute infection and MUC17 raised during chronic infection (Hasnain et al.
2011b). This is associated with changes in glycocalyx thickness, and increased MUC4 and MUC13
likely contribute to the resistant phenotype although impairment of worm invasion, motility and feeding
capacity (Kim & Khan 2013). Although MUCS5AC is predominantly expressed in the airway and gastric
mucus, there appears to be a critical role for MUCS5AC in intestinal immunity and pathology, with
MUCS5AC expression in the intestine of patients with ulcerative colitis and diverticulitis (Forgue-Lafitte
et al. 2007), and in enteric nematode infection. MUC5AC-deficient mice show significant delays in
expulsion of T. spiralis and N. brasiliensis (Campbell et al. 2019). In T. muris infection, MUC2-deficient
mice maintain their resistant phenotype in the presence of MUC5AC expression, and a lack of MUC5AC
induces a highly susceptible phenotype (Hasnain et al. 2010). MUC5AC is expression driven by IL-13
and detectable in the caecum a short time before worm expulsion (Hasnain et al. 2010; Hasnain et al.
2011a). It is unknown whether MUC5AC has any direct effect on nematode vitality; dose-dependent
decrease in ATP levels (used as a measure of worm viability) of worms placed on human colonic cell
lines producing MUC5AC (HT-29) can be observed when treated with increasing levels of MUC5AC,
and MUC5AC monomerised by trypsin did not affect worm viability (Hasnain et al. 2011b), implicating

a direct deleterious effect of MUCS5AC on Trichuris, and a role of MUC5AC as an effector molecule.

In general, during acute T. muris infection we see goblet cell hyperplasia and subsequent expression
of MUCSAC. Conversely during chronic infection, IFNy-driven goblet cell depletion and crypt
hyperplasia, and a lack of IL-13-driven MUCS5AC production drives the maintenance of a favourable
niche for chronic infection (Hasnain et al. 2010; Hasnain et al. 2011b). Understanding the factors which
alter goblet cell productivity, and mucous composition, charge density and viscosity, as well as the anti-
parasitic effects of mucous components, is essential to the identification of novel therapies against

Trichuris.
2.7.4 Enteroendocrine cells

Enteroendocrine cells (EECs) are dispersed along the gastrointestinal mucosa as single secretory cells
which, together, comprise the largest endocrine organ system in the human body (Sternini et al. 2008).
EECs are categorised based on their major secretory hormone; initial findings spurred the dogma that
terminally differentiated EECs produced a single peptide hormone (Figure 2.4), although this has more
recently been superseded by increased understanding of EEC plasticity which allows for secretion of
different hormones and peptides based on luminal changes (Beumer ef al. 2020). Studies using
transgenic reporter mice and cell ablation studies have revealed significant overlap of peptide hormones
released by EECS (Egerod 2012; Habib 2012), however it is likely that these peptide hormones are

rarely co-expressed (Svendsen 2015; Svendsen 2016).
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Traditional nomenciature and

associated peptide hormone Function
A (X-like) cells (Ghrelin, nesfatn-1) Appetite, growth hormone release
Enterochromattin-ike-cell (histamine) Acidity
G celis (Gasirin) Acidity
P calls (Leptin) Appetite
D celis (Somatostatin Acidity and insulin
Enterochromaffin cell (5-HT) Appetite and matility
| eglls (CCK) Appetite, motility, bie acid and enzyme release
K cedis (GIP) Insudin
S cells (Secrebin) Acidity
M cells (Mofilin) Motility

L cells (GLP-1, GLP-2, PYY, oxyniomodulin)  Appetite, insulin, motility
N celis (Neurolensin) Motility

Figure 2.4: Spatiotemporal expression of human enteroendocrine peptide hormones and their
functions, based on traditional nomenclature and associated peptide hormones. Figure illustrates
the distribution of cells which produce the key peptide hormones ghrelin, gastrin, leptin, somatostatin,
serotonin (5-HT), cholecystokinin (CCK), gastric inhibitory peptide (GIP), secretin, motilin, glucagon-like
peptide (GLP)-1 and GLP-2, protein YY (PYY) and neurotensin, with their associated functions. Figure
adapted from Worthington et al. 2018.

Changes in EEC function are implicated in inflammatory gut disorders; the density of EECs producing
serotonin (5-HT) is reduced in trinitrobenzene sulfonic acid (TNBS)-induced colitis models (El-Salhy &
Hatlebakk 2016). Ghrelin is increased and leptin is decreased in inflammatory bowel disease (IBD)
patients (Karmiris et al. 2006). EEC function is also altered in helminth infection, likely due to the close
association of helminths with the intestinal epithelium; pigs infected with Ascaris suum exhibit weight
loss associated with increased cholecystokinin (CCK) production (Dynes et al. 1998). Further studies
in rodent models have demonstrated that CCK* cell hyperplasia and increased CCK synthesis
modulates hypophagia during T. spiralis infection (McDermott et al. 2006; Worthington et al. 2013) In
humans, CCK* cell hyperplasia and hypersecretion is seen in Giardia lamblia infection (Lesie et al.
2003). During T. muris infection, resistant BALB/c mice possess significantly higher numbers of
enterochromaffin cells, which produce 5-HT, than susceptible AKR mice, with significant correlation
between worm burden and the number of enterochromaffin cells and 5-HT levels (Motomura et al.,
2008).

Receptors for EEC-derived peptide hormones are expressed across a variety of cell and tissue types
throughout the body (Zietek & Rath 2016; Nery Neto et al. 2023). Interestingly, immune cells express a
range of receptors for EEC-secreted peptide hormones (Genton & Kudsk 2003). For example, ghrelin
receptor expression has been demonstrated in T cells and monocytes (Dixit et al. 2004). The CCK

receptor CCK2r is expressed in T cells, dendritic cells and macrophages in mice (Li et al. 2007; Jia et
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al. 2014; Zhang et al. 2011). Furthermore, glucagon-like peptide (GLP-1) receptor expression has been
associated primarily with intraepithelial lymphocytes (Yusta et al. 2015; He et al. 2019; Wong et al.
2022) but other studies have observed GLP-1r expression on induced regulatory T cells (Rode et al.
2022) and terminally differentiated CD4* and CD8* effector memory T cells (Nasr et al. 2024).

Taken together, these observations indicate a role for EECs and peptide hormones in intestinal helminth

infection.
2.7.5 Intestinal Muscle Contractility

A key mechanism associated with intestinal helminth expulsion is immune-associated hypercontractility
of smooth muscle cells lining the intestine (Motomura et al. 2010). Jejunal muscle contractility is
significantly increased in C57BL/6 mice following IL-9 administration and during T. spiralis infection IL-
9 administration accelerates worm expulsion, although IL-9 neutralisation has no significant effect on T.
spiralis expulsion (Khan et al. 2003). During T. muris infection, Tn2-associated IL-9 drives colonic
muscle hypercontractility; IL-9 neutralisation induces hypocontractility and ultimately inhibits worm
expulsion in normally resistant mouse strains even following high-dose infection (Richard et al. 2000,
Khan et al. 2003). Given the differences in infection outcome, it appears that this IL-9-driven contractility

and its subsequent effects on worm expulsion are parasite-dependent.

In mouse strains susceptible to T. muris infection, IFNy acts directly on smooth muscle to decrease cell
contractility, reportedly through decreased expression of structural protein a-smooth muscle actin
(aSMA), which supports smooth muscle cell contraction, proliferation and migration, with
hypocontractility reduced by immunosuppressive treatment using dexamethasone (Motomura et al.
2010, Ford et. al 2019).

This understanding of IL-9-driven smooth muscle contractility and its role in T. muris expulsion may

highlight an alternative route for treatment of this intestinal helminth infection.
2.7.6 Epithelial Turnover

Intestinal enterocytes undergo proliferation, differentiation and maturation while migrating from the
proliferation zone to the shedding zone of intestinal crypts, before apoptotic cell death and extrusion
into the intestinal lumen (Potten 1998). Alterations in this epithelial turnover process play a key role in
helminth infection; increased rate of epithelial cell movement up the ‘epithelial escalator’ leads to
physical displacement of worms from their niche and ultimately extrusion of worms from the epithelium
into the intestinal lumen while concurrently removing damaged and potentially microbially infected
enterocytes (Cliffe et al. 2005, Oudhoff et al. 2016). This has been observed in a variety of helminth
infections; Echinostoma caproni infection in rats is associated with early IL-13-driven acceleration in
epithelial turnover, concurrent with worm expulsion (Cortes et al. 2015). Furthermore, a rapid increase
in epithelial turnover can be seen early in Gymnophalloides seoi infection in C57BL/6 mice, coinciding
with worm expulsion (Lee et al. 2014). Conversely, helminth infection can result in crypt hyperplasia, as
is seen in enteral T. spiralis infection (Garside et al. 1992) and E. caproni infection in rats (Cortes et al.
2005).

21



In T. muris infection, an increase in intestinal epithelial cell turnover can be observed in both susceptible
and resistant mice following infection, however in resistant (C57BL/6) mice a significant increase by
day 14 post-infection is sufficient to expel worms from the epithelium. A comparable rate of epithelial
turnover can be seen in susceptible AKR mice at day 21 post-infection, however the worms are
significantly larger by this time point and reside higher in the crypt than at day 14 and are therefore no
longer within the compartment of the crypt where movement of cells is most rapid. Thus, by day 21
post-infection, this increased epithelial turnover is not sufficient to remove these worms. Interestingly,
by day 35 post-infection the rate of epithelial turnover returns to naive levels in both resistant and
susceptible mouse strains, despite the relative absence and persistence of worms by this time point
(Cliffe et al. 2005). The rapid increase in rate of epithelial turnover in resistant mouse strains is
associated with a Th2-driven immune response, in particular IL-13, with IL-4 dispensable in this

expulsion mechanism (Cliffe et al. 2005).

During chronic T. muris infection, IFNy locally induces IFNy-induced protein 10 (CXCL10) which acts to
directly downregulate epithelial cell turnover (Else et al. 1994; Sasaki et al. 2002). Both IFNy and
CXCL10 are present in the intestinal epithelium of susceptible mice 21 days post-infection but absent
in resistant mice at the same time point (Cliffe ef al. 2005). Furthermore, during chronic infection, the
transcription factor Hes-1, which drives differentiation of progenitor cells to an enterocyte fate, is
upregulated thereby increasing enterocyte proliferation while limiting differentiation to secretory cell
types such as goblet cells (Hasnain et al. 2011b). Crypt hyperplasia is essential to maintenance of a
chronic infection; susceptible AKR and SCID mice treated with anti-CXCL10 show an increase in
epithelial cell turnover compared with untreated mice. This leads to reduced worm burden in SCID mice,
and total worm expulsion in AKR mice, suggesting that this mechanism alone is sufficient to induce

worm expulsion (Cliffe et al. 2005).

The increased apoptosis associated with crypt hyperplasia chronic T. muris infection is not a direct
consequence of epithelial damage elicited by the helminths; there is spatial separation between the
invading helminths and apoptotic areas, with no apoptosis visible in the epithelial tunnels surrounding
the worms and instead apoptosis occurring in the stem cell compartment of crypts (Cliffe et al. 2007).
Apoptosis of crypt stem cells would a more profound effect on crypt elongation than it would on
differentiated enterocytes, indicating that this is a host-induced mechanism to control deleterious cell
elongation. This is consistent with Li et al. (1998) who showed that T. spiralis induced-epithelial damage
did not induce epithelial cell apoptosis in vitro. Ultimately, this response is beneficial to both host and
helminth (Cliffe et al. 2007).

Furthermore indoleamine 2,3-dioxygenase (IDO), an enzyme involved in tryptophan metabolism
(Sugimoto et al. 2006) has been implicated in regulation of epithelial turnover during chronic T. muris
infection; inhibition of IDO in SCID mice using 1-methyl tryptophan resulted in increased epithelial
turnover and thus worm expulsion (Bell & Else 2011). This response does not appear common to all
helminth infections; interestingly, T. spiralis ESPs have been shown to induce expression of IDO by
dendritic cells promoting the development of tolerogenic regulatory T cells further facilitating parasite

survival (llic et al. 2018).
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Selective modulation of the Hippo signalling pathway, which regulates cell proliferation, differentiation
and survival, significantly accelerates epithelial turnover and T. muris expulsion. Selective deletion of
the lysine methyltransferase SETD7 from intestinal epithelial cells accelerates expulsion of a high-dose
T. muris infection through increased epithelial turnover, independently of changes to IL-13 or IFNy
production; SETDY7 is required for cytoplasmic localisation and retention of the Hippo signalling pathway
transducer YAP, which acts as a transcriptional coactivator of genes associated with proliferation and
inhibition of apoptosis. Therefore, deletion of this protein induces dysregulation to the Hippo signalling
pathway and thus control of epithelial proliferation and apoptosis. This allows for more rapid expulsion
of worms, with significantly lower worm burden in Setd7-/- mice at day 14 post infection and all worms
expelled from both groups by day 21 (Oudhoff et al. 2016). This group also showed that inhibition of
YAP interactions with TEAD transcription factors using verteporfin (VP) induces a susceptible
phenotype in wild-type mice. However, this inability to clear infection following VP treatment was also
associated with increased IFNy production and reduced TSLP and MUCS5AC markers, implicating a
wider role for Hippo pathway signalling in immunity to 7. muris than through its control of epithelial
turnover alone (Oudhoff et al. 2013; Oudhoff et al. 2016)

Understanding the factors which modulate intestinal epithelial turnover during Trichuris infection may
be important in identifying novel therapeutic targets and therapies. The role of IL-13 in acceleration
epithelial turnover and T. muris expulsion is well-characterised (Else et al. 1994). However, the
observation that intrinsic intestinal epithelial cell expression of SETD7 negatively regulates resistance

to infection may offer a novel therapeutic target (Oudhoff et al. 2016).
2.7.7 Intraepithelial Lymphocytes

Given the close physical association of Trichuris species and the intestinal epithelium, the roles of the
immune cells in close proximity to this niche have been of significant interest. At the basolateral side of
epithelial enterocytes are intraepithelial lymphocytes (IELs), a specialised heterogeneous population of
intestinal immune cells providing a front line of defence against the antigen-rich environment in the

intestinal lumen, while maintaining the integrity of the epithelial barrier (Cheroutre et al. 2011).

The ability of some IELs to produce type 2 cytokines suggests a role for these immune cells in the
immune response to Trichuris species (Ferrick et al. 1995; Inagaki-Ohara et al. 2004). IELs can be
classified as belonging to one of two groups based on phenotypic characteristics; induced IELs are
CD8apBTCRap* or CD4*TCRap* cells which are activated in the gut-associated lymphoid issues (GALT)
or intestinal draining lymph nodes prior to relocation to the intestinal epithelium. Natural IELs are
CD8aa* or CD8aa- T cells expressing either TCRap* or TCRyd* cells, and do not express CD4 or
CD8ap. Induced IELs are the progeny of conventional CD4* or CD8aB*TCRap* T cells which are MHC
class-Il and -l restricted, respectively. Induced IEL activation arises post-thymically in response to
peripheral antigens, whereas natural IELs acquire activation during thymic development (Qiu & Yang
2013; Cheroutre et al. 2011)

Cytokines produced by IELs play a key role in the modulation of the intestinal mucosa, with essential

roles in regulation of epithelial barrier function, epithelial cell turnover and the response to pathogens
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(Shires et al. 2001; Inagaki-Ohara et al. 2004; Inagaki-Ohara et al. 2011). Given the close proximity of
intestinal IELs to invading Trichuris species, and the ability of TCRy® T-cells to produce type 2 cytokines
(Ferrick et al. 1995; Inagaki-Ohara et al. 2011), it is likely that these IELs play a role in the immune
response to Trichuris infection. The use of TCR® -/- mice to investigate the role of these cells in helminth
infections has shown increased mortality and retention of intestinal worm burden in N. brasiliensis
infection, attributed to decreased production of type 2 cytokines and thus delayed goblet cell hyperplasia
(Inagaki-Ohara et al. 2011).

Intestinal IELs are one of the immune cell populations known to express a functional receptor for the
enteroendocrine-secreted peptide hormone GLP-1; interestingly TCRyd and TCRaf IELs display
comparable GLP-1r expression (Yusta et al. 2015; He et al. 2019). Studies employing integrin B7-- mice,
which lack gut IELs, demonstrated a key role for these IELs in glucose regulation attributed to control
of local bioavailability of GLP-1, produced by nearby GLP-1* EECs (He et al. 2019). However, this also
suggests a role for GLP-1 in orchestrating the immune response to helminth infection. Both in vitro and
in vivo studies have shown that use of GLP-1r agonists (GLP-1rAs) suppresses Tn1 proliferation and
production of proinflammatory cytokines such as IFNy and TNFa (Marx et al. 2010; Yusta ef al. 2015;
Moschovaki Filippidou ef al. 2020) and increases production of type 2 cytokines such as IL-13 (Yusta
et al. 2015). Therefore, GLP-1 may play a role in the orchestration of a type 2 immune response at the

parasite niche.
2.8 GLP-1

Glucagon-like peptide (GLP)-1 is a peptide hormone synthesised in small intestinal and colonic EECs
by post-translational proteolytic cleavage of its precursor, proglucagon, by prohormone convertase 1/3
(PC1/3), (Campbell & Drucker 2013). The distribution of these GLP-1* cells increases distally, with a
sparse distribution in the duodenum, increased number in the jejunum and the greatest density within
the ileum and colon (Baggio et al. 2007). GLP-1 is stored in EECs within vesicles, which are exocytosed
in response to dietary carbohydrates, proteins and fats (Baggio & Drucker 2007; Belza et al. 2013;
Hirasawa et al. 2005). GLP-1 exists in the circulation briefly as two major active forms: GLP-1 (7-37)
and GLP-1 (7-36) with the latter form circulating in higher proportions (Campbell & Drucker 2013;
Lafferty et al. 2021). Endogenous GLP-1 has a half-life of less than two minutes in humans due to rapid
clearance of GLP-1 by the kidneys, breakdown of GLP-1 by primarily dipeptidyl-peptidase (DDP)-4 and,
to a lesser extent by the membrane-bound zinc metallopeptidase, neutral endopeptidase 24.11 (NEP
24.11) (Deacon & Holst 2009; Plamboeck et al. 2005).

Previous research has primarily focused on the roles of GLP-1 in satiety, insulin control, gut motility and
alterations in gastrointestinal secretions, although the widespread expression of GLP-1 receptors (GLP-
1rs), including expression in the heart, lung, skin, kidney, nervous system and some immune cells (Abu-
Hamdah et al. 2009) mirrors the diversity of the biological function functions of GLP-1 throughout the
body (Figure 2.5).
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Figure 2.5: Biological functions of glucagon-like peptide-1 (GLP-1). The widespread expression of

the GLP-1 receptor allows for a range of biological functions; the primary functions of GLP-1 are in
glucose regulation via increased glucose-dependent insulin secretion and inhibition of glucagon
secretion in the pancreas, increased glucose uptake by muscle, fat and hepatic tissues. Figure created
using BioRender; adapted from Cheang & Moyle 2018, using information from Lee et al. 2012, Kodera
et al. 2011 and Alharbi 2024.

GLP-1 functions primarily as an incretin hormone, acting to reduce postprandial glycaemic excursions
through increased glucose-dependent insulin secretion and inhibition of glucagon from the pancreas
(Drucker et al. 2017). Sensing of dietary glucose to allow for glucose-dependent GLP-1 secretion is
facilitated by sodium-coupled glucose transporters (SGLTs); dietary glucose is co-transported with
sodium into EECs via SGLTs, and the resultant Na+ uptake triggers membrane depolarisation, opening
voltage-gated Ca2* channels, initiating the exocytosis of vesicles containing GLP-1. (Ritzel et al. 1997;
Reimann & Gribble 2002; Gribble et al. 2003). Other luminal dietary nutrients, such as oligopeptides
and fatty acids, are taken up via interactions at G protein-coupled receptors (GPCRs) such as GPR142
and GPR120, respectively (Lin et al. 2016; Gribble & Reimann 2016). More recently, the discovery of
the expression of a wide repertoire of receptors at their cell surface has increased interest in the luminal
sensing abilities of GLP-1* EECS; an alternative mechanism by which luminal glucose stimulates GLP-
1 secretion is through sweet taste receptors (TAS1rs); glucose activation of gustducin-coupled
receptors TAS1r2 and TAS1r3 expressed by GLP-1* EECs stimulates GLP-1 secretion (Jang et al.

2007). Similarly, functional bitter taste receptor (TAS2r) expression has been shown on these cells (Kim
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etal. 2014; Wang et al. 2024). A role for bitter taste receptors in sensing of T. spiralis infection has been
uncovered (Luo et al. 2019), however the relationship between helminth infection and EEC-dependent

GLP-1 secretion via TAS2rs has not yet been elucidated.

In recent years the immunomodulatory effects of GLP-1r activation have gained interest; activation of
GLP-1r by exogenous agonists such as exendin-4 suppresses production of proinflammatory cytokines
such as tumour necrosis factor (TNF)a, IL-6 and IL-13 are suppressed (Hogan et al. 2014; Chaudhuri
et al. 2012) via suppression of NF-kf3 activation (Kodera et al 2011; Lee et al. 2012). GLP-1 has also
been suggested to carry out cytoprotective functions in the murine intestine; GLP-1 acts through GLP-
1rs expressed on intestinal IELs in both the small and large intestine to modulate local inflammatory
responses (Yusta et al. 2015). Furthermore, GLP-1 has been associated with macrophage polarisation
to the M2 phenotype, and therefore associated with anti-inflammatory, tissue-repair and angiogenic
actions through STAT3 activation (Shiraishi et al. 2012). Human neutrophils and eosinophils have also
been shown to express GLP-1r, with activation resulting in significant decrease in the expression of

eosinophil surface activation markers and in IL-4, IL-8 and IL-13 (Mitchell et al. 2016).

Loss of GLP-1r signalling is associated with increased susceptibility to gut injury, with central blockade
of GLP-1r signalling resulting in enhanced pyrogenicity of lipopolysaccharide (LPS) (Rinaman 2000);
both in vivo and in vitro studies have demonstrated expression of functional toll-like receptors (TLRs)
by GLP-1* EECs, with GLP-1 secretion triggered via LPS interaction with TLR4 (Bogunovic et al. 2007;
Lebrun et al. 2023). Central blockade of GLP-1r signalling also enhances sensitivity to intestinal injury
and epithelial damage in dextran sodium sulphate (DSS)-induced colitis models (Yusta et al. 2015),
with exogenous GLP-1r agonist treatment ameliorating colitis-associated injury in mice (Bang-
Berthelsen et al 2016).

GLP-1 contributes to intestinal recovery of mucositis following chemotherapy (Kissow et al. 2013).
Furthermore, endogenous GLP-1 improves gut permeability, growth, and barrier function, although this
response is modest, the effects can be boosted using exogenous GLP-1rA treatment (Nozu et al. 2017;
Kissow et al. 2013; Bang-Berthelsen et al. 2016).

Interestingly, there is a postulated link between the gut microbiome and its metabolic by-products and
the level of GLP-1 production; studies have shown that gut microbiota depletion alters fasting and
postprandial GLP-1 production (Zarrinpar et al. 2018; Wang et al. 2024). Given the alterations to the
gut microbiota induced by T. muris infection, one may postulate that gastrointestinal helminth infection
may influence fasting and postprandial GLP-1 production. Furthermore, helminths produce a variety of
dipeptidyl peptidases secreted in their ESPs (Yan et al. 2024) although these are yet to be fully
characterised; it may be possible that helminths may produce a homolog of DDP-4, thus allowing them

to modulate local GLP-1 availability.

Given the expression of TAS2rs by GLP-1* EECs, it is possible that helminth infection increases GLP-
1 secretion to aid in the repair of helminth-induced epithelial damage, with potential further functions in
immunity to helminths. If this is the case, GLP-1rA treatment may aid in immunity to, or recovery from

pathophysiology induced by helminth infection.
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2.9 GLP-1 Receptor Agonists

Given the roles of GLP-1 in glucose homeostasis, the GLP-1r acts as a significant drug target in the
treatment of type 2 diabetes mellitus (T2DM). The efficacy of endogenous GLP-1 as a therapeutic agent
is significantly limited by its rapid degradation by DPP-4; the breakdown of GLP-1 by DPP-4 produces
an inactive peptide of 2 amino acids less (de Graaf et al. 2016). However, the limitation of endogenous
GLP-1 as a therapeutic agent have been superseded by the development of GLP-1 receptor agonists
(GLP-1rAs) resistant to endogenous DPP-4 (Gilbert & Pratley 2020). Exendin-4 (Ex-4) is a 39 amino
acid peptide and potent GLP-1rA present in the saliva of the Gila monster, Heloderma suspectum.
Despite sharing only 50% sequence similarity with human GLP-1, Ex-4 acts as a full GLP-1r agonist,
causing dose-dependent, glucose-dependent insulin secretion (Goke et al. 1993). Since its discovery,
synthetic Ex-4, exenatide, has been approved in the UK for the treatment of T2DM (Kyriacou & Ahmed
2010).

GLP-1rAs can be short- or -long acting based on pharmacokinetic and pharmacodynamic properties
(Drucker 2018; Gilbert & Pratley 2020). Currently, there are seven approved GLP-1rAs which are often
prescribed as add-on therapies for patients with T2DM; GLP-1rA treatment reduces exogenous insulin
dose requirements and boosts therapeutic effects. They are preferable over sulfonylureas and
meglitinides; these drug classes act to increase insulin secretion from pancreatic  cells albeit in a
glucose-independent manner thereby increasing risk of hypoglycaemia. GLP-1rAs, on the other hand
increase glucose-dependent insulin secretion and so risk of hypoglycaemia is low (Gilbert & Pratley
2020; Elkinson & Keating 2013).

Given the role of GLP-1 in increased satiety and decreased appetite, a commonly observed side effect
of GLP-1rA treatment in T2DM patients was weight loss (Beggs & Woods 2013; Igbal et al. 2022).
Obesity poses a significant global health burden, with 64.3% of adults in England being overweight or
obese (NHS, 2024) with 1 in 8 individuals living with obesity worldwide (WHO 2024). Therefore, the
anorexigenic properties of GLP-1 and its analogues gained considerable attention. In 2021, the FDA
approved semaglutide for the treatment of obesity, at a dose of 2.4mg to be administered
subcutaneously once per week. This drug is indicated in patients with a body mass index of 27kg/m?
who also suffer from at least one weight-related condition, such as type 2 diabetes mellitus, or patients
with a BMI of 30kg/m?2 or above (FDA, 2021). In 2023, semaglutide was approved by the Medicines
and Healthcare products Regulatory Agency (MHRA) for the treatment of obesity in the UK (MHRA
2024)

Lixisenatide is also a synthetic analogue of Ex-4, which is approved for the treatment of T2DM (Elkinson

& Keating 2013). Excitingly, Dooley (2022) recently showed that lixisenatide drives expulsion of chronic

T. muris infection via an immune dependent increase in epithelial turnover.
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2.10 Aims

Trichuriasis is a neglected tropical disease afflicting over one billion people worldwide, with widespread
implications for the agricultural industry. Increasing prevalence of drug-resistant strains of the parasites
of the Trichuris genus highlights the necessity for alternative treatment strategies. The aims of this study
were to 1) utilise a small intestinal organoid model to investigate the effect of intestinal helminths on
GLP-1* EEC development and function, and 2) to investigate the efficacy of the GLP-1 receptor agonist,

lixisenatide, against T. muris infection.

The mechanism underpinning host sensing of intestinal helminth infections is currently unknown.
Furthermore, the effects of intestinal helminths on local GLP-1+ EEC development and GLP-1 secretion
are yet to be elucidated. Therefore, a small intestinal organoid platform will be used to determine the
effects of Trichuris muris and Trichinella spiralis antigen on GLP-1* cell development, using
immunofluorescent staining of GLP-1 to investigate changes in GLP-1* EEC frequency in small
intestinal organoids. This organoid model will also be used to determine the effect of T. muris and T.
spiralis antigen on GLP-1 secretion; a GLP-1 secretion assay will be utilised to identify changes in GLP-
1 secretion following organoid co-culture with helminth antigen, and use of the bitter taste receptor
inhibitor AITC will allow for the determination of the role of these receptors in host sensing of intestinal
helminths.

Based on the reviewed literature, GLP-1r* IELs appear to be a potential drug target in the treatment of
Trichuris infection. This project will use the mouse model of trichuriasis, T. muris, to further investigate
the efficacy of GLP-1rA treatment against T. muris infection. A trickle infection model will be used to
determine the potential for the GLP-1rA, lixisenatide, to induce protective immunity against challenge
T. muris infection. Recombinant IL-12 pretreatment will also be used to induce a chronic, high-dose T.
muris infection, allowing for the investigation of the efficacy of lixisenatide on a chronic, high-dose
infection. Serum IgG1 and IgG2a will be used to determine the nature of the immune response in these
mice. Histological analysis of caecal crypt and goblet cell structure, and epithelial turnover will be
essential to determine the expulsion mechanisms underpinning lixisenatide-driven worm expulsion.
Flow cytometric analysis of immune cell populations of the mLN will allow for further characterisation of

the immune response, and cytokines underpinning lixisenatide-driven T. muris expulsion.

Given that GLP-1rAs are already licensed for use in patients with diabetes and obesity, it may be
possible to repurpose these drugs, with already well-characterised safety profiles and mechanisms of
action, to treat trichuriasis in both humans and in livestock, providing higher quality of life to those, many

of whom are children, afflicted by trichuriasis.
3. Methods

3.1 Animals

C57BL/6 mice, C5BL/6 RAG" mice (A kind gift from Dr K Okkenhaug; Babraham Institute, Cambridge,
England, Hao et al. 2001) and QuCCi mice (a kind gift of Dr Richard Mort; Lancaster University, Briggs
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2024) mice were housed at Lancaster University in individually ventilated cages on a 12-hour light/dark
cycle at 22 + 1°C and 65% humidity. All procedures were carried out at Lancaster University on 6—12-
week-old littermates after 1 week of acclimatisation in accordance with the Home Office Science Act
1986, under the project licence PP4157153. All procedures conformed to the Lancaster University
Animal Welfare and Ethical Review Body (AWERB) and ARRIVE guidelines. All animals were humanely

terminated by cervical dislocation followed by terminal exsanguination.
3.1.1 Small Intestinal Epithelial Organoid Culture.

Mice were sacrificed and small intestine was removed, opened longitudinally, cut into 2mm pieces and
washed in cold (2-4°C) PBS and agitated in room temperature (15-25°C) Gentle Cell Dissociation
Reagent for 15 minutes on a rocking platform at 20 rpm. Intestinal pieces were resuspended in 0.1%
BSA-PBS and filtered through a 100um sieve to generate 6 fractions. Fractions were assessed by light
microscopy to determine those with least cellular debris. Approximately 500 crypts were embedded in
150uL undiluted Matrigel matrix (Corning) and 150uL room temperature complete Organoid Growth
Medium (Mouse, Intesticult) for 10 minutes at 37°C, in 24-well plates. After Matrigel polymerization,
750uL Organoid Growth Medium containing penicillin/streptomycin  (Gibco) was added. Some
organoids were cultured in Matrigel containing T. muris antigen at a concentration of 10ug/ml, and T.
spiralis antigen at a concentration of 10ug/ml cultured in media containing the rock inhibitor Y27632
(Sigma) at a final concentration of 0.5mg/ml in culture media as indicated. Organoids were cultured at
37°C in 5% COz2 in an incubator, and the cell culture medium was changed three times per week, and

organoids were allowed to grow for 10 days.
3.1.2 Immunofluorescent Staining of Small Intestinal Epithelial Organoids

Organoids were fixed with 4% paraformaldehyde (PFA, Sigma) for 60 minutes at room temperature,
then washed with PBS (Gibco) and incubated with rabbit anti-mouse GLP-1 antibodies (1 in 200, Abcam
ab22625) overnight at 4°C. Organoids were washed with PBS and incubated with goat anti-rabbit IgG
antibodies (1 in 50, Alexa Fluor) overnight at 4°C, in the dark. Organoids were washed once again and
mounted using fluoroshield with 4’,6-diamidino-2-phenylindole (DAPI) (Sigma). Images were obtained

by confocal microscopy (Zeiss LSM80).
3.1.3 GLP-1 Secretion Assay

Mouse small intestinal organoids were cultured as above. Following 10 days of growth, culture media
was removed and washed three times with 0.5mis of 138 buffer (4.5mM KCI, 138mM NaCl, 4.2mM
NaHCOs, 1.2mM NaH2PO4, 2.6mM CaClz, 1.2mM MgClz, 10mM HEPES). Organoids were then
incubated with 250uL substrate solution and incubated at 37°C and 5% CO:2 for 4 hours. Some
organoids were cultured with 10pM forskolin (Sigma), 10uM 3-Isobutyl-1-methylxanthine (IBMX, Sigma)
and 10mM glucose as a positive control. During incubation, lysis solution was made by adding 0.25¢g
deoxycholic acid, 0.5ml Igepal CA-630, 2.5ml 1M Tris-HCL, 1.5M NaCl and 1 tablet of complete EDTA-
free protease inhibitor cocktail, made up to 50ml with dH20, and kept on ice. Following incubation, the

substrate solution was removed from each well of the 24-well plate and transferred to a corresponding
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eppendorf. The 24-well plate was placed on ice and to each well 0.5ml lysis solution was added, after
5 minutes each well was scraped with a cell scraper and lysate from each well was transferred into
eppendorfs. Substrate solution was centrifuged at 400rcf for 5 minutes, and the lysate was centrifuged
at 4°C at 10 000rpm for 10 minutes. Supernatants were transferred into fresh eppendorfs and stored
at -80°C.

3.1.4 GLP-1 ELISA

Lysate samples were diluted 1:10, and secretion samples 1:2 in buffer and GLP-1 secretion was
quantified by an active GLP-1 ELISA kit (cat. EGLP-35K; Millipore, Watford, UK). All steps were
performed according to manufacturer’s instructions, and plate was read on Tecan Infinite Pro plate

reader with an excitation/emission wavelength of 355nm/460nm
3.1.5 T. muris Infection, Faecal Egg Counts and Determination of Worm Burden

Mice were infected with a low dose (approximately 30 embryonated eggs, in 200uL PBS), or high dose
(approximately 200 embryonated eggs in 200ul PBS) by oral gavage using a blunt needle. To monitor
infection status, faecal egg counts were completed using a modified McMaster technique; faecal pellets
were collected and weighed. 1ml dH20 saturated with MgSO4 (to a specific gravity of 1.2) was added
to each tube and the pellet solubilised. This solution was then filtered through a 100um filter and the
filtrate added to one of two chambers on the McMaster counting slide and observed under a light
microscope. The egg load in faeces was calculated as eggs per gram of faeces. Worm burden post-

termination was determined by counting worms present in caecum and proximal colon samples.
3.1.6 High dose chronic infection

Naive C57BL/6 mice were treated with rlL-12 (1ug in 200uL PBS) by intraperitoneal injection for 3 days
and infected with a high-dose (approx. 200 eggs) T. muris infection by oral gavage, and infection was

allowed to establish for 34 days.
3.1.7 GLP-1 Receptor Agonist Treatment

10ug lixisenatide in 200ul PBS, or 200ul PBS alone, was administered by intraperitoneal injection using
a 25G 5/8” needle.

3.1.8 T cell transfer

Mesenteric lymph node (mLN) cells were prepared from day 21 post-infection C57BL/6 mice, in RPMI-
1640, supplemental with 10% foetal calf serum, 100ug/ml penicillin/streptomycin and 1mM L-glutamine
(complete media). CD4* T cells were isolated via negative selection using an isolation kit (Miltenyi
Biotec) Evaluation of CD4* purity was by flow cytometry. SCID mice received 4x108 cells in PBS via

intraperitoneal injection, 10 days before low-dose T. muris infection.
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3.2 Parasite-Specific Enzyme-Linked Immunosorbent Assay (ELISA)

Blood collected from sacrificed animals by terminal exsanguination was left at room temperature to clot.

Serum was collected from each sample, aliquoted and stored at 0°C until required for analysis.

96-well plates were coated with 50ul of 10ug/ml T. muris E/S at 5ug/ml in carbonate bicarbonate buffer,
then plates were washed 5 times in PBS-Tween 20 (PBS-T) (Sigma Aldrich). After blocking with
phosphate-buffered saline (PBS) containing 3% bovine serum albumin (BSA), plates were washed once
again and incubated with 50ul sera serially diluted in PBS-Tween 20 from 1:20 to 1:2560. Bound
parasite-specific antibody was detected using 50yl biotinylated rat anti- mouse IgG1 (BD PharMingen,
Cat. 553441) at 0.25ug/ml in PBS-T, or 50yl biotinylated rat anti-mouse IgG2a (BD PharMingen, Cat.
550332) at 1ug/ml in PBS-T, incubating for 60 minutes at room temperature. Bound biotinylated
antibody was detected by 50pl streptavidin peroxidase (Roche, 1:40 in PBS-T), incubated for 1 hour at
room temperature. Plates were developed using 50ul 3, 3’, 5,5’ Tetramethylbenzidine liquid substrate
(Sigma-Aldrich) and the reaction stopped after approximately 2 minutes using H2SO4.Plates were read

at 450nm with 490nm reference on a Tecan Infinite Pro plate reader.
3.3 Histology

Caecal tips were obtained at the time of sacrificed and fixed in Carnoys (60% absolute ethanol, 30%
chloroform, 10% glacial acetic acid) solution for 24 hours before being stored in 70% ethanol. Samples
were dehydrated through an ethanol-xylene gradient; 90% ethanol for 1 hour, 100% ethanol for 1 hour,
xylene for 45 minutes and then fresh xylene for an additional 45 minutes, before storing in paraffin wax
overnight. Samples were then embedded in paraffin wax and ribbons of 5uM were taken using a

microtome, before being transferred to a water bath and ultimately to slides.
3.3.1 Alcian Blue-PAS for Goblet Cells

Slides were dewaxed in xylene and moved through an alcohol gradient (100%, 90%, 70%, 50%) before
staining in 1% alcian blue (in 3% periodic acid, Sigma). Sections were washed in dH20 and incubated
in periodic acid (Thermo Scientific) for 5 minutes, and then in Schiff's reagent (Thermo Scientific) for 15
minutes. Counterstaining was completed using Mayers haematoxylin (Thermo Scientific), before
dehydrating using 70% and 100% ethanol, and xylene. Sections were mounted for imaging using DPX

mounting medium.
3.3.2 BrdU Pulse-Chase Experiment for Epithelial Turnover

BrdU (Sigma) was administered by intraperitoneal injection at a dose of 10mg per mouse with a 25G
needle at 23:00hrs and mice were terminated after a 12-hour period. Caecal tip samples collected and
fixed in Carnoys (60% absolute ethanol, 30% chloroform, 10% glacial acetic acid) solution for 24 hours
before being stored in 70% ethanol until slide preparation. Slides were prepared as previously
described.

Slides were dewaxed in xylene for 1 hour and washed in 100% ethanol. Peroxidase activity was then
blocked using peroxidase block (180ml methanol + 3ml H202) for 20 minutes at room temperature.
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Slides were hydrolysed in 1M hydrochloric acid for 8 minutes at 60°C, then washed in PBS, and after
each subsequent step. Slides were then blocked using 5% rabbit serum in PBS for 30 minutes at room
temperature. Slides were washed once again before incubating in anti-BrdU (1:20 in PBS, Abcam) for
1 hour at room temperature. Slides were incubated in polyclonal rabbit anti-rat immunoglobulins/HRP
(Dako, 1:100 in 10% mouse serum-PBS) for 1 hour at room temperature. Sections were developed in
DAB for 2-3 minutes, washed, and then counterstained in haematoxylin (1:5 in dH20) for 1 minute
before being washed through an alcohol gradient into xylene and mounted using DPX mounting

medium.
3.4 Mesenteric Lymph Node Cell Isolation and Restimulation

Mesenteric lymph nodes (mLNs) were gently disaggregated through a 100um sieve and counted using
Countess automated cell counter (Invitrogen). and plated out at 4.3x10° cells per well in 1ml full media
(RMPI with 10% FCS (Sigma, 1% 1M Hepes, 1% L-glutamine (Sigma), 1% pen-strep (Sigma), 1% MEM
non-essential amino acids 100x (Sigma), and 50uM B-mercaptoethanol). Cells were stimulated with cell
stimulation cocktail with protein transport inhibitors (1X, Invitrogen) overnight at 37°C and 5% COs.. Cells

were then prepared and stained for flow cytometry.
3.5 Flow Cytometry

All samples were centrifuged at 400rcf and supernatant discarded. Pellets were resuspended in 50l
fix-perm solution (Invitrogen) and placed on ice for 30 minutes. Samples were then centrifuged at 400xg
for 5 minutes at room temperature, and pellet resuspended in 50ul FC block (1:200 in 1x perm buffer
(Invitrogen)) and incubated on ice for 15 minutes. Antibody mix was prepared using 1x perm buffer and
antibodies as listed in table 3.1, and was added to each sample to a final surface stain cover
concentration of 1.5ug/ml. After staining was complete, samples were centrifuged at 400g for 5 minutes
and pellets were resuspended in 200ul 1% PBS-BSA. Suspended samples were run using Beckman
Coulter Cytoflex flow cytometer and analysed using FlowJo (Version 10.10.0) using the gating strategy

shown in Fig 3.1.

Table 3.1: Mesenteric Lymph node flow cytometry antibody panel

Antibody Manufacturer Fluorophore Clone
CD45 eBioscience €506 30-F11
CD3 eBioscience AF700 17A2
CD4 Biolegend APC-Cy7 GK1.5
CD8 BD Biosciences PE-CF594 53-6.7
CD45RB eBioscience PE C363.16A
CD69 eBioscience PerCP-Cy5.5 H1.2F3
IFNy eBioscience AF488 XMG1.2
IL-13 eBioscience e450 13A
IL-17 eBioscience APC 17B7
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Figure 3.1: Gating strategy of mesenteric lymph node data. A) Singlets were gated using FSC-H
against FCS-A. B) Single cells were then gated using SSC-H against SSC-A. C) Live cells were then
gated using FSC-A against SSC-A. D) From live cells, CD45"* cells were gated using €506 (KO525-A)
against SSH-H. E) Then, CD3* cells were gated using AF700 (APC-A700-A) against SSC-H. F) CD4+
and CD8+ cells were then gated using APC-A750-A against ECD-A. G) Effector/memory T (TEM) cells
were then gated from each of the CD4+ and CD8+ populations using PE (PE-A) against SSC-A. H)
Recently activated (CD69*) T cells were gated from the populations in (F) and (G) using PerCP-Cy5.5
(PC5.5A) against SSC-A. I) Cytokines produced by the populations shown in (F), (G) and (H) were

analysed using the antibodies shown in table 3.1 against SSC-A.

Statistical analysis.

Statistical analyses were performed and figures were created using GraphPad Prism, and results
presented as mean £ SEM. Data normality was determined using Shapiro Wilks test, and where two
experimental groups were compared, Student’s T test and Mann Whitney U tests were used where data

were parametric and non-parametric, respectively. Where data were parametric, three or more groups
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were compared using ANOVA with Dunnet’s or Tukey’s multiple comparisons test. Where data were
non-parametric, three or more groups were compared using Kruskal-Wallis test with Dunn’s multiple
comparisons test, as indicated. Values were considered statistically significant at P<0.05. P<0.05 = *,
P<0.01 = **, P<0.001 = ***, P<0.0001 = **** for indicated comparisons. Error bars represent SD of

mean.
4. Results

GLP-1 is a proglucagon-derived peptide hormone secreted by enteroendocrine cells (EECs) throughout
the small intestine and colon. Though the primary role of GLP-1 is in glucose regulation, EECs have
been shown to play a key role in intestinal disease progression; EEC toll-like receptor activation allows
for modulation of their secretome in response to pathogenic detection (Selleri 2008). Here, a murine
small intestinal organoid platform was used to elucidate whether helminths directly influence GLP-1*
EEC activity.

4.1 Organoid culture represents expected GLP-1* EEC spatiotemporal ratio and

development pathways

Previous studies observe an increase in GLP-1* cell density across a proximal to distal axis in the small
intestine (Baggio et al. 2007). Organoids cultured from crypts isolated from duodenal, jejunal and ileal
sections of small intestine of naive mice demonstrated that this distal increase in GLP-1* EECs
translates ex vivo to the organoid system (Figure 4.1); there was a small increase in GLP-1* EECS
between the duodenum and jejunum, although not statistically significant here. The number of GLP-1*
EECs in organoids grown from ileal crypts was significantly higher than in the duodenum (P<0.0001)
and jejunum (P<0.0001).
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Figure 4.1. The frequency of GLP-1+ cells increases in organoids distally, with highest frequency
in the ileum isolated crypts. Duodenal, jejunal and ileal crypts were isolated from naive C57BL/6 mice
and incubated with organoid growth medium for 10 days before fixation. Fixed organoids were stained
using GLP-1 antibodies and imaged by confocal microscopy. A) The number of GLP-1* cells per
organoid, B) representative images of organoids from each group. Data (experimental n=3, where 5
organoids were randomly selected in each experiment) are presented as mean + SEM. Each plotted
point represents one organoid. Statistical analyses were performed using Kruskal-Wallis test with

Dunn’s multiple comparisons test, where ****=p<0.0001.

Given that the direct influence of intestinal helminths GLP-1 secretion from small intestinal EECs is
currently unknown, increasing the number of GLP-1* EECs in small intestinal organoids was necessary

to increase the availability of GLP-1 for secretion and detection. This was achieved by culture of ileal
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crypts with the Rho-associated protein kinase inhibitor Y27632 as described by Petersen et al. (2018),
which has previously been shown to drive EEC differentiation. The optimal concentration of Y27632 for
optimisation of GLP-1+ EEC frequency was determined, as shown in Figure 4.2; 10uM Y27632 was
sufficient to significantly increase GLP-1* cell frequency as compared to controls (P=0.0001) without

inducing organoid death.
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Figure 4.2: Optimal concentration of ROCK inhibitor Y27362 for culture with murine small
intestinal organoids is 10uM in culture medium for the first 48 hours of culture to optimise GLP-
1+ cell frequency. lleal crypts were isolated from naive C57BL/6 mice and cultured with 5uM, 10uM
and 15uM Y27632 in culture medium for the first 48 hours of culture. A) Plotted data shows the number
of GLP-1* cells per organoid, B) representative imaged of stained organoids, where bars represent
100um. Data (experimental n=3, where 3-4 organoids were randomly selected in each experiment) are
presented as mean + SEM, where each plotted point represents one organoid. Statistical analyses were

performed using one-way ANOVA with Dunnett’s multiple comparisons test where ***=p<0.001.
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These data demonstrate that this organoid culture technique supports GLP-1* EEC development and
represents the expected small intestinal GLP-1 ratio, allowing a platform for the successful

examination of the effects of helminths on GLP-1* EEC differentiation and GLP-1 secretion.

4.2 Helminth antigen increases secretion of GLP-1 without direct influence on GLP-1*

EEC development

To investigate the effects of helminth antigen on GLP-1* cell density in the small intestine, lleal crypts
were isolated from naive C57BL/6 mice which were cultured with T. muris or T. spiralis antigen (Fig.
4.3). There was no significant difference in GLP-1* cell frequency in organoids co-cultured with T. muris

or T. spiralis antigen (P>0.05) compared to controls.
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Figure 4.3: Helminth antigen has no significant effect on GLP-1* cell frequency in murine small
intestinal organoids. lleal crypts were isolated from C57BL/6 mice and cultured with 10ug/ml
Trichinella spiralis (TS) or Trichuris muris (TM) antigen, or in organoid growth medium only (control).
After 10 days of culture, organoids were fixed and stained using GLP-1 antibodies, before imaging using
confocal microscopy. A) Plotted data shows the number of GLP-1* cells per organoid, B) representative
imaged of stained organoids, where bars represent 100um.Data (experimental n=4, were 3-4 organoids
were randomly selected in each experiment) are presented as mean + SEM. Each plotted point
represents one organoid. Statistical analyses were performed using Kruskal-Wallis test with Dunn’s

multiple comparisons test. Results were statistically significant where p<0.05
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To determine the effect of helminth antigen on GLP-1 secretion, a small intestinal organoid platform was
used, boosting the frequency of GLP-1* cells using Y27632 to allow maximal potential for GLP-1
secretion and detection. Organoids were incubated with T. muris or T. spiralis antigen, and the fold
change in percentage GLP-1 secreted from EECs, compared to vehicle-only controls, was determined
(Fig 4.4). Some organoids were cultured with forskolin and There was no significant increase in GLP-1
secretion following incubation with T. muris antigen as compared to vehicles, however incubation with
T. spiralis antigen caused a significant increase (P=0.0259) as compared to vehicles (Fig 4.4A). Positive
control shows the cells are capable of secreting GLP-1 to the maximum level, and therefore the
helminth-dependent changes are biologically relevant. To determine the potential pathway, organoids
were cultured with helminth antigen in the presence and absence of the bitter taste receptor inhibitor
allyl isothiocyanate (AITC). Culturing with inhibitor only demonstrated that GLP-1 secretion does not
decrease in response to inhibitor only; there was no inhibitor-directed toxicity, therefore the readings
from those cultured with inhibitor and antigen were biologically relevant. No alteration was seen in the
previous stable negative response to T. muris, but the inhibitor prevented the previous significant

increase in secretion following T. spiralis incubation.
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Figure 4.4. GLP-1 secretion increases in response to T. spiralis antigen in a taste receptor-
dependent mechanism. lleal crypts were isolated from naive C57BL/6 mice and co-cultured with 10uM
Y27632 in culture medium for 10 days. lleal organoids were then incubated with substrate solution
containing vehicle only, A) T. spiralis (TS) antigen or B) T. muris (TM) antigen, with and without AITC
(inhibitor). Some organoids were cultured with inhibitor only, and some were cultured with forskolin,
IBMX and glucose (positive control). After 4 hours, substrate containing secreted GLP-1 was removed,
and lysis solution was added to organoids to release remaining GLP-1. The quantity of GLP-1 in lysate
and substrate were determined by ELISA, and fold change in percentage of GLP-1 secretion compared
to vehicle-only controls was calculated. Data (experimental n=2-5 per group), presented as mean +
SEM. Statistical analyses were completed using one-way ANOVA with Dunnett’s multiple comparisons
test, where *=p<0.05.
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Collectively this indicates that helminth antigen does not influence GLP-1 development, but T. spiralis

antigen does increase GLP-1 secretion via a taste receptor dependent mechanism.
4.3 The influence of GLP-1rA treatment on a trickle T. muris reinfection

Trichuriasis is a neglected tropical disease afflicting more than 600 million people worldwide.
Anthelmintic treatments are effective in clearing chronic infection, however in areas where trichuriasis
is prevalent there are high rates of reinfection (Speich et al. 2014); currently used anthelmintic drugs
do not convey protection from subsequent infection. Dooley (2022) showed that acute lixisenatide
treatment clears low dose T. muris infection in C57BL/6 mice via increased epithelial turnover.
Therefore, a trickle infection model of T. muris infection was used to investigated whether lixisenatide

treatment is protective against subsequent reinfection.

Serum IgG1 and IgG2c indicate the type of immune response occurring, with increased IgG1 and IgG2c
being indicative of Th2 and Th1 responses, respectively (Else et al., 1993). Parasite-specific IgG1 and
IgG2a (which cross-reacts to IgG2c) ELISAs were used to assess the immune response to infection
(Fig. 4.5) Here, parasite specific IgG1 and IgG2a antibody ELISAs showed no significant differences
between control and lixisenatide-treated mice (P>0.05), with both treatment groups showing little IgG1

response and comparable IgG2a responses.
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Figure 4.5: Parasite specific IgG1 and IlgG2a antibody responses of C57BL/6 mice are not altered
following lixisenatide treatment and T. muris reinfection. Mice were infected with low dose (approx.
30 eggs) T. muris and infection was allowed to establish for 34 days. Mice were treated with either PBS
(control) or lixisenatide by intraperitoneal injection. 3 days after treatment, mice were reinfected low
dose (approx. 30 eggs) T. muris infection. Mice were then sacrificed, and serum obtained. Serial
dilutions of sera were incubated with biotinylated rat anti-mouse A) IgG1 and B) IgG2a antibodies in
antigen coated ELISA plates. Bound antibody was detected using streptavidin peroxidase and TMB
substrate, and reaction stopped using sulphuric acid. Absorbance was measured using a Tecan Infinite
pro plate reader at 450nm with 540nm reference. Negative control data was obtained from plate wells
processed without serum. Data are presented as mean + SEM (experimental n = 6). Statistical analyses
were performed using unpaired T tests at each dilution factor and considered statistically significant
where P<0.05.

Goblet cell hyperplasia and mucin hypersecretion are key mechanisms in the expulsion of T. muris
(Hasnain et al. 2010; Hasnain et al. 2011a; Hasnain et al. 2011b). Dooley (2022) saw no changes in
caecal crypt or goblet structure or goblet cell morphology following lixisenatide treatment. To determine
whether changes in goblet cell and caecal crypt structure occur following post-treatment reinfection,
caecal tip sections were stained using alcian-blue-PAS staining for goblet cells. Caecal crypt length,
goblet cell frequency and goblet cell size of 20 randomly selected caecal crypt units (CCUs) were
measured. Here, there was no significant difference in crypt length (Fig. 4.6A), goblet cell number (Fig.
4.6B) or goblet cell size (Fig.4.6C) between PBS- and lixisenatide- treated mice following post-treatment

reinfection with T. muris.
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Figure 4.6: Caecal crypt structure or goblet cells are not altered following lixisenatide treatment
and T. muris reinfection. Mice were infected with low dose (approx. 30 eggs) T. muris and infection
was allowed to establish for 34 days. Mice were treated with either PBS (control) or lixisenatide by
intraperitoneal injection. 3 days after treatment, mice were reinfected with low dose (approx. 30 eggs)
T. muris infection. Mice were sacrificed 18 days post-reinfection and caecum samples obtained. Caecal
tip samples were stained using alcian blue-PAS. Crypt length and goblet cell number per caecal crypt
unit (CCU) and goblet cell diameter were analysed using ImagedJ (A-C) Quantification for each mouse
was performed by measuring 20 CCUs and determining the mean (A) crypt length, (B) number of goblet
cells and C) diameter of goblet cells per CCU. (D) Representative images of alcian blue-PAS-stained
caecal tip sections in PBS control and lixisenatide treated mice, where bars represent 100um. Data are
presented as mean + SEM where experimental n=6 per group , and each plotted point represents one
mouse. Data were analysed using unpaired T tests and considered statistically significant where
P<0.05.

Increased epithelial turnover is a key mechanism in the expulsion of T. muris (Cliffe et al. 2005)
therefore, to observe any change in epithelial turnover, The suitability of using a QuCCi mouse system
(a cell-cycle reporter mouse system in which fluorescence changes during G1, S, G2/M and GO stages
of the cell cycle, Briggs 2024; Mort et al. 2014) to investigate epithelial turnover was explored, however

observation of preliminary experiments showed little staining and therefore this method was unsuitable
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for subsequent experiments (Appendix 1). Therefore, a bromodeoxyuridine (BrdU) pulse-chase

experiment was used over a 12-hour period to determine the number of proliferating cells and rate of

epithelial turnover. There was no significant difference in the number of proliferating cells within the
caecal crypts of PBS- and lixisenatide-treated mice, as determined by positively stained cells (Fig.
4.7A). Similarly, there was no significant difference in the rate of epithelial turnover between these
treatment groups (Fig. 4.7 B).
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Figure 4.7: Epithelial cell proliferation and turnover are not altered following lixisenatide
treatment and T. muris reinfection. Mice were infected with low dose (approximately 30 eggs) T. muris
and infection was allowed to establish for 34 days. Mice were then treated with either PBS (control) or
lixisenatide by intraperitoneal injection. 3 days after treatment, mice were infected once again with low
dose (approximately 30 eggs) T. muris infection. Mice were then sacrificed 18 days post-reinfection and
caecum samples obtained. Caecal tip samples were stained using anti-BrdU and A) the number of
proliferating cells and B) migration distance assessed by movement of BrdU+ cells up the crypt was
determined by light microscopy. C) Representative images of BrdU stained caecal tissue of PBS control
and lixisenatide-treated mice. Data (experimental n=6 per group) are presented as mean + SEM, where
each plotted point represents one mouse. Data were analysed using unpaired T tests and considered
statistically significant where P<0.05.
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T cell response in the mesenteric lymph node was next scrutinised; given that T cells and the production
of IL-13 and IFNy are central to helminth expulsion or establishment of chronic infection, respectively,
The immune cell populations present in the mLN at the time of sacrifice was assessed by flow cytometry.
Analysis of the cellularity of the mLN following T. muris reinfection shows no significant difference
between those of PBS- and lixisenatide-treated mice (Fig. 4.8A). Subsequent analysis of the percentage
of CD45* cells in the mLN following reinfection shows no significant difference in the number of

leukocytes present in the mLN (Fig. 4.8B-C)
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Figure 4.8: Cellularity of the mesenteric lymph node is not altered following lixisenatide
treatment and T. muris reinfection. C57BL/6 mice were infected with low dose (approx. 30 eggs) T.
muris and infection was allowed to establish for 34 days. Mice were treated with either PBS (control) or
lixisenatide by intraperitoneal injection. 3 days after treatment, mice were infected once again with low
dose (approx. 30 eggs) T. muris infection. Mice were then sacrificed 18 days post-infection and mLN
obtained. mLN were stimulated with Cell Stimulation Cocktail (with protein transport inhibitors)
overnight, before cells were collected and analysed by flow cytometry. A) mLN cellularity was
determined using a Countess automated cell counter. B) Percentage of CD45* cells in the mLN at the
time of sacrifice. C) Representative flow cytometry plots from (B). Data are presented as mean + SEM
where experimental n=6 per group. Each plotted point represents 1 mouse. Data were analysed using
A) unpaired T tests and B) Mann Whitney U test, and considered statistically significant where P<0.05.

The number of T cells and the T cell subsets in the mLN was next assessed; here there was no
significant difference in the number of CD3* (Fig.4.9A), CD4* (Fig.4.9C) and CD8* (Fig.4.9D) T cells

between PBS- and lixisenatide-treated mice.
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Figure 4.9: The percentage of CD4* and CD8" T cells in the mesenteric lymph node are not altered
following lixisenatide treatment and T. muris reinfection. C57BL/6 mice were infected with low dose
(approx. 30 eggs) T. muris and infection was allowed to establish for 34 days. Mice were treated with
either PBS (control) or lixisenatide by intraperitoneal injection. 3 days after treatment, mice were
infected once again with low dose (approx. 30 eggs) T. muris infection. Mice were then sacrificed 18
days post-infection and mLN obtained. mLN were stimulated with Cell Stimulation Cocktail (with protein
transport inhibitors) overnight, before cells were collected and analysed by flow cytometry. Plotted data
shows the percentage of A) CD3* leukocytes in the mLN with B) representative flow cytometry plots
from (A), the percentage of C) CD4* and D) CD8* T cells in the mLN, with E) representative flow
cytometry plots from (C) and (D). Data (experimental n=4-6 per group) are presented as mean + SEM.
Each plotted point represents 1 mouse. Data were analysed using unpaired T tests and considered

statistically significant where P<0.05.
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The cytokine profile of the CD4* and CD8* T cells in the mLN was assessed to observe any difference
in IFNy, IL-13 and IL-17 production (Fig. 4.10). Both CD4* and CD8* T cells showed minimal production
of IL-13 (<0.2%) which was comparable between treatment groups in CD4* T cells. Interestingly, IL-13
production in CD8* T cells of lixisenatide-treated mice was lower than that of PBS-treated mice,
although this difference was not significant. IFNy production by both CD4* and CD8* T cells was slightly
increased in lixisenatide-treated mice, although not significantly so. Furthermore, IL-17 production in
CD4* T cell appears to be raised in lixisenatide-treated mice compared to those treated with PBS,
although this difference was not significant, and IL-17 production by CD8* T cells was comparable
between treatment groups.
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Figure 4.10: Cytokines produced by CD4* and CD8* T cells are unaffected following lixisenatide
treatment and T. muris reinfection. C57BL/6 mice were infected with low dose (approx. 30 eggs) T.

muris and infection was allowed to establish for 34 days. Mice were treated with either PBS (control) or
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lixisenatide by intraperitoneal injection. 3 days after treatment, mice were infected once again with low
dose (approx. 30 eggs) T. muris infection. Mice were then sacrificed 18 days post-infection and mLN
obtained. mLN were stimulated with Cell Stimulation Cocktail (with protein transport inhibitors)
overnight, before cells were collected and analysed by flow cytometry. Plotted data shows levels of
IFNy, IL-13 and IL-17 produced by A) CD4* and B) CD8* T cells. C) and D) show representative plots
from A) and B). Data (experimental n=4 per group) are presented as mean = SEM. Each plotted point
represents 1 mouse. Data were analysed using unpaired T tests and considered statistically significant
where P<0.05.
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Staining for the cell surface marker CD45RB allowed for the assessment of the number of effector-
memory T (TEM) cells in the mLN at the time of sacrifice via CD4* and CD8* staining. There were no
significant differences between PBS- and lixisenatide-treated mice (Fig. 4.11) in terms of either TEM
population. IFNy, IL-13 and IL-17 production by CD4* and CD8* TEM cells was also assessed, although

no significant differences were seen between the treatment groups (data not shown).
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Figure 4.11 CD4* and CD8" effector memory T (TEM) cell frequency is not altered following
lixisenatide treatment and T. muris reinfection. C57BL/6 mice were infected with low dose (approx.
30 eggs) T. muris and infection was allowed to establish for 34 days. Mice were treated with either PBS
(control) or lixisenatide by intraperitoneal injection. 3 days after treatment, mice were infected once
again low dose (approx. 30 eggs) T. muris infection. Mice were then sacrificed 18 days post-infection
and mLN obtained. mLN were stimulated with Cell Stimulation Cocktail (with protein transport inhibitors)
overnight, before cells were collected and analysed by flow cytometry. Plotted data shows the
percentage of A) CD4* and B) CD8* TEM cells in the mLN. Data (experimental n=4 per group) are
presented as mean + SEM. Each plotted point represents 1 mouse. Data were analysed using unpaired

T tests and considered statistically significant where P<0.05.

The number of recently activated T cells in the mLN at the time of sacrifice was assessed through
staining of the cell-surface marker CD69 to determine the number of recently activated CD4* and CD8*
T cells. Though there was an increased percentage of recently activated CD4* T cells in lixisenatide-
treated mice compared to those treated with PBS, this difference was not significant (Fig. 4.12A).
Interestingly, There was a significantly higher percentage of recently activated CD8* T cells in
lixisenatide-treated mice compared to PBS controls (P=0.0456, Fig.4.1B). Further assessment of these
recently activated T cell populations showed that, in spite of this difference in number of recently
activated CD8"* T cells, there was no significant difference in IFNy, IL-13 and IL-17 between treatment
groups (Fig. 4.13B). There was also no difference in the production of these cytokines in recently
activated CD4* T cells (Fig.4.13A).
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4.12: The frequency of recently activated CD8* T cells increases following lixisenatide treatment
and T. muris reinfection. C57BL/6 mice were infected with low dose (approx. 30 eggs) T. muris and
infection was allowed to establish for 34 days. Mice were treated with either PBS (control) or lixisenatide
by intraperitoneal injection. 3 days after treatment, mice were infected once again with low dose
(approx. 30 eggs) T. muris infection. Mice were then sacrificed 18 days post-infection and mLN
obtained. mLN were stimulated with Cell Stimulation Cocktail (with protein transport inhibitors)
overnight, before cells were collected and analysed by flow cytometry. Plotted data shows the
percentage of recently activated A) CD4* and B) CD8* T cells. Data (experimental n=4 per group) are
presented as mean + SEM. Each plotted point represents 1 mouse. Data were analysed using unpaired
T tests and * = P<0.05.
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Figure 4.13: Cytokines produced by recently activated CD4* and CD8* T cells are unaffected
following lixisenatide treatment and T. muris reinfection. C57BL/6 mice were infected with low
dose (approx. 30 eggs) T. muris and infection was allowed to establish for 34 days. Mice were treated
with either PBS (control) or lixisenatide by intraperitoneal injection. 3 days after treatment, mice were
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infected once again with low dose (approx. 30 eggs) T. muris infection. Mice were then sacrificed 18
days post-infection and mLN obtained. mLN were stimulated with Cell Stimulation Cocktail (with protein
transport inhibitors) overnight, before cells were collected and analysed by flow cytometry. Plotted data
shows levels of IFNy, IL-13 and IL-17 produced by A-C) CD4* and D-F) CD8* T cells, and G-L) show
representative flow plots from A-F). Data (experimental n=4 per group) are presented as mean + SEM,
and each plotted point represents 1 mouse. Data were analysed using unpaired T tests and considered

statistically significant where P<0.05.
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In order to put these results into the context of infection outcome, the worm burdens of mice from each
group were determined by examination of the caecum and proximal colon post-sacrifice (Fig.4.14A).
Worm counts showed no significant difference in the total number worm burden at the time of sacrifice
in PBS- and lixisenatide-treated mice. Further analysis showed that all worms from the primary infection,
which would have matured to adulthood, had been expelled in both treatment groups (Fig.4.14B). Both
treatment groups had few immature worms, but there was no significant difference between treatment

groups (P<0.5).
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Figure 4.14: Eggs from this passage did not survive past day 51 in control animals meaning
treatments were inconclusive. C57BL/6 mice were infected with low dose (~30 eggs) T. muris
infection by oral gavage. 34 days post-infection mice were treated with PBS (controls) or 10ug
lixisenatide (treated). 3 days after treatment, mice were re-infected with low dose (~30 eggs) T. muris.
18 days after second infection, mice were sacrificed, and caeca and proximal colons were obtained. A)
total worms and B) the number of adult and immature worms were counted using a dissecting
microscope. Data (experimental n=6 per group), and presented as mean + SEM, where each point
represents 1 mouse. Statistical analyses were completed using A) Mann-Whitney U test and B) two-
way ANOVA with Tukey’s multiple comparisons test, and results were considered statistically significant
where P<0.05.

To further understand these findings, the T. muris egg output of each mouse was analysed using a
modified McMaster technique (Fig.4.15). Faecal pellets were collected from mice before and after
lixisenatide treatment to semi-quantitatively assess infection status at each time point. There was a
decrease in faecal egg output in both PBS-treated (P=0.0143) and lixisenatide-treated (P=0.0175) mice
3 days post-treatment (Fig.4.15A). FEC 11 days after treatment was only significantly lower than pre-
treatment in lixisenatide-treated mice (P=0.0425) when observing FEC as an average of faecal pellets
collected per mouse (Fig.4.15B). When considering FEC per faecal pellet, those collected 11 days post-

treatment were not significantly lower than pre-treatment levels in either PBS- or -lixisenatide-treated
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mice (Fig.4.15A). There was no significant difference in faecal egg output between treatment groups at

any time point.
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Figure 4.15: Faecal egg counts indicate that worms were expelled from both PBS- and
lixisenatide-treated mice following lixisenatide treatment and T. muris reinfection. C57BL/6 mice
were infected with low dose (~30 eggs) T. muris infection by oral gavage. 34 days post-infection (Day
0) mice were treated with PBS (controls) or 10ug lixisenatide (treated). 3 days after treatment (Day 3),
mice were re-infected with low dose (~30 eggs) T. muris. At days 0, 3, and 11 post-treatment, 2-4 faecal
pellets were collected from each mouse and T. muris eggs were counted using a modified McMaster
technique. Data (experimental n=6) are presented as mean * SEM, where A) each plotted point
represents 1 faecal pellet, collected from 6 mice per group, and B) each plotted point represents the
average FEC of one mouse. Statistical analyses were completed using two-way ANOVA with Tukey’s

multiple comparisons test, * = p<0.05

Collectively, these data suggest that the batch of eggs used to establish ‘trickle’ infection were unable
to maintain an infection beyond the initial L4 moult and egg production. Given the lack of local and
timely availability of another batch of T. muris eggs, an alternative model was used; T cell transfer would
be a viable alternative for the investigation of any immunological memory formation following

lixisenatide treatment.

4.4 Lixisenatide treatment decreases worm burden in T. muris-infected RAG mice

reconstituted with T cells following GLP-1rA treatment

To circumvent the lack of local availability of a viable batch of T. muris eggs to repeat the trickle-based
reinfection study, adoptive T cell transfer was employed to investigate the protective effects of GLP-1rA
treatment of a primary T. muris infection against subsequent challenge infection. C57BL/6 mice were
infected with low dose (approx. 30 eggs) T. muris for 21 days and then treated with PBS or lixisenatide.
Following treatment, mice were sacrificed, and T cells were obtained and transferred into naive RAG
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mice, which lack adaptive immunity and hence T and B-cells. After 1 week of T cell expansion, these

mice were infected with a low dose (approx. 30 eggs) T. muris infection.

Serum 1gG1 and 1gG2a responses were measured in RAG-/- mice which received T cells from PBS-
and lixisenatide-treated RAG mice (Fig. 4.16); there was no significant readouts and hence difference
between the treatment groups. Mean absorbance readings at each dilution factor were below the
negative control value, suggesting neither IgG1 nor IgG2 responses occurring demonstrating that the

T cell isolate was not contaminated by B cells.
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Figure 4.16: Parasite specific IgG1 and IgG2a antibody response of RAG mice reconstituted with
CD4* T cells from T. muris infected and lixisenatide-treated C57BL/6 mice. C57BL/6 mice were
infected with low dose (approx. 30 eggs) T. muris and infection was allowed to establish for 21 days.
Mice were treated by intraperitoneal injection PBS or with lixisenatide. Upon completion of treatment,
mice were sacrificed, and T cells were isolated from mLN and adoptively transferred into RAG mice.
After 1 week, these mice were infected with low dose (approx. 30 eggs) T. muris, and infection was
allowed to progress for 21 days. Serial dilutions of sera from mice with T cells from treated and control
mice were incubated with biotinylated rat anti-mouse 1gG1 and IgG2a antibodies in antigen coated
ELISA plates. Bound antibody was detected using streptavidin peroxidase and TMB substrate, and
reaction stopped using sulphuric acid. Absorbance was measured using a Tecan Infinite pro plate reader
at 450nm with 540nm reference. Negative control data was obtained from plate wells processed without
serum. Data are presented as mean + SEM (experimental n=2-3 per group). Statistical analyses were
performed using unpaired T tests at each dilution factor and considered statistically significant where
P<0.05.

Characteristic changes to caecal crypt and goblet cell structure can be seen in both chronic T. muris
infection, and T. muris expulsion (Klementowicz et al. 2012). Dooley (2022) saw no changes in caecal
crypt or goblet structure or goblet cell morphology following lixisenatide treatment, however it is

unknown whether changes in goblet cell and caecal crypt structure occur following post-treatment
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reinfection. Caecal tip sections were stained using alcian-blue-PAS staining for goblet cells, and caecal
crypt length, goblet cell frequency and goblet cell size in 20 randomly selected caecal crypt units (CCUs)
were measured (Fig. 4.17). Here there was a small trend in goblet cell frequency in mice reconstituted
with T cells from lixisenatide-treated infected mice, but this was not significant, as with the crypt length

and goblet cell size as compared to transfer of T-cells from PBS treated infected mice.
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Figure 4.17: Transfer of T-cells from T. muris infected and lixisenatide-treated mice to RAG mice
does not affect caecal crypt structure or goblet cells following T. muris infection. C57BL/6 mice
were infected with low dose (approx. 30 eggs) T. muris and infection was allowed to establish for 21
days. Mice were treated by intraperitoneal injection with PBS or lixisenatide. Upon completion of
treatment, mice were sacrificed, and T cells were isolated from mLN and adoptively transferred into
RAG mice. After 1 week, these RAG mice were infected with low dose (approx. 30 eggs) T. muris, and
infection was allowed to progress for 21 days. At time of sacrifice, caecum samples were obtained.
Caecal tip samples were stained using alcian blue-PAS. Crypt length and goblet cell number per caecal
crypt unit (CCU) and goblet cell diameter were analysed using ImageJ (A-C) Quantification for each
mouse was performed by measuring 20 CCUs and determining the mean (A) crypt length, (B) number
of goblet cells and C) diameter of goblet cells per CCU. (D) Representative images of alcian blue-PAS-
stained caecal tip sections in PBS control and lixisenatide treated mice, where bars represent 100um.
Data are presented as mean + SEM where n=2-3, where each plotted point represents one mouse.

Data were analysed using Mann-Whitney U tests and considered statistically significant where P<0.05.
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An increase in epithelial turnover is central to T. muris expulsion, and Dooley (2022) showed an increase
in epithelial turnover following lixisenatide treatment in T. muris- infected C57BL/6 mice. The use of
QuCCi mice to observe changes in epithelial turnover was inconclusive, therefore a bromodeoxyuridine
(BrdU) pulse-chase experiment was used over a 12-hour period to determine the number of proliferating
cells and rate of epithelial turnover. The number of proliferating cells, as measured by positive BrdU
staining, was significantly higher (p=0.0110) in mice reconstituted with T cells from lixisenatide-treated
mice than those from PBS-treated controls (Fig.4.18A). Furthermore, the epithelial turnover over 12
hours was significantly higher (P=0.0214) in the lixisenatide group than controls (Fig.4.18B, P<0.05)
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Figure 4.18: Transfer of T-cells from T. muris infected and lixisenatide-treated mice to RAG mice
significantly increases epithelial turnover following T. muris infection. C57BL/6 mice were
infected with low dose (approx. 30 eggs) T. muris and infection was allowed to establish for 21 days.
Mice were treated by intraperitoneal injection with PBS or lixisenatide. Upon completion of treatment,
mice were sacrificed, and T cells were isolated from mLN and adoptively transferred into RAG mice.
After 1 week, these RAG mice were infected with low dose (approx. 30 eggs) T. muris, and infection
was allowed to progress for 21 days. At time of sacrifice, caecum samples were obtained. Caecal tip
samples were stained using anti-BrdU and A) the number of proliferating cells and B) migration distance
assessed by movement of BrdU* cells up the crypt was determined by light microscopy. C)
Representative images of BrdU stained caecal tissue of PBS- and lixisenatide-treated mice (D)
Representative images of alcian blue-PAS-stained caecal tip sections in PBS control and lixisenatide
treated mice. Data (experimental n=2-3 per group) are presented as mean + SEM, where each plotted

point represents 1 mouse. Data were analysed using Mann-Whitney U tests where * = P<0.05.

Flow cytometry was used to observe the T cell response in the mesenteric lymph node (mLN) at the
time of sacrifice; T cell-derived IL-13 or IFNy are central to the mechanisms facilitating worm expulsion
or establishment of chronic infection, respectively. The cellularity of the mLN of RAG-/- mice

reconstituted with T cells from PBS- and lixisenatide-treated mice was assessed, which showed no
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significant difference between treatment groups (Fig.4.19A). Furthermore, there was no significant
difference in the number of CD4* T cells between the PBS and lixisenatide groups (Fig4.19B).
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Figure 4.19: Transfer of CD4* T-cells from T. muris infected and lixisenatide-treated C57BL/6
mice. to RAG mice does not affect cellularity of the mesenteric lymph node following T. muris
infection. C57BL/6 mice were infected with low dose (approx. 30 eggs) T. muris and infection was
allowed to establish for 21 days. Mice were treated by intraperitoneal injection with PBS or lixisenatide.
Upon completion of treatment, mice were sacrificed, and T cells were isolated from mLN and adoptively
transferred into RAG mice. After 1 week, these RAG mice were infected with low dose (approx. 30 eggs)
T. muris, and infection was allowed to progress for 21 days. Mice were sacrificed 18 days post-infection
and mLN obtained. mLN were stimulated with Cell Stimulation Cocktail (with protein transport inhibitors)
overnight, before cells were collected and analysed by flow cytometry. A) mLN cellularity was
determined using Invitrogen Countess automated cell counter. B) The number of CD4* cells in the mLN
at the time of sacrifice. C) Representative flow cytometry plots showing percentage of CD4* cells from
(B). Data (experimental n=2-3 per group) are presented as mean + SEM, where each plotted point
represents 1 mouse. Data were analysed using unpaired T tests and considered statistically significant
where P<0.05.

The cytokine production of these CD4* T cells was analysed; given the low number of cells present
here, the total number of CD4* T cells producing IFNy, IL-13 and IL-17 was analysed, showing no
significant differences between mice with T cells from PBS- and lixisenatide-treated mice (Fig. 4.20).
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Figure 4.20: Transfer of CD4* T cells from T. muris infected and lixisenatide-treated C57BL/6
mice. to RAG mice does not alter the number of CD4* cells producing IL-13, IFNy or IL-17
following T. muris infection. C57BL/6 mice were infected with low dose (approx. 30 eggs) T. muris
and infection was allowed to establish for 21 days. Mice were treated by intraperitoneal injection with
PBS or lixisenatide. Upon completion of treatment, mice were sacrificed, and T cells were isolated from
mLN and adoptively transferred into RAG mice. After 1 week, these RAG mice were infected with low
dose (approx. 30 eggs) T. muris, and infection was allowed to progress for 21 days. Mice were sacrificed
18 days post-infection and mLN obtained. mLN were stimulated with Cell Stimulation Cocktail (with
protein transport inhibitors) overnight, before cells were collected and analysed by flow cytometry. D),
E) and F) show representative flow cytometry plots from A), B) and C), respectively. Plotted data shows
the number of CD4* T cells producing A) IL-13, B) IFNy and C) IL-17. Data (experimental n=2-3 per
group) are presented as mean + SEM, where each plotted point represents 1 mouse. Data were

analysed using Mann-Whitney U tests and considered statistically significant where P<0.05.

To establish the role of effector memory T (TEM) cells in lixisenatide-induced T. muris expulsion, the
TEM cell populations in the mLN at the time of sacrifice were assessed; despite the mean percentage
of TEM cells being higher in mice with T cells from lixisenatide-treated mice than those treated with

PBS, this difference was not significant (Fig. 4.21)
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Figure 4.21: Transfer of CD4* T cells from T. muris infected and lixisenatide-treated C577BL/6
mice to RAG mice does not alter the number of TEM cells in the mesenteric lymph node following
T. muris infection. C57BL/6 mice were infected with low dose (approx. 30 eggs) T. muris and infection
was allowed to establish for 21 days. Mice were treated by intraperitoneal injection with PBS or
lixisenatide. Upon completion of treatment, mice were sacrificed, and T cells were isolated from mLN
and adoptively transferred into RAG mice. After 1 week, these RAG mice were infected with low dose
(approx. 30 eggs) T. muris, and infection was allowed to progress for 21 days. Mice were sacrificed 18
days post-infection and mLN obtained. mLN were stimulated with Cell Stimulation Cocktail (with protein
transport inhibitors) overnight, before cells were collected and analysed by flow cytometry. Data shows
A) the percentage of TEM cells in the mLN and B) representative plots from (A). Data (experimental
n=2-3 per group) are presented as mean + SEM, where each plotted point represents 1 mouse. Data

were analysed using unpaired T tests and considered statistically significant where P<0.05.

To further understand these findings, a modified McMaster technique was used for analysis of T. muris
egg output of each mouse(Fig.4.22). Faecal pellets were collected from mice 20 days post-infection,
prior to sacrifice, to assess faecal egg output. Though there was a small trend in faecal egg output of

mice reconstituted with CD4* T cells from lixisenatide-treated mice, this was not significant.
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Figure 4.22: Transfer of CD4* T cells from T. muris infected and lixisenatide-treated C57BL/6
mice to RAG mice does not alter faecal egg output following T. muris infection. C57BL/6 mice
were infected with low dose (approx. 30 eggs) T. muris and infection was allowed to establish for 21
days. Mice were treated by intraperitoneal injection with PBS or lixisenatide. Upon completion of
treatment, mice were sacrificed, and T cells were isolated from mLN and adoptively transferred into
RAG mice. After 1 week, these RAG mice were infected with low dose (approx. 30 eggs) T. muris, and
infection was allowed to progress for 21 days until sacrifice. At day 20 post-infection 2 faecal pellets
were collected from each mouse and T. muris eggs were counted were counted using a modified
McMaster technique. Data (experimental n=4-6) are presented as mean + SEM, where each plotted

point represents one mouse. Data were analysed using unpaired T tests, and * = P<0.05.

To understand these findings in the context of infection outcome, the worm burden of mice from each
group was assessed by examination of the caecum and proximal colon post-sacrifice (Fig.4.23). Worm
counts showed a significant decrease in worm burden of mice which received cells from lixisenatide-

treated mice compared to PBS-controls (P=0.0368).
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Figure 4.23: Transfer of CD4* T cells from T. muris infected and lixisenatide-treated mice to RAG
mice induces expulsion of chronic T. muris infection in RAG mice reconstituted with T cells from
treated mice. C57BL/6 mice were infected with low dose (approximately 30 eggs) T. muris and infection
was allowed to establish for 21 days. Mice were treated by intraperitoneal injection with lixisenatide.
Upon completion of treatment, mice were culled and T cells isolated from serum, adoptively transferred
into RAG mice. After 1 week, these mice were infected with low dose (30 eggs) T. muris, and infection
was allowed to progress for 21 days. Mice were sacrificed and worm burden determined by counting
worms present in the caecum and proximal colon. Data (experimental n=2-3 per group) are presented
as mean + SEM, where each point represents 1 mouse. Statistical analyses were completed using a
Mann Whitney U test and * = P<0.05

Collectively, these data indicate that lixisenatide treatment induces some protection following T. muris

reinfection, reducing worm burden upon challenge infection.

4.5 Lixisenatide reduces worm burden in chronic, high-dose T. muris infection.

In T. muris infection, the number of eggs ingested directly affects the type of immune response to
infection; a low-dose infection becomes chronic, facilitated by a Th1 response, whereas a high-dose
infection induces a Tn2 response and worm expulsion (Else et al. 1994). Bancroft et. al 1997 showed
that recombinant IL-12 (rIL-12) treatment prior to T. muris infection allowed for the establishment of a
chronic high-dose infection through driving a Tn1 response. The efficacy of lixisenatide on a chronic

high-dose T. muris infection was investigated for the first time.
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Serum IgG1 and IgG2a responses were measured in PBS- and lixisenatide-treated mice with a chronic
high-dose T. muris infection (Fig. 4.24); here there was no significant difference between the treatment

groups at any dilution factor, with no IgG1 production and comparable IgG2a production in both groups.
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Figure 4.24: Parasite specific IgG1 and IgG2a antibody responses of C57BL/6 mice following
chronic high-dose T. muris infection and lixisenatide treatment. Mice were treated with 1ug r-IL-
12 for 3 days before being infected with high dose (~200 eggs) T. muris by oral gavage. Infection was
allowed to establish for 34 days before mice were treated with PBS (control) or lixisenatide by
intraperitoneal injection for 3 days. 3 days after final treatment, mice were sacrificed, and serum was
obtained. Serial dilutions of sera were incubated with biotinylated rat anti-mouse IgG1 and 1gG2a
antibodies in antigen coated ELISA plates. Bound antibody was detected using streptavidin peroxidase
and TMB substrate, and reaction stopped using sulphuric acid. Absorbance was measured using a
Tecan Infinite pro plate reader at 450nm with 540nm reference. Negative control data was obtained
from plate wells processed without serum. Data are presented as mean + SEM where experimental
n=4 per group. Statistical analyses were performed using unpaired T tests at each dilution factor, and

results were statistically significant where P<0.05.

Changes to the structure of the caecal crypt can be seen in both chronic T. muris infection and T. muris
expulsion (Klementowicz et al. 2012). Despite no changes in caecal crypt or goblet structure or goblet
cell morphology following lixisenatide treatment (Dooley 2022), Histological analysis was used to
determine whether changes in goblet cell and caecal crypt structure occur following GLP-1rA treatment
of a chronic, high-dose T. muris infection. Following sacrifice, caecal tip sections were stained using
alcian-blue-PAS staining for goblet cells. Caecal crypt length, goblet cell frequency and goblet cell size
of 20 randomly selected caecal crypt units (CCUs) was measured (Fig. 4.25). There were no significant
differences in in crypt length, goblet cell frequency and goblet cell size between PBS- and lixisenatide-

treated mice.
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Figure 4.25: GLP-1rA treatment does not affect caecal crypt structure or goblet cells following
chronic high-dose T. muris infection. Mice were treated with 1ug r-IL-12 for 3 days before being
infected with high dose (~200 eggs) T. muris by oral gavage. Infection was allowed to establish for 34
days before mice were treated with PBS (control) or lixisenatide by intraperitoneal injection for 3 days.
3 days after final treatment, mice were sacrificed and caecum samples obtained. Caecal tip samples
were stained using alcian blue-PAS. Crypt length and goblet cell number per caecal crypt unit (CCU)
and goblet cell diameter were analysed using Imaged (A-C) Quantification for each mouse was
performed by measuring 20 CCUs and determining the mean (A) crypt length, (B) number of goblet
cells and C) diameter of goblet cells per CCU. (D) Representative images of alcian blue-PAS-stained
caecal tip sections in PBS control and lixisenatide treated mice, where bars represent 100um. Data are
presented as mean + SEM where experimental n=4 per group and each plotted point represents one
mouse. Data were analysed using unpaired T tests and considered statistically significant where
P<0.05.

Flow cytometry to investigate the immune cell populations present in the mLN following lixisenatide
treatment of a chronic, high-dose T. muris infection. Analysis of mLN cellularity showed no significant
difference between lixisenatide- and PBS-treated mice (Fig.4.26A). Furthermore, the number of CD45*

cells in the mLN was not significantly different between treatment groups (Fig. 4.26B).
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Figure 4.26: Cellularity of the mesenteric lymph node is unaffected by GLP-1rA treatment of a
chronic high-dose T. muris infection. Mice were treated with 1ug r-IL-12 for 3 days before being
infected with high dose (~200 eggs) T. muris by oral gavage. Infection was allowed to establish for 34
days before mice were treated with PBS (control) or lixisenatide by intraperitoneal injection for 3 days.
3 days after final treatment, mice were sacrificed and mLN obtained. mLN were stimulated with Cell
Stimulation Cocktail (with protein transport inhibitors) overnight, before cells were collected and
analysed by flow cytometry. A) mLN cellularity was determined using Invitrogen Countess automated
cell counter. B) Percentage of CD45* cells in the mLN at the time of sacrifice. C) Representative flow
cytometry plots from (B). Data are presented as mean + SEM where experimental n=4 per group. Each
plotted point represents 1 mouse. Data were analysed using unpaired T tests and were statistically

significant where P<0.05.

The number of T cells and the T cell subsets in the mLN was then analysed; there was no significant
difference in the number of CD3"* (Fig.4.27A), CD4* (Fig.4.27C) and CD8* (Fig.4.27D) T cells between

PBS- and lixisenatide-treated mice.
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Figure 4.27: The percentage of CD4* and CD8* T cells in the mesenteric lymph node is not altered
following lixisenatide-treatment of a chronic high-dose T. muris infection. Mice were treated with
1ug r-IL-12 for 3 days before being infected with high dose (~200 eggs) T. muris by oral gavage.
Infection was allowed to establish for 34 days before mice were treated with PBS (control) or lixisenatide
by intraperitoneal injection for 3 days. 3 days after final treatment, mice were sacrificed and MLN
obtained. MLN were stimulated with Cell Stimulation Cocktail (with protein transport inhibitors)
overnight, before cells were collected and analysed by flow cytometry. Plotted data shows the
percentage of A) CD3* leukocytes in the MLN with B) representative flow cytometry plots from (A), the
percentage of C) CD4* and D) CD8* T cells in the MLN, with E) representative flow cytometry plots from
(C) and (D). Data (experimental n=4 per group) are presented as mean + SEM where each plotted point
represents 1 mouse. Data were analysed using A/C) Mann Whitney U tests D) unpaired T tests and

were statistically significant where P<0.05.
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Cytokine production by these CD4* and CD8* T cells was assessed (Fig.4.28). Here there was minimal
production of IFNy with less than 5% of CD4* T cells producing IFNy, and less than 1.5% in CD8* T
cells, with no significant difference between lixisenatide-treated mice and PBS controls. IL-17
production by both T cell subsets was minimal (<1%), with no significant difference between treatment
groups. Though the number of CD4* and CD8* T cells producing IL-13 was minimal (<1%), There was
significantly higher IL-13 production in both CD4* (P=0.0233) and CD8* (0.0336) T cells in lixisenatide-
treated mice compared to PBS controls (P<0.05).
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Figure 4.28: The percentage of CD4* and CD8* T cells producing IL-13 increases following GLP-
1rA treatment of a chronic, high-dose T. muris infection. Mice were treated with 1ug r-IL-12 for 3
days before being infected with high dose (~200 eggs) T. muris by oral gavage. Infection was allowed
to establish for 34 days before mice were treated with PBS (control) or lixisenatide by intraperitoneal

injection for 3 days. 3 days after final treatment, mice were sacrificed and MLN obtained. MLN were
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stimulated with Cell Stimulation Cocktail (with protein transport inhibitors) overnight, before cells were
collected and analysed by flow cytometry. Plotted data shows levels of IFNy, IL-13 and IL-17 produced
by A) CD4* and B) CD8"* T cells. Data (experimental n=4 per group) are presented as mean + SEM
where each plotted point represents 1 mouse. Data were analysed using unpaired T tests and * =
p<0.05.

A Tn2-driven increase in epithelial turnover is central to expulsion of T. muris from its niche; Dooley
(2022) showed that GLP-1rA-driven expulsion of T. muris involves an immune-driven increase in
epithelial turnover. To investigate the effects of lixisenatide on epithelial turnover in a chronic, high-dose
T. muris infection, a bromodeoxyuridine (BrdU) pulse-chase experiment over a 12-hour period was used
to determine the number of proliferating cells and rate of epithelial turnover. The number of proliferating
cells, as measured by positive BrdU staining, was significantly higher in lixisenatide-treated mice than
in PBS controls (Fig. 4.29A, P=0.0056). Furthermore, the epithelial turnover over 12 hours was
significantly higher in lixisenatide-treated mice as compared to PBS controls (Fig. F.29B, P=0.0004).
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Figure 4.29: GLP-1rA treatment increases epithelial turnover in chronic high-dose T. muris
infection. Mice were treated with 1ug r-IL-12 for 3 days before being infected with high dose (~200
eggs) T. muris by oral gavage. Infection was allowed to establish for 34 days before mice were treated
with PBS (control) or lixisenatide by intraperitoneal injection for 3 days. 3 days after final treatment,
mice were sacrificed and caecum samples obtained. Caecal tip samples were stained using anti-BrdU
and A) the number of proliferating cells and B) migration distance assessed by movement of BrdU* cells
up the crypt was determined by light microscopy. C) Representative images of BrdU stained caecal
tissue of mice treated with PBS and lixisenatide. (D) Representative images of alcian blue-PAS-stained
caecal tip sections in PBS control and lixisenatide treated mice. Data are presented as mean + SEM
where experimental n=4 per group, and each plotted point represents one mouse. Data were analysed
using unpaired T tests and ** = P<0.01 *** = p<0.001.

Faecal pellets were collected from mice before and after PBS or lixisenatide treatment and analysed
using a modified McMaster technique to assess faecal egg output of each mouse before and after
treatment (Fig.4.30). Both lixisenatide- and PBS-treated mice showed comparable faecal egg counts
prior to treatment. Following treatment, mice which received PBS showed consistent egg output at each

time point. Lixisenatide-treated mice had a lower mean at day 3 and day 5 post-treatment, although this
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decrease was not significant as compared to PBS controls. Furthermore, the difference in faecal egg

output was not significantly different between treatment groups at any time point.
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Figure 4.30: Faecal egg output does not appear to be significantly affected by GLP-1rA treatment
in high-dose T. muris infection. Mice were treated with 1ug r-IL-12 for 3 days before being infected
with high dose (~200 eggs) T. muris by oral gavage. Infection was allowed to establish for 34 days
before mice were treated with PBS (control) or lixisenatide by intraperitoneal injection for 3 days. 3 days
after final treatment, mice were sacrificed. 1-2 faecal pellets were collected from each mouse prior to
treatment (day 0) and then 3- and 5-days post-treatment and T. muris eggs were counted using a
modified McMaster technique. Data (experimental n=4 per group) are presented as mean + SEM where
each plotted point represents 1 mouse. Data were analysed using unpaired Two-way ANOVA with

Tukey’s multiple comparisons test and considered statistically significant where P<0.05.

The worm burdens of mice from each group were determined by examination of the caecum and
proximal colon post-sacrifice (Fig.4.31), revealing a significant decrease in the worm burden of mice

with a chronic, high-dose T. muris infection following lixisenatide treatment (P=0.0402).
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Figure 4.31: Lixisenatide treatment significantly decreases worm burden in mice with chronic
high dose T. muris infection. Mice were treated with 1ug r-IL-12 for 3 days before being infected with
high dose (~200 eggs) T. muris by oral gavage. Infection was allowed to establish for 34 days before
mice were treated with PBS (control) or lixisenatide by intraperitoneal injection for 3 days. 3 days after
final treatment, mice were sacrificed caeca and proximal colons collected. The total number of worms
were counted using a dissecting microscope. Data (experimental n=4 per group) are presented as mean
+ SEM, where each point represents 1 mouse. Statistical analyses were completed using unpaired T
test, where *=P<0.05.

Collectively these data demonstrate that GLP-1rA treatment effectively increase IL-13 cytokine and

associated epithelial turnover and excitingly reduces worm burden in a chronic high-dose infection.

5. Discussion

Enteroendocrine cells are transepithelial cells which sense and respond to luminal contents by secreting
peptide hormones, such as GLP-1, with functions in appetite regulation, glucose homeostasis and
gastrointestinal motility (Gribble & Reimann 2016). More recently, their role in the orchestration of
mucosal immunity has gained interest; changes in EEC frequency and function can be seen in intestinal
helminth infections, likely due to the close association of helminths with the intestinal epithelium
(Worthington et al. 2018). This study follows the work of Dooley (2022) which identified GLP-1 receptor
agonists as effective in driving expulsion of chronic T. muris infection. This study investigates the effect
of helminth infection on endogenous GLP-1* EEC development and secretion, and the efficacy and

mechanism underpinning GLP-1rA-mediated T. muris expulsion.

The intestinal helminth Trichinella spiralis significantly increases local secretion of GLP-1 from EECs,

which is attenuated by inhibition of bitter taste receptors (TAS2rs). This occurs independently of
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changes to GLP-1* EEC abundance, suggesting that these EECs sense helminths, either directly or
indirectly, via TAS2rs thereby increasing their secretion of GLP-1 without affecting EEC differentiation.
Further experimentation is required to determine the precise mechanisms, such as the precise TAS2r
subtype(s) through which EECs sense helminths, and how this increases peptide hormone secretion.
Further study would also be useful to establish whether this response is common to a variety of
helminths; there was an increase in GLP-1 secretion in organoids cultured with T. muris antigen,

although this increase was not significant.

Treatment of chronic T. muris infection using the GLP-1rA lixisenatide appears to induce some level of
protection against challenge infection via CD4* T cells, reducing worm burden upon challenge infection.
Furthermore, lixisenatide effectively reduces worm burden in chronic, high-dose T. muris infection.
Worm expulsion in both cases appears to be driven by an increase in epithelial turnover, independent
of changes to crypt and goblet cell structure. Although there were some alterations in cytokines
produced, further experimentation is required to fully define the mechanisms by which GLP-1rA

treatment drives worm expulsion via increased epithelial turnover.

5.1 Helminth antigen increases GLP-1 secretion without direct influence on GLP-1* EEC

frequency.

Previous research has shown alterations in EEC function during helminth infection; Ascaris suum and
Trichostrongylus colubriformis induce increased CCK secretion in livestock (Yang et al. 1990; Dynes et
al. 1998), and GLP-1 and GLP-2 secretion decreases in Eubothrium crassum infection in trout (Bosi et
al 2005). Peptide hormones are likely to play a key role in intestinal barrier homeostasis; given the role
of GLP-1 and GLP-2 as epithelial growth factors (Dube et al. 2006; Koehler et al. 2015), it is possible
that these hormones play a role in helminth-induced epithelial damage repair (Xiao et al. 2000). Indeed,
the functions of, and mechanisms underpinning helminth-induced changes in EEC function are yet to
be elucidated. Here a murine small intestinal organoid platform was used to investigate the effects of
helminths on GLP-1* EEC development and function. The initial ‘proof of principle’ studies demonstrate
that this organoid culture technique supports GLP-1* EEC development and reflects the expected small
intestinal GLP-1* cell distribution, with GLP-1* cell distribution increasing distally (Baggio et al. 2007).
Using this platform, GLP-1 secretion was shown to increase significantly in response to T. spiralis
antigen. Interestingly, culture of small intestinal organoids with T. spiralis or T. muris antigen had no
effect on GLP-1* cell frequency, indicating that this increase in GLP-1 secretion is independent of GLP-
1* EEC hyperplasia.

There was a significant increase in GLP-1 secretion from small intestinal organoids cultured with T.
spiralis antigen compared to controls, and this increase was attenuated in organoids cultured with both
T. spiralis antigen and the TAS2r inhibitor AITC. There was also a trend in GLP-1 secretion in the
presence of T. muris antigen, which decreases back to control levels when organoids are cultured with

T. muris antigen with AITC, although this difference was not significant. Given the small number of
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experimental repeats completed using T. muris antigen, further experimentation is required to
investigate whether GLP-1 secretion does in fact change in response to T. muris and, if so, the precise
mechanism through which these cells, directly or otherwise, sense intestinal helminths and mediate this
change in GLP-1 secretion. For this work, a small intestinal organoid model was used; T. muris occupies
the caecum and proximal colon during infection (Else et al. 2020). Given that GLP-1* EECs are
expressed in the proximal large intestine (Grunddal et al. 2022), and that the EEC receptor repertoire
exhibits spatial specificity along the intestinal tract (Greiner & Backhed 2016), it would be of interest to
repeat this work using a large intestinal organoid system to elucidate whether T. muris exhibits greater
effects on GLP-1 secretion from caecal/large intestinal GLP-1 secretion. It would also be of interest to
investigate the role of other epithelial cell types in this helminth-driven GLP-1 secretion; it may be that
TAS2rs expressed by EECs directly coordinate this response, or perhaps tuft cells orchestrate this

increase in GLP-1 secretion through sensing via TAS2rs and downstream signalling to EECs.

It is currently unknown whether helminth-driven increases in GLP-1 secretion are an adaptation by the
host or helminth; it is possible that host epithelial cells have adapted to sense helminth antigen to
increase GLP-1, however the magnitude of GLP-1 secretion is insufficient in a natural infection to drive
worm expulsion. Conversely studies have associated helminth infection with improved metabolic
outcomes and lower incidence of T2DM (Tracey et al. 2016; Rennie et al. 2021). Given incretin role of
GLP-1, perhaps helminth-driven modulation of GLP-1 secretion plays a supporting role, with improved

host health being mutually beneficial to both helminth and host.

Allyl isothiocyanate (AITC) is a phytochemical abundantly expressed in Brassicaceae (Zhao & Miller
2021). Previous studies have demonstrated inhibitory actions of AITC at TAS2rs (Oka et al. 2013;
Barretto et al. 2015; Luo et al. 2019), however, there is evidence to suggest that AITC increases GLP-
1 secretion through its actions as a TAS2r agonist (Zhao & Miller 2021; Tran et al. 2021). The precise
interactions between AITC and TAS2rs are yet to be characterised; given the observation that AITC is
capable of activating TAS2rs (Zhao & Miller 2021; Tran et al. 2021), but can concurrently decrease
downstream signalling following activation (Oka et al. 2013; Luo et al. 2009), it is possible that AITC
acts as a high-affinity partial agonist at TAS2rs to outcompete other agonists (Sandilands & Bateman
2016), including parasite-derived molecules. Here, culture of small intestinal organoids with T. spiralis
antigen with AITC reduces GLP-1 secretion to control levels, potentially identifying these bitter taste
receptors as key mediators of helminth-induced GLP-1 secretion. This is consistent with other studies
which link TAS2rs with GLP-1 secretion; Yu et al. (2015) showed that berberine, the primary active
component of the ancient Chinese herb Coptis chinensis (Yan et al. 2008), induces GLP-1 secretion
via activation of TAS2r38. Furthermore, TAS2r inhibition using ATIC abolishes T. spiralis-induced tuft
cell secretion of IL-25 (Luo et al. 2019). Repetition of this work using specific TAS2r inhibitors, such as
the TAS2r16, TAS2r38 and TAS2r43 inhibitor probenecid (Greene et al. 2011) would allow for the
elucidation of the precise receptor subtype(s) involved in parasite-driven GLP-1 secretion. Sweet taste
receptors are also known to play a role in GLP-1 secretion from EECs (Jang et al. 2007; Steinert et al.

2011); further experimentation is required to determine if there is a role for sweet taste receptors in
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helminth sensing and helminth-induced peptide hormone secretion. Moreover, further experimentation
is required to determine the precise parasite-derived molecules which drive GLP-1 secretion; given that
the T. spiralis antigen used here is composed of homogenised adult worms, any worm-derived
molecule(s) may be acting to drive GLP-1 secretion. Furthermore, it may be that a product of the worms

may activate TAS2rs to boost GLP-1 secretion.

Changes in gut microbiota composition can be seen in helminth infections including 7. muris (Houlden
et al. 2015; Holm et al. 2015) and T. spiralis (Kang et al. 2021). Furthermore, changes in gut microbiota
composition can influence GLP-1 secretion (Zeng et al. 2024). In chronic T. muris infection there is a
marked increase in the abundance of intestinal Bifidobacterium and Lactobacillus from day 13 and 20
post-infection, respectively (Holm et al. 2015); Lactobacilli and Bifidobacterium are capable of
stimulating GLP-1 secretion through the production of short-chain fatty acids which activate G protein-
coupled free fatty acid receptors (FFArs) expressed by GLP-1* EECs (Zeng et al. 2024; Cheng et al.
2024). Given that a small intestinal organoid model was used for this study, observed increases in GLP-
1 secretion in response to helminths cannot be attributed to alterations in gut microbiota composition.
However, given that the gut microbiota directly influences EEC development and secretion (Chao et al.
2025), it would be of interest to investigate whether helminth-induced changes to the composition of the

gut microbiota may also influence helminth-driven peptide hormone, including GLP-1, secretion.

5.2 The effect of GLP-1rA treatment on a trickle T. muris infection remains inconclusive.

Current treatment of helminth infections relies heavily upon the use of anthelmintic agents, such as
mebendazole and albendazole (Hotez et al. 2017). In trichuriasis, low cure rates and high rates of
reinfection call into question the efficacy of anthelmintics both as reactive treatments and as
preventative chemotherapy (PC) in endemic areas (Moser et al. 2017). Analyses completed by Hall et
al. (2009) showed that the annual cost of preventative chemotherapy for children aged 2-14 in 107
developing countries was $276 million (Hall et al. 2009). Meta-analyses estimate that the global
prevalence of T trichiura was 7.1%, or around 513 million individuals based on data collected between
2010 and 2023, including a prevalence of 8.14% in children, and ~1.5% (over 100 000 individuals),
showing moderate to high intensity infection (Behniafar et al. 2024 ). Data collected prior to 2010 showed
a global prevalence of 8.3% (Pullan et al. 2014), showing a small decrease in infection rates. However,
given the aim of the WHO to ‘achieve and maintain elimination of STH morbidity in pre-school and
school age children’ by 2030 (World Health Organisation 2017), there is low likelihood that adherence
to the current WHO PC guidelines will allow for achievement of the STH morbidity goals (Farrell et al.

2018). Taken together, these observations emphasize an urgent need for novel treatment options.

Dooley (2020) demonstrated that GLP-1rA treatment of chronic T. muris infection effectively induces
worm expulsion; Dooley also demonstrated that this treatment does not cause direct toxicity to T. muris,
with chronic infection persisting in GLP-1r KO mice, and that the adaptive arm of immunity is required

for GLP-1-rA-induced worm expulsion, with RAG-/- mice unable to expel worms following exendin-4
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treatment. Therefore, the potential for this treatment to provide any protection against challenge T.
muris infection was investigated; high rates of reinfection following treatment limit the efficacy of current
treatments against T. trichiura (Hotez et al. 2017). Alarming rates of AH resistance highlight a critical
need for alternative treatments; recent studies in livestock have shown a prevalence of resistance to
benzimidazoles of 86% in sheep (Rose Vineer et al. 2020). Furthermore, a recent study has estimated
that the annual cost of livestock helminth infections to be €1.8 billion in production loss and treatment
costs in Europe alone (Charlier et al. 2020). Therefore, GLP-1rA-induced immunological memory would
be beneficial to individuals living in endemic areas where repeated exposure to T. trichiura is
commonplace, and to the agriculture industry, in which livestock are afflicted by the deleterious effects
of helminth infection, including that of Trichuris species, with increasing resistance of Trichuris species

to current anthelmintic drugs.

To better understand the contributions of GLP-1rA treatment in challenge infection, a trickle infection
model was used, characterised by a low-dose infection followed by lixisenatide treatment, and challenge
infection. Regrettably, it became apparent that the batch of eggs used for these infections was unable
to sustain a long-term infection. Upon assessment of the worm burden of PBS- and lixisenatide-treated
mice, all worms from the primary infection had been expelled irrespective of treatment group, with few
immature worms from the challenge infection persisting in each group. The presence of immature
worms does indicate that GLP-1rA treatment does not cause changes to the microbiota to prevent egg
hatching (Hayes et al. 2010; Goulding et al. 2025). Examination of faecal egg output of mice pre- and
post-treatment showed a significant decrease in faecal egg count (FEC) immediately following
treatment in both lixisenatide- and PBS- treated mice, indicating that this reduction in FEC and worm
burden is treatment-independent. This decrease in FEC is likely to have simply coincided with the death
of adult worms, with worms from the secondary infection not yet patent and thus not producing eggs.
However, repetition of this study with an alternative T. muris egg batch would validate the data obtained
here. By day 11 post-treatment, FECs were no longer significantly lower than pre-treatment; it is
possible that those worms which persisted reached patency by this time point and began producing
eggs. However, the use of FEC as a quantitative measure of worm burden is limited; it is possible that

frequency of defecation, or individual female worm egg output differed at each sample collection point.

Antibodies are a strong indicator of the type of immune response occurring to T. muris, with IgG1 and
IgG2a reflecting a Th2 and Tn1 response, respectively (Else et al. 1993). Parasite-specific antibody
ELISA showed a lack of IgG1 and comparable levels of IgG2a in both treatment groups, indicating that

both groups were undergoing a Th1-dominated response to infection.

Changes in the rate of epithelial turnover are a key determinant in T. muris infection outcome, with IL-
13-driven increases in turnover causing physical displacement of worms from their niche and thus
resistance to chronic infection (Cliffe et al. 2005; Oudhoff et al. 2016). Given that epithelial turnover
returns to naive levels by day 25 post-infection in both resistant and susceptible mouse strains (Cliffe

et al. 2005), any increase in turnover following the primary infection in this study will have resolved by
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the time of sacrifice. It would be expected to observe an increase in epithelial turnover following
lixisenatide treatment; Dooley (2020) showed an increase in epithelial turnover following GLP-1rA
treatment, which is consistent with subsequent adoptive transfer and high-dose infection studies.
However, there was no significant difference in the number of proliferating cells or epithelial turnover
between PBS- and lixisenatide-treated mice following reinfection. Furthermore, there was serum IgG1,
indicating a lack of a protective Th2 response, and no significant differences in crypt structure, goblet
cell morphology and abundance, or cytokine production between treatment groups, indicating that worm

expulsion in this experiment was due to worm viability rather than GLP-1r-dependent.

Analysis of the cell populations of the mLN showed no significant differences in T cell numbers or CD4*
or CD8* T cell subsets between PBS- and lixisenatide treated mice. Similarly, there were no significant
differences between TEM cell frequency or recently activated CD4* T cells. IFNy, IL-13 or IL-17
production by CD4* and CD8* T cells, as well as by TEM and recently activated cells, was comparable
between treatment groups. There was a significant increase in the proportion of recently activated CD8*
T cells in lixisenatide-treated mice, although no difference in the levels of IFNy, IL-13 and IL-17
produced by these cells. Dooley (2020) showed that CD8aa* IEL abundance in the large intestine
increases in T. muris infection, with these cells possessing the transcript for the GLP-1 receptor,
although this receptor is not expressed in naive mice (Yusta et al. 2015). Dooley also hypothesised that
GLP-1rA treatment may act directly through CD8aa TCRyd IEL populations to drive worm expulsion.
However, it has previously been demonstrated that depletion of CD8* T cells using anti-CD8a
monoclonal antibodies does not alter Th2-driven immunity to T. muris (Humphreys et al. 2004). Further
investigation is required to determine if CD8* T cells do, in fact, play a key role in GLP-1rA-induced T.
muris expulsion. If the increase in recently activated CD8* T cells is consistent in repeat
experimentation, further analysis of these cells to identify precise cell subtype and expression of a GLP-
1rA may indicate a mechanism through which GLP-1rA treatment drives worm expulsion in challenge

infection.

5.3 Adoptive transfer of CD4* T cells from lixisenatide-treated mice provides some protection

against challenge T. muris infection.

To circumvent the lack of local availability of a viable batch of T. muris eggs to repeat this reinfection
study, T cell transfer was used to investigate the effects of GLP-1rA treatment on challenge T. muris
infection. T cells are central to the expulsion of T. muris, with a resistant phenotype restored in
susceptible athymic nude mice by transfer of splenocytes (Ito et al. 1991). CD4* T cell depletion induces
susceptibility in the normally resistant mouse strains, and CD4* T cell adoptive transfer generates a
resistant phenotype in severe combined immunodeficiency (SCID) mice (Else & Grencis 1996). Dooley
(2022) showed that despite GLP-1rA treatment effectively clearing T. muris in C57BL/6 mice, it was
ineffective in RAG-/- mice, indicating that the adaptive arm of immunity is essential in GLP-1rA-mediated
worm expulsion. In this study, naive C57BL/6 mice were infected with a low dose T. muris infection,

treated using lixisenatide or PBS, and then adoptively transferred CD4* T cells from these mice into
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naive RAG-/- mice prior to infection. Worm burden was significantly reduced in RAG-/- mice which
received T cells from lixisenatide-treated mice compared to PBS controls. Indeed, it is likely, given the
short timeframe between treatment of primary infection and isolation of T cells, that this isolate
contained considerable numbers of parasite-specific CD4* effector T cells, aiding in reduced worm
burden following secondary infection. However, further experimentation using this mode will allow for
identification of GLP-1rA-induced parasite-specific memory T cell populations; a long-lived memory
response would be beneficial to those living in endemic areas through reduction in worm burden

following repeat infection.

Parasite-specific antibody ELISA showed neither IgG1 nor IgG2a in either treatment group, validating
that the CD4* T cell isolate was not contaminated by B cells. Flow cytometric analysis of the populations
within the mLN showed an increase in the number of effector memory T (TEM) cells, although this was
not significant. Given the reduction in worm burden in mice which received T cells from lixisenatide-
treated mice, it may have been expected that TEM cells played a role here. It may be possible that
repeat experimentation with a greater number of mice would more clearly demonstrate a difference in
TEM cell populations, or perhaps this reduction in worm burden occurred independently of TEM cells
and was instead the result of the persistence of antigen-specific effector T cells following the primary
infection. Though there was a lower mean number of CD4* T cells producing IFNy and IL-17 in
lixisenatide-treated mice, this was not significant. IL-13 production was also not significantly different
between treatment groups; the mean number of CD4* T cells producing IL-13 was lower in lixisenatide
treated mice, although this was due to a single outlier in the control group. Given the low cellularity of
the mLNs across all mice in this study, coupled with the low number of mice used, it would be advisable
to repeat this experiment to identify any true alterations in cytokine production here. In general, some
increase in IL-13 production would be expected, given that this cytokine is central to T. muris immunity
(Bancroft et al. 1998). Dooley showed that GLP-1rA treatment induces an increased and decreased IL-
13 production by CD8aa IELs and TCRyd IELS, respectively. Therefore, repeating this adoptive transfer
study using a variety of lymphocyte subsets would allow for further characterisation of the mechanism
underpinning GLP-1rA-mediated T. muris expulsion and the potential for this treatment to induce

immunological memory formation.

Due to low cell counts, analysis of the recently activated (CD69*) T cell populations within the mLN were
not possible. . The low cellularity here may be due to storage of the mLN following sacrifice, or
unfavourable conditions during extraction and culture of mLN cells. Alternatively, given that RAG-/- mice
lack mature B and T cells, perhaps a longer period to allow for T cell expansion prior to infection would
aid in increasing cell counts and subsequent analysis. Repeating this experiment would allow for
validation of these results. In particular, repeat experiments to assess alterations in CD69* populations
would provide a useful insight into the role of recently activated T cells, particularly in comparison with

that of memory T cell subsets.
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In mice reconstituted with CD4* T cells from lixisenatide-treated mice, there was increased epithelial
cell proliferation and turnover, which is a well characterised and critical mechanism of worm expulsion
in resistant mice (Cliffe et al. 2005). Goblet cell hyperplasia is also characteristic of worm expulsion in
resistant mice (Noah et al. 2009; Shroyer et al. 2005; Hasnain et al. 2011b). During acute infection, IL-
13 also drives upregulation of the GABA-a3 receptor expression in the caecum, mediating secretion of
glycoproteins into the mucus barrier (Hasnain et al. 2011b); although there were no changes in caecal
crypt structure; further experimentation is required to determine whether hyperplasia-independent
alterations to mucous composition, either through changes in mucin production or mucin glycosylation,

are induced by GLP-1rA treatment.

Previous studies using lixisenatide in mice have used up to 500ug/kg which, based on an average
mouse weight of 30g, would allow for use of up to 17ug lixisenatide (Werner et al. 2010). In these
studies, lixisenatide at a dose of 10ug was used, therefore it would be possible to safely increase the
dose to assess if the protective effects of lixisenatide against T. muris infection are dose dependent.
Furthermore, lixisenatide is a short-acting GLP-1rA with a half-life of only 2-4 hours (Thorkildsen et al.
2003; Barnett 2011). More recently, GLP-1rA treatments with modifications to increase their half-life
have been developed; semaglutide is a GLP-1 analogue with 94% homology with human GLP-1, but
with a half-life of 7 days allowing for weekly administration (Lau et al. 2015) for the treatment of T2DM
and obesity (Holmes et al. 2021; MHRA 2024). Therefore, it is possible that use of a long-acting GLP-
1rA such as semaglutide may enhance the protective effects of the treatment against T. muris reinfection
through prolonged GLP-1r agonism. Moreover, by lowering the number of doses required to treat

infection, use of a long-acting GLP-1rA would reduce cost per treatment.

It is well-established that T. muris eggs rely upon the presence of specific gut microbiota species for
hatching and therefore establishment of infection (Hayes et al. 2010). Adoptive transfer was used here,
excluding GLP-1rA-induced changes in microbiota composition as the direct cause of decreased worm
burden. Similarly, Dooley (2022) showed that treatment of an existing T. muris infection using
lixisenatide was effective in driving expulsion of an established, chronic infection. GLP-1-dependent
changes in gut microbiota composition have been demonstrated in animal models of T2DM and human
patients (Zhao et al. 2018; Wang et al. 2023) and, more recently, studies have revealed that GLP-1r
agonism induces changes in the composition of the gut microbiota through interactions at intestinal IEL
GLP-1rs (Wong et al. 2022). It has been demonstrated that acute semaglutide treatment increases
abundance of E. coli in the caecum (Kato et al. 2021), given that E. coli is known to directly facilitate
egg hatching (Scharer et al. 2023), it is possible that lixisenatide treatment may promote egg hatching
through changes in the gut microbiota composition. However, Tsai ef al. (2021) demonstrated that gut
microbiota alterations differ between human patients receiving liraglutide or dulaglutide. The influence
of lixisenatide on the composition of the gut microbiota is yet to be characterised; it is possible that
lixisenatide treatment alters microbiota composition via GLP-1r expressed by lymphocytes to favour or
attenuate T. muris egg hatching. In this case, transfer of T cells from lixisenatide treated mice may

induce changes in the microbiota of the RAG-/- mice, potentially diminishing egg hatching. Further
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experimentation is required to distinguish the effects of GLP-1rA treatment on the host microbiota in the

context of challenge helminth infection.

Given the widespread expression of the GLP-1r, it is possible that CD4* T cells are not the sole
population mediating GLP-1rA-driven T. muris expulsion To further investigate this, selective depletion
of T cell populations could be used to determine their role in GLP-1rA-induced T. muris expulsion
following challenge infection. It is possible that a combination of immune cell types may induce a more

effective and long-lived immune response against challenge infection.

In this experimental model, there was only one week between completion of lixisenatide treatment in
the C57BL/6 mice, and administration of infection in the CD4* T cell-reconstituted RAG-/- mice.
Therefore, it is likely that a population of CD4* effector T cells from the primary infection persisted and
induced expulsion of worms upon ‘secondary’ infection. Lack of time constrains would have allowed for
a longer period between treatment of the primary infection and harvesting and isolation of CD4* T cells
prior to adoptive transfer. This would allow for natural clearance of the parasite-specific effector T cell
populations and identification of any GLP-1rA-driven parasite-specific memory T cell formation.
Alternatively, isolation and adoptive transfer of effector memory T cell populations would reveal whether

TEM cells played any role in the reduction in worm burden observed here.

5.4 GLP-1rA treatment reduces worm burden in chronic, high-dose T. muris infection.

Parasite dose is a key factor influencing T. muris infection outcome; most inbred mouse strains will
expel a high-dose (200 eggs) infection, with immunodeficient mice, such as SCID and athymic nude
mice facilitating a high-dose infection to chronicity (Antignano et al. 2011; Klementowicz et al. 2012).
Furthermore, although not immunodeficient, AKR mice are susceptible to chronic infection due to the
mounting of strong Tn1 responses irrespective of infection dose (Else et al. 1992). Recent meta-analysis
of the global prevalence and burden of human trichuriasis showed that around 1.5% of those tested
worldwide, representing over 100 000 individuals, exhibited a moderate to heavy infection intensity
(Behniafar et al. 2024). Typically, a high-dose infection in naive individuals induces a strong Th2
response and subsequent worm expulsion (Antignano et al. 2011; Klementowicz et al. 2012). However,
priming of BALB/k mice with a low dose infection, followed by anthelmintic treatment, induces a
susceptibility to subsequent low- and high-dose infection (Bancroft et al. 2001), which provides a useful
insight into the establishment of high-intensity infections in humans. Children often bear the heaviest
parasite loads (Else et al. 2020), with complications including colon perforation (OK et al. 2009;
Peradotto et al. 2021) and Trichuris dysentery syndrome, characterised by anaemia, stunted growth
and cognitive impairment (Stephenson et al. 2000). Here, rlL-12 treatment prior to infection was used
as described by Bancroft et al. (1997) to establish the efficacy of GLP-1rA in the treatment of a chronic
high-dose T. muris infection. Lixisenatide treatment reduced T. muris worm burden in a chronic, high-

dose infection, with one mouse harbouring no adult worms at the time of sacrifice.
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AKR mice have previously been utilised to investigate the effects of a Th1 response and cytokine
production on T. muris infection; a skew towards Tn1 polarisation in this strain of mouse induces chronic
T. muris infection irrespective of infective dose (Else et al. 1992; Cliffe et al. 2005). To circumvent the
lack of availability of AKR mice, rlL-12 pretreatment was used to induce a strong Tn1 response to
facilitate a high-dose infection to chronicity, as previously described by Bancroft et al. (1997). Here,
parasite-specific antibody ELISA showed an absence of IgG1 in both treatment groups, with comparable
serum levels of IgG2a. This indicates that a strong Th1 response had been induced in both treatment
groups following rIL-12 pretreatment.

Faecal egg counts showed consistent faecal egg output in PBS-treated mice and, although there was
a trend in FEC of lixisenatide-treated mice, this was not significant. Despite observation of faecal egg
output acting as an excellent diagnostic tool in gastrointestinal helminth infection, its use as a
quantitative measure of worm burden is limited. Some studies have shown a reasonable correlation
between faecal egg output and Trichuris worm burden (Gasso et al. 2015), however the frequency of
defecation will differ between mice at the time of sample collection and alter parasite egg frequency per
faecal pellet. Indeed, the faecal egg output of individual female worms will vary. Furthermore, the ratio
of female and male worms present will also affect faecal egg output; in some mice expulsion of worms
may deplete male or female populations, thereby reducing the capacity for egg production while worms
persist in some mice (Pike 1969, Else et al. 2020). Here, FECs were used as a semi-quantitative
measure of infection status, to identify whether mice were indeed infected. However, this is still not
irreproachable; in the case of persistence of male worms only, faecal egg output would cease but

infection would continue.

Here there was no difference in the cellularity of the mLN, nor were there changes in the size of CD4*
or CD8* T cell populations. There were no significant changes in IFNy or IL-17 production, however
there was significantly higher production of IL-13 from both CD4* and CD8* T cells in lixisenatide-
treated mice. These data are interesting, as IL-13 production is primarily by CD4+ T cells in T. muris
infection (Bancroft et al. 1998). CD8* T cells do not typically produce IL-13. However IL-13 production
by human type 2 cytotoxic T (Tc2) cells, which have been shown to contribute to allergic airway
inflammation and disease (Miyahara et al. 2004; Gelfand et al. 2017) It is possible that GLP-1rA
treatment of T. muris infection induces expansion of this CD8* T cell subset, providing an additional
source of IL-13 to drive worm expulsion. Repeating this study will validate the increased IL-13
production seen here, in particular that produced by CD8+ T cells, and allow for the identification of the
CD8+ T cell subset expressing IL-13.

Interestingly, lixisenatide-treated mice also showed significantly increased numbers of proliferating cells
in caecal crypts, as well as increased epithelial turnover. Given the reliance of increased epithelial
turnover upon IL-13 in resistant mice (Cliffe et al. 2005), it is possible that lixisenatide-driven increases
in IL-13 levels may directly increase epithelial cell proliferation and turnover up the epithelial escalator,

thus removing worms.
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In this experiment mice were sacrificed 3 days after the final lixisenatide treatment; it is possible that a
longer period between treatment and sacrifice would allow for further worm expulsion. Furthermore, it
would once again be possible to safely increase the lixisenatide dose to assess if the efficacy of GLP-
1rA treatment against a chronic high-dose T. muris infection is dose dependent. It is possible that use
of a long-acting GLP-1rA such as semaglutide may enhance the mechanisms driving worm expulsion;
given that the half-life of semaglutide is 7 days (Lau et al. 2015), this treatment time may would be

sufficient for complete expulsion of a chronic high-dose T. muris infection.

5.5 GLP-1rA treatment increases intestinal epithelial turnover.

An IL-13-driven increase in intestinal epithelial turnover is a key mechanism in the expulsion of T. muris
(Cliffe et al. 2005; Zaph et al. 2014). Previous studies have shown increased epithelial turnover in both
susceptible and resistant mice, with a significantly higher rate of turnover in resistant BALB/c mice
compared to susceptible AKR mice (Cliffe et al. 2005). In susceptible mouse strains, a lower rate of
epithelial turnover with increased epithelial cell proliferation and apoptosis drives crypt hyperplasia

(Cliffe et al. 2007), allowing for adult worms to persist within their niche.

A QuCCi mouse system was first utilised to investigate epithelial cell proliferation and turnover; QuCCi
mice are a cell-cycle reporter mouse system in which fluorescence changes during the G1, S, G2/M
and GO stages of the cell cycle (Briggs 2024). Upon examination of intestinal crypts isolated from mice
with low dose and high-dose T. muris infection using confocal microscopy, there was little staining and
elected that this method was not suitable for subsequent experiments (Appendix 1). Therefore, a
bromodeoxyuridine (BrdU) pulse-chase experiment was utilised over a 12-hour period to determine the

rate of epithelial turnover.

There was a significant increase in the number of proliferating cells and the rate of intestinal epithelial
turnover in RAG-/- mice which received T cells from lixisenatide-treated mice following infection
compared to PBS controls. There were similar increases following lixisenatide treatment of a chronic
high-dose infection. This is consistent with Dooley (2022) who showed an increase in epithelial turnover
in C57BL/6 mice with a chronic, low-dose T. muris infection following GLP-1rA treatment. There were
no significant changes in crypt length in these experiments, so it is possible that an increase in epithelial
turnover in the absence of crypt length changes allows for worms to be pushed over the threshold for

expulsion.

This consistent increase in epithelial turnover across these experimental platforms, and lack thereof in
the original trickle reinfection study indicates that expulsion of worms in this experiment was not

treatment dependent.
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GLP-1r-agonism is known to alter intestinal crypt growth, however this appears to drive crypt fission
rather than crypt cell proliferation (Koehler et al. 2015), therefore it is unlikely that lixisenatide treatment
accelerates epithelial turnover directly in T. muris infection. In resistant mice, critical acceleration in
epithelial turnover is IL-13-dependent (Cliffe et al. 2005; Oudhoff et al. 2016). In mice who received
lixisenatide treatment following the establishment of a chronic high-dose infection, there was an
increase in IL-13 production from both CD4* and CD8* T cells, indicating that this accelerated epithelial
turnover in lixisenatide-treated mice may be IL-13-dependent. However, mice reconstituted with CD4*
T cells from T. muris infected, lixisenatide-treated mice infected, and subsequently infected with T. muris
showed an increase in epithelial turnover in the absence of significant changes in IL-13 production. It is
possible that, in this adoptive transfer experiment, factors affecting mLN cell viability post-acquisition
affected flow cytometric analysis. It is also probable that the low number of experimental repeats affects
significance of statistical analyses and identification of outliers. Therefore, repeating this experiment
using a larger group of mice would allow for identification of changes in IL-13 production. Indeed, the
factors driving this expulsion mechanism may differ between primary infection followed by treatment vs
treatment-induced memory responses. It is also possible that GLP-1rA-induced increases in epithelial
turnover are not IL-13-dependent; this could be assessed by conducting T. muris infection and GLP-
1rA treatment in IL-13 KO mice.

5.6 GLP-1rA has no effect on caecal crypt structure.

Across both the adoptive transfer and high-dose infection experiments there was a significant reduction
in worm burden in the absence of changes in caecal crypt structure; in resistant mice IL-13-driven worm
expulsion is associated with goblet cell hyperplasia and changes to the mucus composition. It may be
that GLP-1rA-driven worm expulsion occurs independently of changes to caecal crypt structure, goblet
cells and mucous production. Helminth antigen can increase secretory cell secretion of GLP-1 without
affecting cell development, therefore it is possible that changes to mucus composition may occur in the
absence of goblet cell hyperplasia. In normally resistant mice, a lack of MUC2 delays worm expulsion,
and a lack of the normally respiratory-associated mucin, MUC5AC, renders these mice susceptible to
chronic infection (Hasnain et al. 2010). Conversely, susceptible mice show a lack of MUC5AC coupled
with an increase in MUC17 (Hasnain et al. 2011b). Interestingly, recent studies have shown that GLP-
1rA treatment causes an increase in mucin secretion in humans through direct interaction with GLP-1rs
in glandular cells of intestinal Brunner glands (Bang-Berthelsen et al.2016; Grunddal et al. 2022). To
confirm whether there are any changes in mucin composition associated with GLP-1rA treatment of T.
muris infection, mucus samples from the caecum and proximal colon could be analysed using gPCR to

assess the proportions of critical mucins such as MUC2 and MUCS5AC production.

Glycosylation of mucins, in particular the level of mucin sulphation or sialylation, plays a key role in the
immune response to helminth infection; upregulation of sulphomucins is associated with protective
effects in helminth infections including Nippostrongylus brasiliensis and Strongyloides venezuelensis

(Ishikawa et al. 1995; Tsubokawa et al. 2009). During infection with T. muris, resistant mice show
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increased expression of sulphotransferases, driven by the Tn2-associated cytokine IL-13, and hence
increased sulphomucin content of intestinal mucus. Conversely, mice susceptible to chronic infection
lack sulphomucins and instead show increased expression of sialyltransferases, driven by the Th1-
associated cytokine IFNy, and hence sialylated mucins, maintaining favourable conditions for chronic
infection. Furthermore, worms exposed to sulphated mucins show lower ATP levels and therefore
decreased viability than worms exposed to sialylated mucins (Hasnain et al. 2017), implicating a direct
anti-parasitic role of sulphated mucins during T. muris infection. It is possible that GLP-1rA treatment
alters glycosylation of mucins, increasing the viscoelastic and protective characteristics of secreted
mucus; this could be assessed in future experiments either using high-iron diamine-alcian blue staining

as described by Spicer (1969), or by quantification of sulphotransferases using RT-qPCR.

5.7 Limitations

In both the adoptive transfer and high-dose infection studies described here, only female mice were
used due to time constraints of this project. Dooley (2022) observed sex-dependent differences in the
efficacy of GLP-1rA treatment of low-dose T. muris infection, with lower worm burdens exhibited by male
mice following identical infection and treatment regimens. The potent androgen dihydrotestosterone
(DHT) can skew T cell polarisation towards a type-1 phenotype through IL-18-dependent mechanisms
in male IL-4 KO BALB/c mice. Castration of these mice restores a resistant phenotype comparable with
their female counterparts with marked reductions in TNFa, IL-6 and IFNy (Hepworth et al. 2010).
Furthermore, 178 oestradiol acts through oestrogen receptor (ER)-a to increase IL-4 and GATA3
expression in CD4* T cells, thus driving a compensatory enhancement of Tn2 responses (Lambert et
al. 2005; Hamano et al. 1998), however this enhancement is not critical to the generation of a Tn2
response in females (Hepworth et al. 2010). Furthermore, it has been postulated that sex may alter the
efficacy and tolerability of GLP-1rA treatment in patients with T2DM and obesity. Studies have
demonstrated sex-dependent differences in HbA1c reduction and accomplishment of glycaemic control
following initiation of GLP-1rA treatment (Anichini et al. 2013; Quan et al. 2016). Female patients also
appear to show greater weight loss following commencement of GLP-1rA therapy (Buysschaert ef al.
2010; Anichini et al. 2013). Gl adverse effects of these drugs also appear to manifest more frequently
in female patients (Petri et al. 2018). Taken together, these data demonstrate some level of sexual
dimorphism in GLP-1rA treatment, highlighting further the necessity to repeat these experiments using

both male and female mice.

In all in vivo studies, analyses of immune cell populations and cytokine production were based on the
contents of the mLN. Indeed, analysis of the mLN has been critical to increasing our understanding the
immune response to T. muris infection (Else et al. 1991; Dixon et al. 2010; Glover et al. 2019). Here,
analysis of mLN populations alone did not allow for analysis of the tissue-resident immune cell
populations local to the parasite niche (Li et al. 2025); in all in vivo experiments here, caecum and
proximal colon samples were utilised for worm counts and histology which were essential to determining

infection outcome and changes in epithelial physiology. Given the small number of mice used in each
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experiment, there was insufficient tissue for flow cytometric analysis while allowing for an adequate
number of experimental repeats to ensure statistical significance. Intestinal IELs are known to express
the GLP-1r (Yusta et al. 2015) and play a key role in T. muris expulsion in resistant mouse strains (Little
et al. 2005). Therefore, it would be beneficial to characterise IEL populations and activity following
lixisenatide treatment of T. muris infection. Furthermore, intestinal tissue-resident memory T cells (Trm)
are known to play critical roles in Gl infection and inflammatory bowel disease (Lyu et al. 2022),
therefore it would be valuable to analyse this immune cell population in the context of GLP-1rA-
mediated immunological memory against T. muris. These tissue-resident populations have limited
migration ability and therefore were unlikely to be present in the mLN at the time of sacrifice (Edelblum
et al. 2012; Thompson et al. 2019) Using gut digest to isolate immune cells residing in the intestinal
epithelium and lamina propria (Lamers et al. 2023; Shanmugavadivu et al 2024) and flow cytometry
would allow for the characterisation of the immune cells residing in close proximity to the parasite niche.
It would be beneficial to repeat these experiments using larger groups of mice, allowing for collection
of gut tissues for both worm counts and histology, and analysis of local immune cell populations.
Furthermore, repetition of the adoptive transfer study using tissue-resident immune populations, such
as intestinal IELs, would allow for the characterisation of the role of IELs in immunological memory

against T. muris infection.

Flow cytometric analyses were conducted using an established antibody panel, on which fluorescent
minus one (FMO) controls had previously been conducted to assist in identification of background
fluorescence and setting of appropriate gate boundaries. Furthermore, a previously validated
compensation matrix was used here to correct for spectral overlap of fluorophores. However, in future
experimentation it would be beneficial to additionally complete antibody isotype controls in order to
assess specificity of antibody staining.

5.8 Importance of the work

Soil transmitted helminths are one of the most prevalent infections worldwide, with over 1.5 billion
individuals estimated to currently harbour an STH (Palmeirim et al., 2018). These infections are
considered to be neglected tropical diseases; given their transmission by the faecal-oral route, they are
most common in areas deprived of high-quality sanitation. STH infections are diseases of morbidity
rather than mortality, causing greatest morbidity to those harbouring high worm burdens. Children are
most prone to severe morbidity, with a high level of intestinal infestation leading to malnutrition, stunted
growth and cognitive impairment (Hotez et al. 2014; Bethony et al., 2006; Ngwese et al., 2020).

Despite availability of anthelmintic drugs, their efficacy in T. trichiura is limited by low cure rates and
high rates of reinfection (Speich et al. 2014). Furthermore, increasing prevalence of drug-resistant
Trichuris strains highlights an urgent need for novel therapeutic options (Kenyon et al. 2013). Dooley
(2020) discovered that GLP-1rA treatment effectively clears low-dose trichuriasis infection in mice. This

study builds upon the work of Dooley, investigating the potential for GLP-1rA treatment to induce
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immunological protection against challenge infection. The efficacy of GLP-1rAs in chronic high-dose
infection was also assessed. Given that this class of drug is well characterised, and it is licensed for
use in type 2 diabetes mellitus and, more recently, obesity (Moore et al. 2023), their use in helminth
infection would involve a rapid, straightforward repurposing of this drug. Protective effects against
challenge infection would provide relief to those living in endemic areas, where rapid reinfection makes
current treatments obsolete. However, the metabolic impact of GLP-1rA treatment must be considered
when repurposing this drug class for the treatment of STH infection; given the role of GLP-1 in satiety
and thus weight management, it would be necessary to investigate the effects of acute GLP-1rA
treatment on host metabolism and weight management. Given that many with heavy intestinal helminth
burden suffer with malnutrition as a result of infection (Mascarini-Serra 2011), reduced appetite would
contribute to malnourishment. Indeed, GLP-1rA treatment of obesity is intended as a long-term
treatment (NICE 2025c), therefore deleterious effects on host appetite and weight would likely be
mitigated by the acute nature of treatment for helminth infection. However, further study is required to
establish whether GLP-1rA treatment for acute STH infection, or repeated doses as part of a

preventative chemotherapy regimen, would significantly alter host satiety and weight.

For preventative chemotherapy, one dose of albendazole or mebendazole is administered annually, or
twice annually (World Health Organisation 2017). For treatment of active STH infection, the NHS
recommends treatment twice-daily treatment using mebendazole for 3 days (NHS 2019). Mebendazole
costs the NHS £1.34 for a single course of treatment (twice daily for 6 days) of STH (NICE 2025a),
costing just £0.22 per dose. On the other hand, liraglutide is prescribed at doses between 0.6mg and
3mg daily for the management of T2DM. Given that GLP-1rA treatments have an indicative cost to the
NHS of £127.50 for five 3ml pens containing 6mg/ml lixisenatide (NICE 2025b), the cost per dose here
is £0.85-£4.25. Therefore, the cost per dose of liraglutide is between 4 and 19 times higher than that of

mebendazole, dependent upon dose.

Determination of the efficacy of this treatment against well-established adult worms would be a critical
step to determining the efficacy of GLP-1rA treatment in natural infection; trickle infection, which mirrors
how infection would occur naturally, results in the development of partial resistance (Glover et al. 2019).
In these individuals, Tnh2-driven IL-13 drives epithelial turnover which is most effective at removing
smaller larval stages in the lower-mid crypt, where epithelial cells move the fastest (Cliffe et al. 2005),
however adult worms, which are extensively embedded high within the crypts, persist even following
anthelmintic treatment (Glover et al. 2019). To investigate the efficacy of GLP-1rAs against these adult
worms, infection of C57BL/6 mice with a low dose (30 eggs) infection allowed to progress for 48 days
before treating with lixisenatide would allow for determination of the efficacy of GLP-1rAs against adult
T. muris. If effective against these well-embedded adult worms, GLP-1rA treatment of trichuriasis would

allow for removal of persistent, anthelmintic-resistant adult worms in individuals in endemic areas.
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5.8 Conclusions

Through the study of small intestinal organoids, T. spiralis antigen was shown to increase GLP-1
secretion from intestinal EECs, independently of GLP-1* EEC hyperplasia. There was a similar increase
in GLP-1 secretion in organoids cultured with T. muris antigen; a higher number of experimental repeats
may uncover a significant change in GLP-1 secretion driven by T. muris antigen. This antigen-
dependent increase in GLP-1 secretion was attenuated by broad-spectrum inhibition of TASZrs,
indicating a role of bitter taste receptors in sensing of intestinal helminths and, given the known roles of
EECs and GLP-1 in mucosal immunity (Worthington et al. 2018), EEC sensing of intestinal helminths
via taste receptors, either directly or via another chemosensory epithelial cell type such as tuft cells,

may play a role in barrier homeostasis or indeed the immune response to helminth infection.

Lixisenatide treatment has been shown to exhibit protective effects against challenge T. muris infection,
with a reduction in worm burden in female RAG-/- mice reconstituted with CD4* T cells from C57BL/6
mice with low dose infection and treated with lixisenatide. Indeed, given that T cell isolation occurred
only 24 days after the primary infection, it is likely that considerable numbers of antigen-specific effector
T cells are present in the RAG-/- mice, aiding in worm expulsion. A longer-term experiment allowing for
clearance of these effector cells and establishment of long-lived parasite-specific TEM cells. Indeed,
there was an increase in TEM cells in mice which received T cells from lixisenatide-treated mice,
compared to PBS controls, though this was not significant here. Repeated experimentation would allow
for validation of these results, GLP-1rA treatment may have a direct effect on GLP-1r* CD4* T cells to
alter a currently unknown immune factor to induce immunological memory, thereby increasing the rate

of intestinal epithelial turnover upon challenge infection to expel worms.

Lixisenatide treatment was found to significantly reduce worm burden in a chronic high-dose infection
in female C57BL/6 mice. It appears as although increased production of IL-13 by currently unidentified
CD4* and CD8" T cell subsets drives an increase in epithelial turnover to expel worms. Taken together
with the findings of Dooley (2022), Therefore, GLP-1rA treatment may induce production of IL-13, or
another unknown immune factor, by GLP-1r+ IELs and/or CD4+ T cells, driving epithelial proliferation
and turnover thereby expelling the worms from the epithelium, with the potential for immunological T

cell memory formation mediated by CD4+ T cells and possibly intestinal IELs also (Fig. 5.1).
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Figure 5.1: Mechanism of GLP-1-driven T. muris expulsion. 1) Invasion of the intestinal epithelium
by T. muris or detection of parasite molecules causes increased GLP-1 release by a pathway that is yet
to be identified. IELs then produce IL-13, but this may not be enough to trigger a full response in low
dose infection resulting in Th1 dominance and chronicity. GLP-1rA targets GLP-1r* IELs enough to 2)
produce IL-13 or another yet unknown factor, which directly accelerates intestinal crypt epithelial cell
proliferation and epithelial turnover, expelling T. muris from its intestinal niche. Alternatively, 3) the GLP-
1rA-activated IELs may signal to CD4* T cells via a signal transduction pathway which is yet to be
identified, driving production of IL-13 and thus epithelial turnover and worm expulsion. 4) Activation by
IELs may also drive CD4* T cell surface expression of the GLP-1r, allowing for continued activation by
GLP-1rA. Activated CD4* T cells may become long-lived effector memory T cells providing protection
against subsequent infection. 5) Activated IELs may also acquire a memory phenotype and aid in

protection against challenge infection.

The findings of this project build upon the work of Dooley (2020) who established that GLP-1-1rA
treatments are effective in clearing a low-dose T. muris infection. The safety and efficacy of this drug
class in humans is well-characterised, given their extensive use in the treatment of type 2 diabetes
mellitus and weight loss. This would allow for us to rapidly repurpose this drug class for use in helminth
infection, decreasing the time before an alternative to anthelmintic drugs becomes available to those
afflicted by these neglected tropical infections in endemic countries, thereby increasing quality of life of

those currently debilitated by STH infections.
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6. Appendix: Exploring the potential use of QuCCi reporter mice to

investigate intestinal epithelial turnover in T. muris infection

Quiescence and Cell Cycle Indicator (QuCCi) reporter mice utilise the probes p27K-, hCdt1(Cy-) and
hGem (1/110) fused to mCerulean, mCherry and mVenus, respectively, in order to discriminate between
cells in the G1, S, G2/M and GO phases of the cell cycle (Briggs 2024). These reporter mice were
developed to circumvent the lack of distinction between the S- and G2/M phases, and the G1 and GO
phases in R26Fucci2aR reporter mice (Mort et al. 2014). Use of a QuCCi reporter mouse platform was
explored for the assessment of lixisenatide induced changes in epithelial turnover in chronic high-dose
and trickle T. muris infection. . Preliminary work using mice with a low dose infection, low dose infection
with lixisenatide treatment, and high dose infection (Fig. 6.1), revealed that this platform would not be

a suitable platform upon which to quantify epithelial turnover.
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Figure 6.1: Imaging of crypts isolated from QuCCi mice by confocal microscopy is not suitable
for assessment for rate of intestinal epithelial turnover. QUCCi mice were administered with PBS,
low dose or high dose T. muris infection. Mice were sacrificed 34 days post-infection and small intestine
was collected. Small intestinal crypts were isolated and assessed by confocal microscopy. Figure shows
images of crypts from mice who received A) PBS, B) Low dose infection, C) Low dose infection with

lixisenatide treatment, D) High dose infection, where bars represent 50um.
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