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Abstract

The mammalian immune system has evolved alongside a complex microbiota.
Microbial colonization drives constant immune responses at steady state, while
microbiota-derived metabolites and signals have functional impacts on host
immune cells. Helicobacter hepaticus (Hh) is a member of the murine intestinal
microbiota with the capacity to drive immune responses in a context-dependent
manner. Hh stimulates strong immune regulation which counterbalances the
induction of effector responses and allows persistent colonization without
pathology. Whether these interactions alter how the host immune system
responds in a subsequent disease setting has not previously been explored. In
this thesis, we aimed to investigate how Hh affects the outcome of inflammatory
disease and test whether Hh drives phenotypic and functional changes to

intestinal immune cells at steady state.

Here, we demonstrate that Hh colonization attenuates intestinal disease severity
in the DSS colitis model. This was dependent on extended colonization with Hh
prior to colitis onset and was not present immediately following infection,
suggesting a mechanism by which Hh primes intestinal immune responses at
steady state to alter disease outcomes. We found that Hh colonization
stimulated increased monocyte and neutrophil infiltration to the colon at steady
state and drove increases to local proinflammatory cytokine transcription.
However, colonic macrophages from infected mice showed suppressed cytokine
responses ex vivo, indicating that Hh functionally modulates local immune cells
to limit inflammatory responses. We tested whether the disease attenuating
effect was dependent on recognition of Hh by TLR2, with the aim of elucidating
the mechanism through which Hh affects disease outcomes. We demonstrate
that disease attenuation does not require TLR2 signalling, suggesting that a

different mechanism drives disease protection in Hh colonized animals.

This work provides insight into how host immune functions are shaped by the
resident immunomodulatory microbiota. As the role of the microbiota in health
and disease is becoming increasingly apparent, it is critical to develop a greater
understanding of these interactions. Our work supports the conclusion that the
microbiota primes the intestinal immune system at steady state, thereby

altering immune responses during inflammatory settings.
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1 Introduction

1.1 The intestinal environment

The environment of the intestine presents a specific challenge for the immune
system. The tissue’s structure, function, and high burden of microbes create a
unique environment in which the immune system must be poised to defend
against pathogens, while remaining tolerant to food and harmless microbial
antigens. The complex physiology of the intestine, which differs across
locations, means that the immune system is adapted to distinct niches
throughout the gastrointestinal (Gl) tract. Mouse models are used extensively to
study the Gl immune system due to their high genomic and anatomical
similarities with humans (Hugenholtz and de Vos, 2018). In the following
sections, the anatomy, functions, and distinct anatomical niches of the Gl tract

are discussed, with a focus on the murine gut.

1.1.1 Anatomy of the intestine

The murine Gl tract begins at the mouth and ends at the rectum, encompassing
the oesophagus, stomach, small intestine (SI), caecum, and colon (Figure 1-1)
(Treuting et al., 2018b, Treuting et al., 2018a). The large intestine refers to the
caecum and colon together and is partly distinct from that found in humans, as
mice do not possess an appendix (Treuting et al., 2018a). The SI functions as the
site of nutrient absorption, while water is absorbed in the colon, and bacterial
fermentation of dietary substrates takes place throughout the large intestine
(Treuting et al., 2018a). The physiology of the Gl tract is adapted to these
distinct functions and varies between sites. For example, the pH in the stomach
is highly acidic but increases through a gradient along the length of the SI, with
the highest pH found in the colon (Evans et al., 1988). Similarly, the Gl tract is
home to trillions of microbes, collectively termed the microbiota. The majority
of microbes are found in the caecum and colon, which also support the highest
levels of bacterial diversity (Gu et al., 2013). These distinct physiologies require
specialised immune function, and it has been demonstrated that immune cell
trafficking and receptor expression varies throughout the intestine (Stenstad et
al., 2007, Price et al., 2018).
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Figure 1-1: The murine Gl tract

Starting in the mouth, the murine Gl tract includes the oesophagus, stomach, Sl, caecum, colon,
and rectum. The Sl is divided into three sections with the duodenum connecting to the stomach,
followed by the jejunum, then the ileum which connects to the caecum. The colon is also divided
into three with the proximal colon starting at the caecum, followed by the mid colon and ending with
the distal colon which connects to the rectum. The pH is lowest in the stomach and increases in a
gradient to the end of the colon, while the concentration of microbes is highest in the colon. This
figure was created using BioRender.com.

The space within the small and large intestine is called the lumen, and it is here
that faecal pellets are formed, and the majority of the microbiota resides
(Mowat and Agace, 2014). The intestinal tissue is separated from the lumen by
the epithelial barrier and mucus layer, which will be discussed in the next
section. Beneath the epithelial barrier is the lamina propria (LP), which is
formed of connective tissue, blood and lymphatic vessels, and contains enteric
nerves, fibroblasts, and smooth muscle cells. The LP also houses one of the
largest populations of immune cells in the body (Bernier-Latmani and Petrova,
2017). Underlying the LP is a thin layer of smooth muscle termed the muscularis
mucosa. This is followed by the submucosa, a thicker muscle layer, and finally
the serosa which contains the intestine and separates the tissue from the
peritoneal cavity (Bernier-Latmani and Petrova, 2017). The majority of immune
activity takes place in the epithelial barrier, LP, and muscularis mucosa,
together termed the mucosa (Mowat and Agace, 2014). The appearance of the
mucosa varies from the Sl to the colon. The SI contains villi which project into
the lumen to maximise surface area for nutrient absorption, while these are not

present in the caecum and colon. Throughout the intestine are small
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invaginations known as crypts which contain epithelial stem cells (Mowat and

Agace, 2014). The anatomy of the intestinal mucosa is illustrated in Figure 1-2.

Lumen Villi

Mucus

Epithelium Crypt
Lamina propria

Muscularis mucosa

Submucosa

Muscularis propria

Serosa ¥ gmall intestine Colon

Figure 1-2: Intestinal anatomy

The intestinal tissue surrounds a hollow space called the lumen. A layer of mucus followed by a
single layer of epithelial cells separates the lumen from the intestinal tissue. The layers of tissue
start with the LP, followed by the muscularis mucosa, submucosa, muscularis propria, and finally
the serosa which is the outer layer of the tissue and separates the intestine from the peritoneum.
The Sl contains villi and crypts, while the colon has a flatter surface and only contains crypts. This
figure was created using BioRender.com.

1.1.2 Epithelial barrier

The intestinal epithelium exists as a single layer of intestinal epithelial cells
(IECs) which form a barrier between the lumen and LP. IECs are non-
haematopoietic cells derived from intestinal epithelial stem cells (IESCs). IECs
have a very high turnover rate, with most mature cells being shed from the
epithelium after a few days (Beumer and Clevers, 2021). IESCs constitutively
proliferate and generate transit amplifying cells, which eventually differentiate
into the various lineages of mature IEC (Basak et al., 2014). These lineages have
distinct functions, which range from nutrient and water absorption, hormone
secretion, antimicrobial functions and mucus production (Peterson and Artis,
2014). The epithelium is mostly comprised of absorptive enterocytes, but other
specialised IECs include goblet cells, enteroendocrine cells, and Tuft cells.
Paneth cells are also specialised IECs found in the S| but not the colon (Beumer
and Clevers, 2021). Paneth cells provide growth factors to support the IESC niche
in the SI (Sato et al., 2011), while this function is thought to be provided by
mesenchymal cells in the colon (Degirmenci et al., 2018).
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A key function of the epithelial barrier is to prevent commensal and pathogenic
microbes from entering the intestinal mucosa and systemic circulation. This is
achieved through the production of mucus and various immunomodulatory and
bactericidal mediators (Johansson and Hansson, 2016). Mucus is secreted by
goblet cells and is primarily composed of the mucin glycoprotein MUC2. Loss of
MUC2 in mice leads to spontaneous colitis as well as marked changes to mucosal
architecture, demonstrating its importance for intestinal homeostasis (Van der
Sluis et al., 2006). Secreted mucus forms a layer which overlays the epithelium
and acts as a niche for microbial colonization. This layer varies in structure and
volume along the Gl tract. In the S, a single layer of mucus exists which is
penetrable by bacteria. In contrast, the colon contains two mucus layers, with
the outer layer colonized by microbes and the inner layer generally considered
impenetrable (Johansson and Hansson, 2016). These differences are driven by
the varying microbial load found in these tissues (Gu et al., 2013). As such,
goblet cell numbers also increase from the Sl to the colon (Johansson and
Hansson, 2016). One feature of colitis is the abnormal penetration of bacteria
into the inner mucus layer of the colon (Johansson et al., 2014), which could
suggest that inflammation drives changes to mucus composition. Equally, altered
mucus formation could be a risk factor for the development of colitis and may

precede the induction of inflammation (van der Post et al., 2019).

As well as forming a physical barrier, mucus contains biochemical mediators
which manage the encroachment of the microbiota. One crucial mediator is
secreted IgA, which is the key antibody class associated with mucosal defence.
IgA is produced by plasma cells in the tissue and is transported across the
epithelium into the mucus layer and lumen. Once there, IgA binds and coats
bacteria, which prevents unnecessary inflammatory responses being generated
(Van der Waaij et al., 1996). It has also been proposed to inhibit bacterial
motility within mucus (Johansson and Hansson, 2016). Other important
components of mucus are antimicrobial peptides (AMPs), which encompass
several protein families and are produced by IECs. These include defensins,
cathelicidins, and C-type lectins, which generally all function by disrupting
microbial cell membranes (Gallo and Hooper, 2012). C-type lectins include the
regenerating islet-derived protein (REG) family, and their importance has been

demonstrated through the use of genetically deficient mice. Mice lacking REGIIly
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show changes to mucus distribution and increased contact between the
epithelium and microbiota, as well as dysregulated inflammatory responses
(Loonen et al., 2014). AMPs therefore play a crucial role in maintaining symbiosis

with the microbiota.

While IECs are not haematopoietic immune cells, they possess many immune
related functions and are important sensors of microbial and damage associated
signals. IECs express a range of pattern recognition receptors (PRRs) which
enable them to respond to changes in the environment (Peterson and Artis,
2014). The result of these signals include the production of cytokines and
chemokines which contribute to and shape the induction of immune responses
(Price et al., 2018). One example of this is the contribution of epithelial Tuft
cells to type 2 immunity. Following helminth infection, the epithelium responds
by expanding the number of differentiated Tuft cells. These cells produce the
cytokine IL-25, which is a crucial driver for type 2 immune activation. As such,
Tuft cell deficient mice show impaired type 2 immunity and increased helminth
burden (Gerbe et al., 2016). In the context of Salmonella typhimurium
infection, IEC-specific inflammasome activation results in cytokine release and
reduced bacterial colonization (Rauch et al., 2017). This is accompanied by
expulsion of IECs from the barrier in a form of lytic cell death, which protects
against bacterial invasion of the epithelium (Rauch et al., 2017). Although PRR
signalling is often associated with inflammatory responses, it has also been
demonstrated that these signals are required for epithelial homeostasis (Rakoff-
Nahoum et al., 2004, Cario, 2008). A mechanism is thought to exist where
microbiota derived signals stimulate increased barrier function through
enhancing the adhesion between epithelial cells (Peterson and Artis, 2014).
Similarly, IEC PRR signalling mediated through the adaptor molecule myeloid
differentiation primary response 88 (MyD88) has been shown to promote AMP
production, providing protection against mortality during colitis (Asquith et al.,
2010). IEC sensing of microbes therefore helps to fortify both physical and
chemical components of the epithelial barrier. Together, these studies
demonstrate that IECs contribute to intestinal homeostasis through diverse

functions.
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1.1.3 Intestinal lymphoid tissue

The intestine contains various forms of lymphoid tissue which serve as the main
site for the priming of adaptive immune responses (Mowat and Agace, 2014).
This includes several forms of gut associated lymphoid tissue (GALT) as well as
the mesenteric lymph nodes (MLN), which comprise distinct nodes for draining
the Sl and colon (Houston et al., 2016). GALT exists beneath the epithelium in
both the mucosa and submucosa, consisting of lymphoid aggregates (Mowat and
Agace, 2014). In the Sl, GALT includes Peyer’s patches which are visible in the
serosa, as well as smaller isolated lymphoid follicles (ILFs) (Jargensen et al.,
2021). The caecal patch is GALT located in the caecum and has been proposed as
the key site for generation of IgA-producing plasma cells, which migrate to the
colon in a microbiota-dependent manner (Masahata et al., 2014). Colonic GALT
is less prominent but is present in the form of small cryptopatches and ILFs
(Treuting et al., 2018a). Some forms of intestinal lymphoid tissue, such as
Peyer’s patches and MLN, develop prenatally in the absence of a microbiota. In
contrast, cryptopatches and ILFs appear to develop in response to microbial
colonisation after birth (Bouskra et al., 2008). While the MLN is the key site for
naive T cell priming, cryptopatches and ILFs mostly contain B cells and do not
have segregated T cell zones (Buettner and Lochner, 2016). Peyer’s patches
contain both memory T cells and B cells and have also been suggested to support
naive T cell priming (Kelsall and Strober, 1996).

The MLN are the largest lymph nodes in the body due to the high level of
environmental exposure which occurs in the intestine (Mowat and Agace, 2014).
As distinct nodes drain the SI and colon, the unique physiologies of these tissues
mean that specialised antigen uptake occurs at both sites. Antigen presenting
cells (APCs) in the LP take up antigens derived from food, commensal microbes,
and pathogens, before migrating to the MLN to initiate an adaptive immune
response (Mowat and Agace, 2014). Various mechanisms have been proposed to
explain how LP APCs access these luminal antigens. Peyer’s patches and the
caecal patch are overlaid with specialised epithelium including microfold (M)
cells, through which luminal antigens are transported to APCs (Masahata et al.,
2014). Various studies have described LP macrophages and/or dendritic cells
which extend transepithelial dendrites between epithelial cells and into the

lumen, allowing the sampling of luminal antigens (Mowat and Agace, 2014). It
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has also been proposed that epithelial goblet cells can act as a passage through
the epithelium for small soluble antigens, allowing their delivery to LP APCs
(McDole et al., 2012). Importantly, enteric pathogens such as S. typhimurium or
H. polygyrus utilise mechanisms which allow them to cross or breach the
intestinal barrier (Tafazoli et al., 2003, Schalter et al., 2022), thus bringing
antigens into the LP which can be sampled by APCs. It is likely that additional
mechanisms contribute to LP antigen delivery, although this remains a topic
which is not fully understood. Following antigen uptake, migratory dendritic
cells in the LP enter lymphatic vessels and are transported to the MLN, where
they prime naive T cells (Schulz et al., 2009). The intestinal immune system is

discussed in more detail in the following section.

1.2 The intestinal immune system

The immune system in different tissues is functionally specialised to the local
tissue environment. In the intestine, the constant exposure to foreign materials
means that the immune system must be able to tolerate harmless antigens while
maintaining the ability to respond to pathogens. Many mechanisms contribute to
maintaining this balance. Failure to maintain homeostasis can result in immune-
mediated pathology, which is seen in inflammatory bowel disease (IBD). The
immune system is composed of innate and adaptive components, where innate
immune cells are the first line of defence and utilise conserved receptors to
respond to microbial and danger signals. The adaptive immune system comprises
T and B lymphocytes, which possess antigen specific receptors and are highly
effective at responding to diverse challenges. In this section, cellular and
molecular components of the intestinal immune system relevant to this thesis
are discussed, many of which play important roles in maintaining intestinal

homeostasis.

1.2.1 Intestinal myeloid cells

Myeloid cells are a subset of innate immune cells with diverse functions. They
are derived originally from haematopoietic stem cells which differentiate
through a common myeloid progenitor stage (Akashi et al., 2000). Differentiated
myeloid cells include granulocytes (such as eosinophils and neutrophils),
monocytes, macrophages, and dendritic cells. The intestinal LP is home to a
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large and heterogeneous population of macrophages and dendritic cells, referred
to as the mononuclear phagocyte (MNP) system (Joeris et al., 2017). Due to
various shared cell surface markers and functions, for many years these cells
were incorrectly classified and mistaken for each other (Tamoutounour et al.,
2012). There are now established methods to distinguish specific subsets of MNP,
which has allowed for analysis of individual and shared characteristics
(Tamoutounour et al., 2012). The LP also contains large numbers of resident
eosinophils which have recently been highlighted for their contributions to
intestinal homeostasis (Arnold et al., 2018, Fallegger et al., 2022). In contrast,
very few neutrophils are found in the healthy intestine, but are rapidly recruited
from the blood following an inflammatory challenge (Fournier and Parkos, 2012).
As inflammation resolves, neutrophils apoptose and are cleared from the tissue
by phagocytosis (Fournier and Parkos, 2012). Intestinal myeloid cells and their
entry from the circulation are summarised in Figure 1-3, including common cell

surface markers used to identify them.



27

] ] Ly6C*
Circulation M)II-ICII‘

@ Monocyte

;# l

e !

MHCII*

CD11b- CD11b* CD11b* CD11b*
CD103" CD103* l Ly6G* SiglecF*
CD11b* Ly6C-

CD64* ‘Macrophage\‘ MHCII*
Intestine |

Figure 1-3: Intestinal myeloid cells

cDC precursors, monocytes, neutrophils and eosinophils arise in the BM before being distributed
throughout the body via the circulation. These cells enter the intestine where pre-cDCs differentiate
into two subsets of mature cDC, marked by differential expression of CD11b and CD103.
Monocytes enter the intestine and differentiate into mature macrophages via an intermediate
differentiation stage. As they differentiate monocytes lose expression of Ly6C and gain expression
of MHCII, while all monocyte-macrophages express CD11b and CD64, allowing their distinction
from cDCs. Neutrophils and eosinophils mature in the BM and enter the intestine as fully
differentiated cells. Both cell types express CD11b, while neutrophils express Ly6G and
eosinophils express SiglecF. Eosinophils can also be identified by their high granularity. This figure
was created using BioRender.com.

The LP contains a large population of resident macrophages which are
continuously replenished by bone marrow (BM) monocytes (Bain et al., 2014).
These monocytes develop in the BM before travelling in the circulation to sites
throughout the body. Upon entering a tissue, monocytes differentiate into
macrophages and are imprinted with a specific phenotype reflecting the local
environment. For example, stromal cells and specific signalling pathways have
been shown to imprint a Kupffer cell phenotype on newly arrived monocytes in
the liver (Bonnardel et al., 2019). Similarly, in the intestine, the microbiota has
a clear effect on monocyte to macrophage differentiation, as mice lacking a
microbiota show altered macrophage populations (Kang et al., 2020). The
infiltration of monocytes to the intestine occurs constitutively at steady state,
although this process is altered under inflammation. In colitis, monocyte

infiltration increases but these cells fail to differentiate into mature
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macrophages. Instead, proinflammatory monocytes accumulate in the tissue and
are functionally distinct from resident macrophages recruited under homeostasis
(Bain et al., 2013, Bain et al., 2018). One key function of intestinal macrophages
is the uptake and killing of bacteria which enter the LP, which is achieved
through their high capacity for phagocytosis and bactericidal functions (Bujko et
al., 2017, Kang et al., 2020). They are also responsible for the clearance of
apoptotic cells, including IECs (Cummings et al., 2016). In contrast to their
counterparts in other tissues, intestinal macrophages do not produce an
inflammatory response following microbial stimulation (Smythies et al., 2005).
This lack of inflammatory cytokine production is key to maintaining intestinal
homeostasis. The cytokine IL-10 is critical for this phenotype, and loss of its
receptor specifically on macrophages results in spontaneous colitis (Zigmond et
al., 2014).

While macrophages are capable of antigen presentation, conventional dendritic
cells (cDCs) are the key APCs of the immune system. They begin life as pre-cDC
progenitors in the BM, before travelling in the circulation to tissues around the
body where they mature (Liu et al., 2009). Their role is to survey the tissue,
acquiring antigens and sampling the environment, before travelling to the lymph
node to present their antigen to a naive T cell. This marks the end of their
lifespan (Merad et al., 2013). Following this interaction, activated T cells that
recognise the cognate antigens presented by cDCs are induced to express homing
molecules to direct them to the correct tissue (Mora et al., 2003). Homing to the
intestine occurs due to the production of retinoic acid by intestinal cDCs, which
induces the expression of gut-homing molecules CCR9 and a4B87 on T cells upon
activation (lwata et al., 2004). Under homeostasis, LP cDCs are maintained in a
tolerogenic state. Here, they preferentially induce the expansion of regulatory T
cells (Tregs) and are essential for maintaining symbiosis with the microbiota
(Loschko et al., 2016). The tolerogenic phenotype of intestinal cDCs is driven by
the local environment, particularly by immune suppressive cytokines such as
TGFB (Ramalingam et al., 2012). However, upon detecting inflammatory
mediators, this tolerogenic phenotype is lost and cDCs act as potent inducers of
effector T cell responses. Intestinal cDCs are a heterogeneous population and
can be divided into subsets based on their expression of the surface proteins

CD11b and CD103 (Joeris et al., 2017). These subsets have overlapping functions
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but appear to selectively induce the expansion of specific T cell subsets (Joeris
et al., 2017). cDCs have been named ‘conventional’ DCs due to the presence of
other DC-like cells in the body called plasmacytoid DCs (pDCs). Although pDCs
bear a morphological resemblance to cDCs and are derived from similar
progenitors, they possess very different functions and are specialised for the
detection of viral pathogens and release of type | interferons (Merad et al.,
2013).

Finally, granulocytes are polymorphonuclear myeloid cells which release their
cytosolic granules upon activation. They primarily function as pathogen defence,
but it is now appreciated that eosinophils, in particular, also elicit homeostatic
functions which are discussed in the next section (Arnold et al., 2018, Fallegger
et al., 2022). Neutrophils are rapidly recruited to sites of inflammation where
they perform antimicrobial functions. In addition to phagocytosis, they generate
reactive oxygen species (ROS), produce neutrophil extracellular traps (NETs),
and release granules - which include AMPs, hydrolytic enzymes, proteases, and
metal chelators (Fournier and Parkos, 2012). The microbiota appears to
stimulate neutrophil functions, as antibiotic treatment has been shown to
reduce BM neutrophil levels (Zhang et al., 2015), while mice lacking a
microbiota show impaired neutrophil functions (Clarke et al., 2010, Karmarkar
and Rock, 2013). Depletion of neutrophils has been shown to increase disease
severity in colitis models due to greater levels of bacteria in the mucosa (Kuhl et
al., 2007). However, this is somewhat contradictory, as neutrophils are one of

the main contributors to intestinal inflammation (Wirtz et al., 2007).

Unlike neutrophils, eosinophils are present in large numbers in the healthy
intestine. They are traditionally associated with responses against extracellular
pathogens, including parasites (Jung and Rothenberg, 2014). As well as releasing
granules, eosinophils produce many cytokines, chemokines, and other immune
mediators (Shah et al., 2020). Homeostatic functions for these cells are now
being described, including the regulation of IgA production (Chu et al., 2014)
and maintenance of epithelial turnover (Ignacio et al., 2022). The cytokine IFNy
has been shown to drive the recruitment of eosinophils to the intestine, where
they co-localise with CD4 T cells (Gurtner et al., 2023). Furthermore, a
mechanism has been described through which eosinophils contribute to Treg

differentiation through their production of TGFB (Fallegger et al., 2022).
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Fallegger et al. report that mice with a conditional knockout of TgfB specifically
in eosinophils show reduced numbers of RORyt* Tregs in the intestine (Fallegger
et al., 2022). Despite this, these cells have been shown to accumulate during IBD
and may correlate with disease severity (Jung and Rothenberg, 2014). While
much remains unknown about the functions of intestinal eosinophils, they are
becoming a focus of interest in mucosal immunology due to their diverse roles in

homeostasis.

1.2.2 Pattern recognition receptors

PRRs are evolutionarily conserved receptors which recognise pathogen or
damage associated molecular patterns (PAMPs/DAMPs). They are expressed by a
wide range of immune and non-haematopoietic cells and can be intracellular or
expressed on the cell surface (Takeuchi and Akira, 2010). PRRs are particularly
important for innate immune cells which lack specialised antigen receptors. It is
through PRRs that IECs, macrophages, and cDCs survey the LP and manage the
host-microbiota relationship (Fukata and Arditi, 2013). PRR ligation drives
downstream signalling events which result in the production of cytokines and
chemokines, thus initiating the host response to infection or damage (Fukata and
Arditi, 2013). Various families of PRR exist, including toll-like receptors (TLRs)
and nucleotide binding oligomerization domain (NOD)-like receptors (NLRs),
which play critical roles in intestinal homeostasis and are discussed here. Other
families include cytosolic DNA sensors and retinoic acid inducible gene (RIG)-I-
like receptors, which are important for the host antiviral response (Thompson et
al., 2011).

The TLR family includes eleven receptors, some of which are found on the
plasma membrane while others are expressed in endosomes (Takeuchi and Akira,
2010). They each recognise distinct microbial ligands and mediate responses to
bacterial and viral pathogens. The key TLRs for bacterial recognition are TLR2,
which recognises lipoproteins, TLR4, which recognises lipopolysaccharides (LPS),
and TLR5, which recognises flagellin. These are all cell surface receptors which
respond to extracellular bacteria (Takeuchi and Akira, 2010). Ligation of
different TLRs leads to distinct signalling cascades, resulting in specialised
responses. TLR2 and TLR4 both signal through the signalling adaptor molecule

MyD88, although TLR4 can also localise to endosomes where it drives an
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alternative signal transduction pathway (Fukata and Arditi, 2013). Recruitment
of MyD88 eventually induces translocation of the transcription factor nuclear
factor kappa B (NF-kB) from the cell cytoplasm to the nucleus, resulting in
transcription of NF-kB response genes (Sakai et al., 2017). NF-kB response genes
include proinflammatory cytokines such as IL-18 and TNFa, as well as a range of
chemokines (Sharif et al., 2007). These then drive the recruitment and

activation of other immune cells.

NLRs are cytoplasmic PRRs which are activated by a range of environmental
signals. These include direct recognition of microbial ligands, as well as sensing
of biochemical changes to the intracellular environment (Wen et al., 2013). NLRs
fall into two categories based on their ability to form inflammasome complexes
(Davis et al., 2014). NLRs which do not form inflammasomes include NOD1 and
NOD2, which act as intracellular receptors for bacterial peptidoglycan (Davis et
al., 2014). Activation of these receptors results in a signalling cascade
culminating in the activation of NF-kB and the expression of proinflammatory
genes (Hasegawa et al., 2008). In contrast, activation of inflammasome-forming
NLRs results in the recruitment of various adaptor proteins. Together with the
NLR, these proteins form large multi-molecular complexes in the cytosol called
inflammasomes, which drive the cleavage and activation of caspases (Martinon
et al., 2002). Inflammasome caspases are proteolytic enzymes capable of
processing the non-active pro-forms of the cytokines IL-18 and IL-18, thus
leading to their secretion and enabling their proinflammatory functions
(Martinon et al., 2002). Inflammasome activation can also drive pyroptosis, a
proinflammatory form of cell death which activates nearby immune cells, and

which can also prevent intracellular pathogen replication (Davis et al., 2014).

PRR signalling appears to have contrasting outcomes for intestinal homeostasis.
As discussed previously, there is evidence that TLR signalling contributes to
maintenance of epithelial barrier integrity at steady state (Rakoff-Nahoum et
al., 2004, Cario, 2008). Furthermore, MyD88 signalling in IECs drives the
production of AMPs, which helps to maintain symbiosis with the microbiota
(Vaishnava et al., 2008). However, in the context of IBD, sustained PRR signalling
results in continuous inflammatory responses and chronic pathology. As such,
MyD88 signalling is required for the induction of colitis in certain murine models
(Asquith et al., 2010). TLR2 and TLR4 have also been shown to be upregulated in
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the mucosa of IBD patients compared to healthy controls (Hausmann et al.,
2002). The importance of PRRs in the maintenance of intestinal homeostasis has
been further highlighted by their genetic association with IBD (Liu et al., 2015a),

discussed further in Section 1.4.

1.2.3 Intestinal T cells

T cells are specialised lymphocytes which possess highly specific antigen
receptors. T cell receptors (TCRs) are composed of two chains: conventional T
cells express the aB chains, while the yd chains are found on a less common
subset (Geisler et al., 1988). aB TCRs recognise antigen only when it has been
processed by an APC and presented on the cell surface bound to a major
histocompatibility complex (MHC) (Germain, 1994), and can be divided into two
major subsets. CD4* T cells recognise peptides presented by MHC class Il (MHCII)
molecules, while CD8* T cells recognise MHCI-peptide complexes (Germain,
2002). Both subsets are derived from common lymphoid progenitors found in the
BM, which migrate to the thymus where T cell development takes place
(Germain, 2002). Thymic development involves a series of maturation steps in
which the TCR is tested for its ability to recognise MHC and signal through its
receptor. Further steps also ensure that self-reactive TCRs, which could be
potential drivers of autoimmunity, are not selected (Germain, 2002). T cells
leave the thymus expressing either CD4 or CD8 and migrate to peripheral lymph
nodes throughout the body as naive T cells. For the purpose of this thesis, only

CD4* T cells are discussed.

Once in the lymph node, naive T cells encounter cDCs carrying antigen from
peripheral tissues. Upon recognition of an antigen matching its TCR specificity, T
cells require three signals for activation. The first signal is the antigen presented
in the context of MHC, which causes a synapse to form between the T cell and
cDC and functions to hold the two cells together (Smith-Garvin et al., 2009). The
second signal is costimulation: these are signals from other receptors on the T
cell surface, whose ligands are expressed by APCs. One such receptor is CD28,
which recognises costimulatory molecules CD80 and CD86 (Smith-Garvin et al.,
2009). The third signal comes from cytokines produced by the APC, which direct
T cell differentiation and provide survival and proliferation cues (Curtsinger et

al., 2003). Recognition of cognate antigen in the absence of co-stimulation
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signals results in T cell anergy, while the three signals together drive
differentiation and proliferation of the T cell clone (Curtsinger et al., 2003).
After this is complete, activated T cells migrate to the tissue where their

antigen originated (Mora et al., 2003), and carry out effector functions.

Naive CD4* T cells can differentiate into various subsets based on the
surrounding cytokine environment. Each subset requires distinct cytokines for
differentiation and plays a unique role in the immune response. Thus, T cell
polarisation allows for fine tuning of the response to combat different types of
pathogens (Hilligan and Ronchese, 2020). The main CD4* T cell subsets are Th1,
Th2, Th17, and Treg, which all show distinct functions. The cytokines required
for subset polarisation, as well as the phenotype and roles of each subset, are
depicted in Figure 1-4. The key subsets discussed in this thesis are Th1 and Th17
effectors, which are involved in the host response to bacteria, and Tregs, which
regulate immune responses and maintain homeostasis (Hilligan and Ronchese,
2020). Mice lacking a microbiota reportedly have fewer Th1 and Th17 cells,
indicating that the microbiota drives expansion of these subsets at steady state
(Sorini et al., 2018). Specific bacterial species preferentially induce different
subsets, with the Clostridia family generally driving Treg responses while

segmented filamentous bacteria (SFB) drive Th17 expansion (Sorini et al., 2018).
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Figure 1-4: CD4" T cell activation and polarisation

Naive CD4* T cells are polarised into different effector subsets based on the cytokine environment
at the time of activation. They require three signals for activation: ligation of the TCR by a peptide-
MHCII complex, costimulatory signals, and activating cytokines. Th1 cells differentiate in response
to IL-12 and produce IFNy and TNFa for targeting intracellular pathogens like bacteria and viruses.
Th2 cells require IL-4 for differentiation and produce type 2 cytokines IL-4, IL-5, and IL-13. They
are involved in the response to parasites and allergens. Th17 cells differentiate in response to IL-6,
TGFB, and IL-23, and produce IL-17A, IL-17F, and IL-22 for the response to extracellular
pathogens including bacteria and fungi. Tregs differentiate in response to TGF and retinoic acid,
then produce IL-10 and TGFf for immune regulation and maintenance of homeostasis. This figure
was created using BioRender.com.

Tregs are the critical cell type required to maintain the intestinal immune
system in a tolerogenic state. They are identified by expression of the
transcription factor forkhead box P3 (Foxp3) and high CD25 (Tanoue et al.,
2016). Treg function was identified by the findings that their depletion caused
multi-organ autoimmune disease (Sakaguchi et al., 1995), and that they were
capable of suppressing colitis driven by naive T cells (Powrie et al., 1993). Tregs
produce the critical regulatory cytokine IL-10 which is required for maintenance
of intestinal homeostasis (Rubtsov et al., 2008). They also produce TGFB, a
cytokine with roles in CD4* T cell regulation, immune suppression, and healing
(Li et al., 2007). Two subsets of Treg exist based on their development. The first
are called natural Tregs (nTreg) and develop in the thymus based on a specific
selection process (de Lafaille and Lafaille, 2009). The second are induced in the

periphery from naive CD4* T cells, when the TCR is activated under certain
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conditions. This subset are therefore termed induced Tregs (iTreg) and are most
prevalent at mucosal sites, particularly the intestine (de Lafaille and Lafaille,
2009). In the gut, iTreg differentiation requires TGFB and retinoic acid
production by cDCs (Sun et al., 2007). Many iTregs are specific for commensal
bacteria and dietary materials, demonstrating how tolerance to harmless
antigens is achieved (Lathrop et al., 2011, Kim et al., 2016). While microbiota-
reactive T cells are found in healthy individuals, the distribution and phenotype
of these cells are altered in IBD (Hegazy et al., 2017). Furthermore, it has been
suggested that commensal-reactive T cells can be redirected during
inflammation, for example following pathogen infection, resulting in conversion
to a Th1 phenotype (Hand et al., 2012). The importance of Tregs in intestinal
homeostasis is further highlighted in Sections 1.4 and 1.5, where IBD and

experimental murine colitis models are discussed.

1.3 Microbiota

The microbiota is the collective term for the trillions of microbes which reside in
the mammalian body. These include bacteria, protozoa, fungi, and viruses, and
are mostly found at mucosal sites which have an environmental interface.
Mammalian hosts have coevolved with their microbiota, resulting in a complex
symbiotic relationship. While the mammal provides a habitat and energy source
for microbes, the microbiota in turn provides a range of beneficial functions for
host physiology (Belkaid and Harrison, 2017). The impact of the microbiota on
host immune function is only beginning to be understood, with recent studies
highlighting how microbial composition can impact therapeutic and vaccine
outcomes (Rosshart et al., 2017, Collins and Belkaid, 2018). Here, the beneficial
effects of the microbiota are discussed, including the key mechanisms by which

microbial colonization impacts immune system development and function.

1.3.1 Physiological functions of the microbiota

The microbiota impacts host physiology in a multitude of ways. Crucially,
microbes perform various metabolic functions which produce nutrients and
useful metabolites for host physiological processes (Sommer and Backhed, 2013).
This includes the digestion of dietary fibre, which results in the production of

short chain fatty acids (SCFA) from indigestible complex polysaccharides
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(Morrison and Preston, 2016). Components of the microbiota can also carry out
de novo vitamin synthesis, including vitamin K and various B vitamins (Hill,
1997). Dietary vitamin A is metabolised to produce retinoic acid, which is an
important regulator of host gene expression and immunity (Bonakdar et al.,
2022). While the host is capable of performing this metabolism, the gut
microbiota performs a vital contribution to this process (Bonakdar et al., 2022).
Another example is the metabolism of bile acids. These are produced in the liver
and released into the Sl after food ingestion. While the majority are reabsorbed,
some travel to the large intestine where they are metabolised by the microbiota
to produce secondary bile acids (Wahlstrom et al., 2016). Secondary bile acids
are recognised by various receptors, driving gene transcription and impacting
cellular metabolic processes (Wahlstrom et al., 2016). Thus, the microbiota
increases the metabolic capacity of the host, and aids in the production of
nutrients and immune mediators. Another major benefit of the microbiota is its
occupation of niches which would otherwise be targeted by pathogens. This is
termed colonization resistance, and the importance of this effect can be
demonstrated by the increased susceptibility to infection which comes with

antibiotics use (Caballero-Flores et al., 2023).

Host development and morphogenesis also appear to be regulated by the
microbiota, particularly in the Gl tract. Germ-free (GF) mice lack a microbiota
and reportedly show reduced intestinal surface area, impaired epithelial
proliferation, and decreased peristalsis (Sommer and Backhed, 2013). The gut
microbiota has been shown to induce vascular remodelling, driven by a complex
signalling loop which drives angiogenesis (Reinhardt et al., 2012). Furthermore,
the formation of lymphoid tissue is regulated by the presence of microbes. The
microbiota is required for certain types of GALT development, including the
maturation of ILFs (Bouskra et al., 2008). Tertiary lymphoid tissue (TLT), thought
to develop at sites of inflammation, functions as an additional site for adaptive
immune priming (Garcia-Villatoro et al., 2024). The microbiota has been
implicated in TLT formation, through a mechanism involving the aryl
hydrocarbon receptor (AHR). The ligands for AHR include tryptophan
metabolites, produced by microbes through the metabolism of dietary

components (Garcia-Villatoro et al., 2024). Together, these studies provide
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evidence of the important impact the microbiota has on host physiology and

development.

1.3.2 Shaping of the immune system by the microbiota

The mammalian immune system has been shaped by its co-evolution with the
microbiota. Only in the last two decades has the extent of this impact been
appreciated, as new tools have allowed for in depth analysis of the microbiome.
Still, much of what we know about microbial effects comes from GF animals,
which were first generated in the 1940s (Yi and Li, 2012). Now, the process of
rederivation has enabled embryos from any genetic strain to be raised in a GF
environment, allowing the interplay between specific immune components and
the microbiota to be studied (Hooper et al., 2012). Antibiotics have been used
for years to test how microbiota depletion affects host physiology. While this is a
cheaper and easier alterative to GF, it is not entirely effective as some microbes
are unaffected (Hooper et al., 2012). Another important advance has been the
development of next-generation sequencing technologies. Bacterial genomes
include a conserved 16S ribosomal RNA subunit, which contains unique
sequences specific to individual bacterial species. Sequencing of this subunit has
resulted in a much greater understanding of microbiome complexity and has
provided a platform to study how the microbiota changes in different contexts of
health and disease (Hooper et al., 2012). Despite this, many microbial sequences
belong to species which have not yet been characterised. The advent of new
culture techniques to investigate previously unstudied species will allow for

further advances in our understanding of host-microbiota interactions.

The key events which shape microbiota composition are birth and weaning
(Backhed et al., 2015). The neonatal immune system is thought to have an
immature phenotype, with microbial colonization playing a fundamental role in
education and maturation of immune function (Gollwitzer and Marsland, 2015).
Alterations to early life microbial exposure, for example through antibiotics, can
drive long term changes to microbiota composition. Many chronic immune-driven
pathologies have been linked to early life events (Gollwitzer and Marsland,
2015). A crucial timepoint occurs at weaning, as the increase in microbial
exposure drives an immune response known as the ‘weaning reaction’ (Al

Nabhani et al., 2019). This reaction is characterised by production of
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proinflammatory and antimicrobial mediators, including TNFa and IFNy, as well
as the generation of Tregs (Al Nabhani et al., 2019). Prevention of this reaction
using antibiotics results in pathological imprinting of the immune system, driving
increased susceptibility to colitis, airway inflammation, and cancer (Al Nabhani
et al., 2019). GF mice show various immune defects, including reduced intestinal
T cell numbers and an increased Th2:Th1 ratio (Gensollen et al., 2016). Altered
numbers and function of airway myeloid cells in the GF lung drive increased
susceptibility to allergic airway inflammation (Herbst et al., 2011). GF animals
also show elevated serum IgE levels, the antibody class associated with type 2
allergic responses. Microbial exposure during a specific early window is required
to limit IgE production, protecting against anaphylactic responses (Cahenzli et
al., 2013). Importantly, GF mice show marked impairment to BM
haematopoiesis, resulting in decreased numbers of neutrophils and monocytes in

the BM and a reduction in splenic macrophage numbers (Khosravi et al., 2014).

It is now understood that, rather than ignoring it, the immune system constantly
generates microbiota-specific responses. These responses function to manage
the symbiotic relationship between microbes and the host. The key factor which
differentiates these responses from those against a pathogen is the absence of
inflammation, leading to the term ‘homeostatic immunity’ (Belkaid and
Harrison, 2017). The outcome of these homeostatic responses for immune
function are only beginning to be understood. For example, microbiota-derived
antigens are recognised by many B and T cell clones, leading to robust antibody
and T cell responses (Ansaldo et al., 2021). Microbiota-specific IgG is induced at
steady state but has been shown to protect against systemic infection with the
pathogen Salmonella typhimurium (Zeng et al., 2016). Individual species, such
as Bacteroides fragilis, have been shown to drive T cell expansion and lymphoid
organogenesis (Mazmanian et al., 2005). These responses appear to protect
against colitis (Mazmanian et al., 2008). Colonization of the skin with
Staphylococcus epidermis was reported to induce CD8* T cells which produce IL-
17A and protect against fungal infection (Naik et al., 2015). As well as adaptive
immune priming, the microbiota also modulates innate responses. One example
is the priming of neutrophil functions by microbiota-derived PAMPs, resulting in
protection against systemic Staphylococcus aureus infection (Clarke et al.,

2010). These studies illustrate many ways in which the microbiota impacts host
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immunity, providing beneficial immune priming which protects against disease

outcomes.

1.3.3 Dysbiosis and disease

With the increasing body of evidence surrounding the beneficial functions of the
microbiota, it stands to reason that perturbations to these functions can have
harmful effects on the host. The term ‘dysbiosis’ describes alterations or
imbalance of the microbiota and is often associated with disease - both in the
intestine and throughout the body (Levy et al., 2017). Many factors can drive
dysbiosis, including diet, infection, inflammation, therapeutics, and antibiotics.
Host genetics also have an important effect, particularly genes associated with
immunity and the intestinal barrier (Levy et al., 2017). The problem with the
association between dysbiosis and disease is determining whether dysbiosis is a
cause or correlation. Many of the factors which drive dysbiosis are present in a
disease setting, and in the event that dysbiosis precedes disease, it is unlikely
that this would be picked up in an asymptomatic patient. This has been
attempted in patients who are at risk of developing rheumatoid arthritis (RA), a
chronic autoimmune condition affecting the joints. At risk individuals were
identified based on the presence of autoantibodies and new musculoskeletal
symptoms but did not yet present with clinical RA (Rooney et al., 2021). These
individuals showed significant differences in microbiota composition compared
to healthy controls (Rooney et al., 2021). While this suggests that dysbiosis may
precede clinical RA, it is still unclear when this dysbiosis occurs relative to
autoantibody production and symptom onset. Another study addressed the same
question in asymptomatic individuals who were positive for genetic
polymorphisms associated with RA (Wells et al., 2020). They found that genotype
was associated with alterations to the gut microbiota in the absence of disease,
again suggesting that dysbiosis may be an early event in RA pathogenesis (Wells
et al., 2020).

While it is still unclear whether dysbiosis plays a causative role in autoimmune
and inflammatory disease, the idea of targeting the microbiota as a therapeutic
approach is gaining interest. Dysbiosis can encompass various features, including
a loss of commensal species, loss of diversity, and an increase in opportunistic

pathogens or ‘pathobionts’ (discussed in Section 1.5) (Levy et al., 2017).
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Attempts to reverse these effects have been made using pro- and prebiotics,
which involve the administration of live beneficial species or ingredients which
stimulate commensal growth, respectively (Walker and Lawley, 2013). However,
due to factors such as colonization resistance, these approaches have limited
efficacy (Walker and Lawley, 2013). Another example is faecal microbiota
transplantation (FMT). This involves the transplantation of faecal microbes from
healthy donors to a patient experiencing dysbiosis, with the aim of remodelling
their microbiota (Yang et al., 2023). It was initially used as a treatment for
Clostridia difficile infection, which often occurs after antibiotics use when
commensal species are depleted (Yang et al., 2023). Now, clinical trials testing
the efficacy of FMT for other conditions are underway. One study reported that
FMT successfully induced remission in a cohort of IBD patients (Moayyedi et al.,
2015). However, other studies found no significant changes to disease (Rossen et
al., 2015). It is clear that a greater understanding of host-microbiota
interactions is required for successful therapeutic targeting of the microbiota.

The next section covers IBD, including involvement of the microbiota.

1.4 Inflammatory bowel disease

IBDs are chronic inflammatory conditions affecting the Gl tract. The two most
common forms are Crohn’s disease (CD) and ulcerative colitis (UC), which display
distinct disease mechanisms and locations (Kaplan, 2015). Both diseases involve
a complex interplay between genetic susceptibilities and environmental drivers
which ultimately leads to a breakdown of intestinal homeostasis and immune-
mediated pathology (Friedrich et al., 2019). IBD presents as a relapsing-
remitting condition, with symptoms including diarrhoea, cramping, abdominal
pain, weight loss, and rectal bleeding (Veauthier and Hornecker, 2018). Without
treatment, IBD can cause severe complications, including intestinal perforation,
bowel obstruction, abscesses, cancer, and malnutrition. Other extraintestinal
complications include osteoporosis, thrombotic events, anaemia, and depression
(Veauthier and Hornecker, 2018). IBD is associated with industrialised countries,
with incidence in the Western world increasing since the 20t century, and
prevalence now increasing throughout Asia, South America, and other more
recently industrialised areas (Kaplan, 2015). The increasing global burden of IBD
presents a huge cost to healthcare systems. While therapeutic advances have

been made, many patients do not respond to treatment. There is a need for
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increased understanding of disease mechanisms in order to develop personalised
treatment based on disease stratification.

1.4.1 IBD pathogenesis

While the specific trigger for IBD is unknown, a key event in the pathogenesis is
the breakdown of epithelial barrier function (Friedrich et al., 2019). This occurs
due to a combination of genetic and environmental risk factors, which cause
altered epithelial barrier function, microbial translocation, and a dysregulated
immune response (Neurath, 2014). The result of this can be subclinical, acute,
or chronic inflammation affecting distinct areas of the Gl tract and leading to
tissue damage and other complications (Neurath, 2014). Genome-wide
association studies (GWAS) have linked over 200 genetic loci with IBD,
identifying the involvement of genes associated with epithelial barrier function,
innate immunity, adaptive immunity, autophagy, and microbial sensing (Jostins
et al., 2012, Liu et al., 2015a, Uhlig and Powrie, 2018). Environmental risk
factors include the microbiota and dysbiosis, diet, infections, smoking, and
stress (Neurath, 2014).

It is clear that disruption to microbial sensing pathways and loss of intestinal
barrier function leads to an altered relationship with the microbiota in IBD. For
example, mutations in NOD2 have been associated with CD risk in European
cohorts (Liu et al., 2015a). NOD2 recognises muramyl dipeptide (MDP), a
component of bacterial peptidoglycan (Girardin et al., 2003). Mice deficient in
NOD2 show microbial dysbiosis, reduced expression of antimicrobial genes, and
altered Peyer’s patch composition (Al Nabhani et al., 2016). Another IBD
susceptibility gene is CARD9, which encodes a signal adaptor protein
downstream of many PRRs (Lamas et al., 2016). Studies in Card9’- mice again
showed dysbiosis as a result of the deficiency and demonstrated a link between
CARD9 and tryptophan metabolism (Lamas et al., 2016). Tryptophan metabolites
stimulate immune responses through the AHR, which has been shown to
contribute to maintenance of epithelial barrier integrity (Metidji et al., 2018).
These studies highlight the importance of microbial recognition pathways in the
maintenance of intestinal homeostasis and emphasize how defects in these
pathways can disturb homeostasis and lead to altered barrier function. IBD

patients often present with ‘leaky gut’ syndrome, defined as increased intestinal
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permeability (Camilleri, 2019). This results in translocation of bacteria and
bacterial products from the intestinal lumen into the tissue and systemic
circulation. Bacterial DNA has been reported in the serum of IBD patients
(Gutiérrez et al., 2009) and has been associated with increased risk of
hospitalization (Gutiérrez et al., 2016). Together, these alterations to the host-
microbiota relationship can result in excessive inflammatory responses, causing
the pathology in IBD (Neurath, 2014).

Cytokines produced by both the innate and adaptive immune systems drive
inflammation in IBD, playing a fundamental role in pathogenesis (Neurath, 2014).
Mutations to IL23R, the IL-23 receptor, have been associated with both CD and
UC (Liu et al., 2015a), indicating a role for this cytokine which is discussed
further in Section 1.5.2. Inflammation is initiated by innate-derived cytokines
downstream of PRR signalling, including IL-18 and IL-18 produced following
inflammasome activation (Friedrich et al., 2019), and genetic knockout of these
cytokines has been shown to ameliorate disease in murine colitis models
(Impellizzeri et al., 2018). Furthermore, IL-18 has been implicated in driving
colitis caused by loss of IL-10 signalling, which can be treated with an IL-1
receptor antagonist (Shouval et al., 2016). Another key cytokine in IBD is TNFa,
derived largely from monocytes and macrophages. It is produced at high levels in
experimental colitis (Powrie et al., 1994) and has been associated with epithelial
cell death (Pott et al., 2018). Importantly, targeting of TNFa as a therapeutic
option was instigated after the finding that its neutralization was protective
against disease in various murine colitis models (Powrie et al., 1994, Kojouharoff
et al., 1997). Indeed, much of our understanding of the cytokine networks
driving inflammatory disease has been gained through the use of blocking
antibodies to study the effect of individual cytokines on disease outcome.
Today, many of the therapeutics licensed for use against IBD target elements of
different cytokine signalling pathways. These include multiple antibodies
targeting TNFa (Danese et al., 2015) and targeting the shared subunit of IL-12
and IL-23 (Feagan et al., 2016). Additional therapeutics targeting IL-23, JAK
signalling pathways downstream of cytokine receptor engagement, and other
elements of Th17 effector responses are currently in clinical development
(Moschen et al., 2019). The key events which occur during IBD pathogenesis are

summarised in Figure 1-5.



43

AAN Microbial
/v dysbiosis
Barrier o o

dysfunction s,

Bacterial
translocation

//f—\ macrophage
( \
TNFa 1 Th1 | Monocyte TNFa
IFN \\V/ IL-6
y IL-18
IL-17

IL-22 @ Dysregulated s
immune :
T  activation —

Figure 1-5: Summary of events in IBD pathogenesis

IBD involves an altered relationship with the microbiota, characterised by dysbiosis, host barrier
dysfunction, and bacterial translocation into host tissue. Microbial antigens activate innate immune
responses from cDCs and macrophages which produce cytokines to recruit and activate other
immune cells. This leads to the infiltration of monocytes and neutrophils and differentiation of Th1
and Th17 cells. Defects in immune regulation result in a dysregulated immune response which
leads to continued tissue damage and chronic pathology. This figure was created using
BioRender.com.

1.4.2 T cells in IBD

Since the finding that naive CD4 T cells could drive colitis in the absence of
Tregs (Powrie et al., 1993), much work has been done to define the role of
different effector T cell populations in IBD. The production of polarising
cytokines by innate immune cells drives the differentiation of specific effector
populations (Friedrich et al., 2019). IL-12 induces differentiation of Th1 cells,
while IL-23 (along with IL-6 and TGFB) supports Th17 differentiation and function
(Teng et al., 2015). Both subsets contribute to intestinal inflammation, as
evidenced in murine colitis models (Morrison et al., 2013). In IBD patients, not
only are Th17-associated genes implicated through GWAS (Liu et al., 2015a), but
Th17 cells have been shown to infiltrate the site of inflammation (Péne et al.,
2008). Elevated IL-17 levels have been demonstrated in the colon and serum
during both active UC and CD (Fujino et al., 2003). Despite this, a clinical trial
targeting IL-17 in CD was discontinued due to adverse effects and ineffectiveness

(Hueber et al., 2012). This was suggested to be due to important homeostatic
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effects of IL-17 in the intestine which had not previously been understood
(Hueber et al., 2012). Conversely, IL-23 has been shown to promote a more pro-
inflammatory Th17 phenotype. It is required for the acquisition of IFNy
production by Th17 cells (Hirota et al., 2011), while also limiting Treg activity in
colitis models (Izcue et al., 2008). Indeed, IL-23 is required to drive disease in
many murine colitis models (Hue et al., 2006, Kullberg et al., 2006, Buonocore
et al., 2010), and clinical trials targeting IL-23 have shown good efficacy as a
treatment for CD (d'Haens et al., 2022). These studies demonstrate the
heterogeneity of intestinal Th17 responses, which is discussed further in Section
1.5.2.

The homing of T cells to the intestine is mediated by various adhesion and
signalling molecules (Soler et al., 2009). To home to the intestine, T cells are
required to express the integrin a4B7 and the chemokine receptor CCR9 (Mora et
al., 2003). The imprinting of this gut-homing phenotype occurs following antigen
presentation by intestinal cDCs (Mora et al., 2003). As such, another therapeutic
which has shown success in IBD is Vedolizumab, an antibody targeting the a487
integrin (Sandborn et al., 2013). Vedolizumab inhibits the binding of a4B7 to its
ligand mucosal addressin cell adhesion molecule-1 (MAACAM-1), thus preventing
the infiltration of activated T cells to the intestine (Soler et al., 2009). The
efficacy of this treatment highlights the requirement for T cells to drive the
chronic pathology associated with IBD. However, IBD remains a heterogeneous
disease, and not all patients respond to Vedolizumab. A current focus of IBD
research is the search for potential biomarkers to identify response or non-
response to different biologic treatments (Boden et al., 2018, Soendergaard et
al., 2018). This could allow for the stratification of patients by disease
mechanism and corresponding personalised treatment plans, thus avoiding

unnecessary healthcare costs and patient side effects.

1.4.3 The microbiota in IBD

IBD has been associated with alterations to intestinal microbiota composition,
including decreased diversity and changes to the relative abundance of specific
bacterial families (Frank et al., 2007, Willing et al., 2010, Erickson et al., 2012,
Pisani et al., 2022). What is less clear is whether these alterations are a cause or

effect of the inflammation and other changes to barrier and immune functions
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associated with IBD. Regardless, the ensuing dysbiosis is associated with changes
to the metabolic output of the microbiota, with knock-on effects on host
physiology and immune function (Gilbert et al., 2016). One example of this is
the production of SCFA, which are produced by bacterial fermentation of dietary
carbohydrates and have many documented beneficial effects on host immune
and epithelial cells (Furusawa et al., 2013, Chang et al., 2014, Zheng et al.,
2017). Patients with IBD have significantly reduced levels of faecal SCFAs (Huda-
Faujan et al., 2010), demonstrating one mechanism by which dysbiosis can

affect immune function and homeostasis in IBD.

The specific microbial changes associated with IBD tend to include proportional
decreases in certain bacteria, such as the Firmicutes phylum, and relative
increases in others, including Proteobacteria (Ni et al., 2017). However, studies
in twins and family members have demonstrated that these changes are
associated with IBD status, rather than as a result of genetics or shared
environment (Willing et al., 2010, Joossens et al., 2011). The timing of the
dysbiosis in relation to disease onset, however, remains unclear. Other factors
which have been shown to independently drive dysbiosis in addition to
inflammation include the use of antibiotics and diet (Lewis et al., 2015).
Conversely, therapeutics to reduce inflammation can reverse dysbiosis (Lewis et
al., 2015). The interplay between these factors in IBD presents a challenge for
unpicking the contribution of specific environmental triggers to pathogenesis.
Another example is the effect of infections on IBD susceptibility. Certain strains
of adherent-invasive Escherichia coli (AIEC) have been linked with IBD, although
to a differing extent in CD and UC (Darfeuille-Michaud et al., 1998, Martinez-
Medina and Garcia-Gil, 2014). AIEC can invade epithelial cells and may facilitate
bacterial translocation by weakening epithelial barrier strength, as well as being
potent inducers of TNFa (Martinez-Medina and Garcia-Gil, 2014). However, these
species are also found in the microbiota of healthy individuals. Their
pathogenicity may only arise in the presence of a weakened intestinal barrier,
such as those found in IBD patients, so it is difficult to discern whether these
species drive IBD or simply potentiate disease in susceptible individuals.
Nonetheless, Clostridium difficile infection in IBD patients has been associated
with increased mortality compared to uninfected IBD (Ananthakrishnan et al.,

2008), indicating that enteric infections can worsen disease severity.
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The importance of the microbiota in IBD pathogenesis has also been emphasised
through the success of therapeutics which act by modulating microbial
composition. For example, antibiotics have been suggested to improve clinical
outcomes and even induce remission in IBD patients when trialled as a
therapeutic (Khan et al., 2011, Wang et al., 2012). This is in contrast to the use
of antibiotics acting as a risk factor for IBD development (Lewis et al., 2015).
This apparent contradiction suggests that while antibiotics can act as a trigger
for dysbiosis, once this dysbiosis and disease has developed it may be beneficial
to remove the bacteria which act as a target for dysregulated inflammatory
responses. Similarly, a very successful treatment for paediatric CD is exclusive
enteral nutrition (EEN), which has been shown to induce remission in a high
percentage of patients and promote intestinal healing (Svolos et al., 2019). EEN
is a diet-based treatment option, which appears to work by modulating
microbiota composition and altering metabolite production (Gerasimidis et al.,
2014). EEN excludes gluten, lactose, and alcohol from the diet, and is
importantly very low in fibre (Svolos et al., 2019). This presents another
contradiction, as low fibre intake is associated with the Western diet, which acts
as another risk factor for IBD (Simpson and Campbell, 2015). Lack of fibre has
been associated with a decrease in Firmicutes and increase in Proteobacteria
species in non-IBD individuals (Simpson and Campbell, 2015). However, it
appears that once IBD has developed, modulating the microbiota through lack of
fibre can have beneficial outcomes (Svolos et al., 2019). These studies again
highlight the complexity of IBD and demonstrate the need for increased

understanding of host-microbiota interactions in this context.

1.4.4 Mouse models of IBD

While there are many aspects of IBD pathogenesis which remain poorly
understood, murine disease models have provided major insights into
pathogenetic mechanisms and therapeutic options. These models have helped to
increase understanding of mucosal immunology, and the mechanisms required to
maintain intestinal homeostasis. Different models vary in their mechanism of
induction, pathogenesis, and involvement of the microbiota (Kiesler et al.,
2015). While no model perfectly recapitulates IBD, different models can be used

to study specific aspects of the mucosal inflammatory response. Several of the
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most commonly used IBD models are discussed below, although others exist

which have also provided important insights.

Among the most prevalently used is dextran sulphate sodium (DSS) induced
colitis. This model involves the administration of DSS, a sulphated
polysaccharide, into the drinking water of rodents, causing colonic epithelial
injury (Kiesler et al., 2015). The subsequent barrier dysfunction causes
pathological inflammatory responses targeted against the microbiota, resulting
in an acute colitis (Kiesler et al., 2015). Alternatively, multiple rounds of
treatment can be used to induce chronic inflammation, and disease severity
develops in a reproducible, dose-dependent manner (Eichele and Kharbanda,
2017). Crucially, DSS drives colitis in severe combined immunodeficiency (SCID)
mice, which lack T and B cells, demonstrating the ability of the innate immune
system to drive pathology in this model (Dieleman et al., 1994). Thus, DSS colitis
has been used to study the contribution of innate cells, including macrophages
and neutrophils, to intestinal pathology (Kiesler et al., 2015). The epithelial
barrier damage induced by DSS resembles the pathology found in UC but does
not capture the full heterogeneity or complexity of IBD (Eichele and Kharbanda,
2017). Furthermore, the mechanism of disease induction is likely to be quite
different in human IBD, and there are key differences in the T cell responses
induced in chronic DSS models compared to IBD (Kiesler et al., 2015). However,
as in human disease, DSS causes microbiota alterations which are likely driven
by, or exacerbated by, the ongoing inflammatory response (Hakansson et al.,
2015). The microbiota has also been shown to play a key role in regulating the
severity of DSS colitis, with specific bacterial species associated with either
disease protection or aggravation (Forster et al., 2022). Despite this, it has been
reported that DSS can induce colitis in GF mice, suggesting that there are
microbiota-independent mechanisms which contribute to disease (Bylund-
Fellenius et al., 1994). Together, the DSS model has provided a reproducible and
inexpensive means to study intestinal immune pathology, although it does not

mimic every aspect of human disease.

Other common chemically induced colitis models involve a different mechanism
of disease induction. The 2,4,6-trinitro benzene sulfonic acid (TNBS) and
oxazolone models work by intrarectal administration of haptenating agents. The

result of this is the induction of chronic T cell responses targeted against
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hapten-modified host proteins (Wirtz et al., 2007). The T cell responses differ in
each model, with Th1 being the dominant effector response in TNBS colitis,
while oxazolone induces Th2 responses (Kiesler et al., 2015). As in DSS colitis,
these T cell responses bear differences to those seen in IBD. A different model
which more accurately recapitulates IBD T cell responses is T cell transfer colitis
(Powrie et al., 1993). This system involves the adoptive transfer of naive CD4 T
cells into lymphopenic recipients, such as SCID or recombination activating gene
(RAG) - mice. This causes T cell-mediated inflammatory responses targeted
against the microbiota, due to the lack of Tregs in these recipients. In contrast,
when Tregs are transferred along with naive T cells, colitis is prevented (Powrie
et al., 1993). The T cell responses induced in this setting are more
representative of those seen in IBD, with a mixed Th1 and Th17 response
induced. Furthermore, inflammation is prevented in IL-23"/- mice, demonstrating
the requirement for this cytokine (Hue et al., 2006). As with human IBD,
pathology in this model is dependent on the microbiota (Aranda et al., 1997). T
cell transfer colitis is therefore a useful system to study bacteria induced T cell
responses and immunopathology, although it bears limitations due to the use of

immunodeficient mouse strains.

Finally, mice lacking IL-10 have been shown to develop spontaneous colitis (Kihn
et al., 1993). This is important as polymorphisms to the IL10 gene have been
shown to contribute to both CD and UC susceptibility (Franke et al., 2008,
Franke et al., 2010). Indeed, deficiencies in IL-10 and its receptor are associated
with very early onset IBD (VEO-IBD), which is a severe form of IBD with distinct
clinical manifestations and therapeutic responsiveness (Zhu et al., 2017). In
1110”7~ mice, the inflammation is characterised by IL-12/23 and IFNy production,
although Th2 effector cytokines such as IL-13 can become apparent at later
stages of disease (Spencer et al., 2002). Critically, IL-10 deficiency does not
cause colitis in GF mice, demonstrating that pathology in this model is driven by
dysregulated responses to the microbiota (Sellon et al., 1998). Furthermore,
colitis develops to some extent in mice with a Treg-specific IL-10 deletion,
which highlights the indispensable function of these cells in regulating intestinal
homeostasis (Rubtsov et al., 2008). Colitis driven by loss of IL-10 signalling is
examined further in the following section, as the role of specific bacterial

species in the induction of intestinal pathology is discussed.
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1.5 Helicobacter hepaticus as an experimental model

1.5.1 Characterisation of Helicobacter hepaticus

Helicobacter hepaticus (Hh) was first characterised in immunodeficient mouse
strains which spontaneously developed chronic hepatitis (Ward et al., 1994, Fox
et al., 1994). It was initially isolated from the liver but was found to primarily
colonize the caecal and colonic mucosae. Further characterisation determined
that Hh required low oxygen concentrations for survival, had a flagellated, spiral
morphology, and was gram-negative (Ward et al., 1994, Fox et al., 1994).
Analysis of the 16S subunit led to its identification as a novel enterohepatic
Helicobacter species, with high sequence similarity to Helicobacter muridarum
(Ward et al., 1994, Fox et al., 1994). Helicobacter species fall in the
Proteobacteria phylum and are found naturally in the microbiota of various
mammals, occupying distinct niches along the Gl tract (Ménard and Smet, 2019).
The most well characterised species found in humans is Helicobacter pylori,
which colonizes the gastric epithelium and infects around half of the human
population, causing gastric cancer in a subset of people (Malfertheiner et al.,
2023). In contrast, Hh infects the murine large intestine and is not generally
found in humans, although case studies have been published reporting its
presence in patients with liver diseases (Hamada et al., 2009). Unlike the
majority of microbes residing in the Gl tract, Hh colonizes the surface of the
epithelium and is able to penetrate the mucus layer (Chan et al., 2005). This
allows Hh to colonize the space within epithelial crypts, an area which was

previously thought to be sterile.

Despite this initial link between Hh and hepatitis and hepatocellular tumours,
these pathologies only occur as a result of colonization in certain inbred mouse
strains (Ward et al., 1994, Fox et al., 1994). Around the same time, reports were
published demonstrating that mice deficient in IL-10 develop spontaneous
intestinal inflammation (Kuhn et al., 1993, Berg et al., 1996). This was also
found to occur in various other immunodeficient mouse strains, including those
lacking T and B cells such as SCID mice, and athymic mice (Ward et al., 1996,
Foltz et al., 1998). These strains and others developed spontaneous intestinal
pathology, characterised by typhlitis (inflammation of the caecum), colitis, and

in some cases, rectal prolapse (Ward et al., 1996, Foltz et al., 1998). Many of
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these mice were found to be naturally infected with Hh, yet, interestingly,
immunocompetent animals showed no disease (Ward et al., 1996). Furthermore,
disease did not develop in GF animals, indicating that a microbial component
was required (Cahill et al., 1997). Cahill et al. then confirmed that Hh was
sufficient to drive this pathology by infecting immunodeficient mice and
performing adoptive transfer of naive CD4 T cells, which led to a severe disease
resembling human IBD (Cahill et al., 1997). It was then demonstrated that
infection of IL-10/- mice with Hh resulted in the same chronic colitis (Kullberg et
al., 1998). These early studies established a link between Hh and intestinal
inflammation and crucially demonstrated that this inflammation only occurs in

the absence of immune regulation.

The finding that Hh did not cause disease in immunocompetent animals led to its
later classification as a ‘pathobiont’ (Chow et al., 2011). This term was
designated to describe microbes which generally behave as commensal,
symbiotic members of the microbiota, but which have the capacity to induce
pathology under specific conditions (Chow et al., 2011). This context-dependent
response sets these species apart from traditional pathogens and provides an
interesting model to study how harmful immune responses are normally
controlled. These pathobiont species are found in the microbiota of all mammals
and include various Helicobacter species as well as bacteria from other families
(Jeffery et al., 2022). These species tend to drive pathology in the absence of
key immune regulatory elements, such as IL-10 signalling, Tregs, or TGFB, or in
hosts with mutations in genes associated with antimicrobial functions (Jeffery et
al., 2022). It is clear that pathobionts exert a range of effects on host immunity,
although these effects are only beginning to be understood. Recent work
comparing the microbiome of wild mice to that of laboratory mice demonstrated
that, compared to wild mice, pathobionts are underrepresented in laboratory
animals (Rosshart et al., 2019). Wild animals had far higher relative abundance
of Proteobacteria and Helicobacteraceae compared to conventional laboratory
mice (Rosshart et al., 2019). This again highlights the caveats of using laboratory
animals for research, as the vast differences in their microbial content can lead
to differences in immune function and response to therapeutics (Rosshart et al.,
2017, Rosshart et al., 2019). However, pathobiont species are still found in many

laboratory animals, which presents challenges for producing reproducible data
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across animal facilities. For example, Hh has been recorded in both laboratory
mice and those from commercial vendors, including mice that are technically
classified as specific-pathogen free (SPF) (Shames et al., 1995, Taylor et al.,
2007). This remains an issue despite the existence of sensitive screening assays
(Ge et al., 2001, Feng et al., 2005).

1.5.2 Pathogenesis of Hh induced colitis

The characterisation of Hh and the finding that its infection alone could trigger
disease in genetically susceptible hosts led to its use as a model of bacteria
induced IBD. Research went into understanding the pathogenesis of the disease
and determining the immune mechanisms which drive it. Previous work using the
naive (CD45RB"") CD4* T cell transfer model of colitis had determined that
differentiated effector T cells drove colitis in immunodeficient mice, while co-
transfer of CD45RB'" T cells (now understood to be Tregs) prevented colitis
(Powrie et al., 1993). Interestingly, Hh colonization was reported to drive colitis
in the absence of T and B cells, although transfer of CD45RB"e" T cells
exacerbated disease (Cahill et al., 1997). The induction of T cell-independent
colitis by Hh was confirmed using RAG™/- mice, which lack T and B cells and
develop innate immune driven intestinal pathology (Maloy et al., 2003). As in
the T cell transfer model, Tregs contained within the CD45RB'" fraction were
able to suppress Hh induced colitis driven by both T cell-dependent and
independent mechanisms (Kullberg et al., 2002, Maloy et al., 2003). Suppression
of pathology by Tregs was dependent on IL-10 and TGFB (Maloy et al., 2003).

Colitis driven by Hh, as well as other models of IBD, were initially thought to be
mediated by the Th1-inducing cytokine IL-12 (Kullberg et al., 1998, Kullberg et
al., 2001). Treatment with anti-IFNy or anti-TNFa did not attenuate established
disease, although anti-IFNy had been shown to prevent colitis induction when
administered at the time of Hh infection (Kullberg et al., 1998, Kullberg et al.,
2001). In these studies, only anti-IL-12 abrogated established pathology (Kullberg
et al., 2001). This conclusion was later contested by the finding that the IL-12
cytokine consists of two subunits, p40 and p35, of which the p40 subunit is
shared with a related cytokine, IL-23 (Kullberg et al., 2006, Hue et al., 2006).
Early antibodies targeting IL-12 had in fact targeted the p40 subunit, thus also

neutralising IL-23 responses. Further investigations that selectively targeted the
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unique IL-12p35 or IL-23p19 subunits determined that IL-23, and not IL-12, is

essential for development of colitis in response to Hh, both by T cell-dependent
and innate mechanisms (Kullberg et al., 2006, Hue et al., 2006). Soon
afterwards, IL23R polymorphisms were associated with IBD in humans (Duerr
2006), highlighting its importance in driving chronic intestinal pathology.
Together, these discoveries changed our understanding of the mechanisms
driving IBD. At a similar time, IL-23 was implicated in the pathogenesis of other
models of inflammatory diseases, including experimental autoimmune
encephalomyelitis (EAE), a model for multiple sclerosis (Cua et al., 2003). These
results subsequently led to clinical testing of antibodies targeting IL-23 and
related pathways in the context of various autoimmune and inflammatory
diseases, including IBD (Moschen et al., 2019). Today, Ustekinumab is a licensed
treatment for IBD and other conditions, which targets both IL-12 and IL-23
(Feagan et al., 2016, Sands et al., 2019), while Risankizumab selectively targets
IL-23p19 and has shown efficacy in phase 3 clinical trials for CD (d'Haens et al.,
2022). The use of mouse models, including Hh colitis, in determining the
cytokine networks and mechanisms driving IBD have therefore been instrumental

in the search for new therapeutic strategies.

IL-23 was originally considered a driver of Th17 responses, however, elevated Th1
responses were also implicated in Hh induced colitis (Kullberg et al., 2006, Hue et
al., 2006). This suggested IL-23 could induce different effector T cell responses
depending on the context (Kullberg et al., 2006). Using IL-17A-reporter mice, it
was later shown that Hh infection of T cell-sufficient hosts induced differentiation
of Th17 cells that could be programmed to stop IL-17A production and begin
secreting IFNy, mimicking a Th1 response (Morrison et al., 2013). These cells have
become known as ‘exTh17 cells’ and have been reported in various autoimmune
and inflammatory conditions (Hirota et al., 2011). Along with their ability to
switch to a Th1-like phenotype and contribute to inflammatory pathologies, Th17
cells have also been reported to be able to develop into regulatory cells expressing
IL-10 (Xu et al., 2020). These studies demonstrate the plasticity of CD4 T cell
responses in various contexts, including bacteria-induced inflammation.
Additionally, during Hh colitis, the Th17 response itself appears heterogeneous
and has been shown to differ between locations within the Gl tract (Morrison et

al., 2015). Morrison et al. reported that loss of IL-17A had a worsening effect on
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caecal pathology, suggesting that IL-17A may have protective functions in the
cecum. In contrast, loss of IL-22 was protective in the colon, but not the cecum,
indicating that IL-22 may selectively drive pathology in the colon (Morrison et al.,
2015). They attributed these differences to varying expression of Th17 cytokine
receptors in different locations within the intestine. Given that Hh colonisation
varies throughout the intestine, and the newer evidence that innate PRRs are
differentially expressed by location (Price et al., 2018), it seems likely that the
reasons for different responses in distinct areas of the Gl tract are complex and

involve an interplay of microbial, innate, and adaptive factors.

The discovery of innate lymphoid cells (ILCs) furthered our understanding of the
innate response during Hh induced colitis. It was known that IL-23 also drove
innate mediated colitis but the specific pathways underpinning innate pathology
were less well understood. Buonocore et al. classified the ILC response to Hh in
RAG/- mice, demonstrating that these cells were increased in the intestine
following Hh infection and responded to IL-23 by producing IL-17 and IFNy
(Buonocore et al., 2010). It has since been shown that IL-22 and IL-18 contribute
to innate colitis via signalling to ILCs (Coccia et al., 2012, Eken et al., 2014).
Macrophages are also involved in driving innate pathology in T cell independent
Hh colitis models. Following infection, monocytes infiltrate the intestine and
mature into macrophages, where they begin secreting IL-23 and IL-18 - thus
contributing to intestinal pathology (Arnold et al., 2016). More recently it was
confirmed that the macrophages contributing to inflammation in Hh induced
colitis are immature, derived from infiltrating monocytes and express
intermediate levels of the maturation marker CX3CR1 (Bain et al., 2018). This
indicates that tissue resident mature macrophages do not change phenotype
during colitis, but rather the increased monocytic infiltration augments

pathology.

Finally, the role of the greater microbiota in the pathogenesis of Hh colitis has
become a focus of interest. GF IL-10”- mice do not develop colitis when
monocolonized with Hh, despite similar colonization levels (Nagalingam et al.,
2013). This indicates that induction of colitis is dependent on other microbial
species present in the host’s microbiota. It has also been shown that the ability
of Hh to drive disease in IL-10”- mice varies by animal facility (Yang et al.,

2013). IL-10 deficient animals from two facilities demonstrated clear differences
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in their response to Hh infection, with mice from one facility showing robust
disease while those from the second had no significant pathology (Yang et al.,
2013). Animals from the two facilities had marked differences in their
microbiota composition, again implicating other microbial components in the
pathogenesis of Hh colitis. Similarly, infection with the related pathobiont
Helicobacter bilis drives IBD-like disease following a sub-pathological dose of DSS
(Gomes-Neto et al., 2017). Disease severity in this model also varies greatly with
microbiota composition, with H. bilis monocolonization driving only mild
inflammation, while the presence of a microbiota resulted in severe pathology
(Gomes-Neto et al., 2017). These differences are likely due to the competition
for resources which exists between species in the microbiota, resulting in
altered expression of virulence factors and changes to metabolic output of
individual species (Jeffery et al., 2022). These changes driven by the presence of
other microbes appear to be required for the pathogenicity of Hh, although work
remains to be done to characterise the specific mechanisms by which Hh drives

disease.

1.5.3 Recognition of Hh by the immune system

While the pathogenesis of Hh induced colitis has been well studied, less
understood are the mechanisms by which Hh is recognised and tolerated in
immunocompetent hosts. To gain insight into the crosstalk between the host and
its microbiota, it is important to understand which cell types recognise and
respond to microbe derived signals - and the outcomes of these interactions for
the host. Much work has been done to characterise the T cell response to Hh in
different contexts. During Hh colitis, the T cell pool is dominated by Th1 and
Th17 effectors (Kullberg et al., 2006, Xu et al., 2018). At steady state, Hh
preferentially induces expansion of Tregs and T follicular helper cells (Tfh) (Xu
et al., 2018). These Tregs and their production of IL-10 are indispensable for
preventing an inflammatory response to Hh (Kullberg et al., 2002). Using T cell
receptor (TCR) transgenic mice, Xu et al. showed that the same Hh-specific T
cell clone can produce either a Treg or Th17 response to Hh depending on the
presence or absence of IL-10 signalling (Xu et al., 2018). In another study, it was
shown that a T cell clone specific for Hh, and capable of driving colitis in
infected RAG”" mice, recognises part of the Hh flagellar hook protein (Kullberg

et al., 2003). In addition to T cell mediated responses, Hh induces robust
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antibody production. Within 4 weeks of infection Hh-specific IgG2a/b and IgG1
antibodies can be detected in the serum, while IgA is present in stool (Whary et
al., 1998, Kullberg et al., 1998). It is interesting to consider the requirement for
these 1gG antibody responses, as they do not result in clearance of Hh but may
play a role in fine-tuning the immune response through Fc receptor interactions
(Ben Mkaddem et al., 2019).

Although Tregs are crucial to prevent the development of colitis, it is also likely
that a range of innate signals respond to Hh and contribute to promoting a
tolerised response. TLR ligands are expressed by commensal microbes as well as
pathogens (Rakoff-Nahoum et al., 2004), and promote protective responses in
addition to inflammation. It has been reported that commensal bacteria are
recognised by TLRs in the intestine and that this response is critical for
maintaining homeostasis (Rakoff-Nahoum et al., 2004). It is becoming
increasingly evident that TLR responses are heterogeneous and often context
dependent. It is therefore important to determine which receptors respond to
Hh and what the outcome is in different contexts. Asquith et al. used mice
deficient in MyD88 to assess the importance of TLR signals in the induction of Hh
colitis. Using selective depletion of MyD88 in haematopoietic cells, they
demonstrated that TLR signalling on leukocytes was necessary for induction of
Hh driven inflammation, while signalling from epithelial cells was insufficient for
colitis induction (Asquith et al., 2010). Instead, they suggested that epithelial
TLR signalling promotes survival from microbial invasion via antimicrobial

peptide production.

It was initially reported that TLR2 was the key TLR involved in recognition of Hh
(Mandell et al., 2004). However, these results were produced using cells
transfected with human TLRs, with the limitation that Hh is a murine pathogen
and may exhibit different specificities for murine TLRs. Later studies

using TLR2/- mice demonstrated that TLR2 was not required for Hh induced
innate immune or T cell-mediated colitis (Boulard et al., 2010). A role for TLR2
has been described for maintaining intestinal homeostasis (Cario, 2008) and it is
therefore possible that TLR2-mediated recognition of Hh does occur but does not
drive an inflammatory response, but rather a protective one. It has since been
shown than Hh produces a polysaccharide which is recognised by TLR2, and

which promotes IL-10 production in macrophages at steady state (Danne et al.,



56

2017). Interestingly, TLR2 expression has also been reported on Tregs, and is
reportedly required for the establishment of Treg-mediated tolerance towards
the commensal microbe Bacteroides fragilis (Round et al., 2011). Whether Treg
expression of TLR2 plays a role in the host response to Hh has not yet been
reported. It has also been proposed that Hh soluble factors may antagonise TLR
signalling in IECs (Sterzenbach et al., 2007). Although it was demonstrated that
co-incubation of IECs with Hh reduced subsequent responses to E. coli LPS, these
data were obtained using an immortalised cell line (Sterzenbach et al., 2007). It
remains to be determined whether similar responses are elicited in primary IECs.
Finally, mutations to NLR signalling genes have been associated with
susceptibility to IBD (Rubino et al., 2012). Recognition of the microbiota by NLRs
has been shown to promote systemic effects on the immune system, including
priming of neutrophil responses (Clarke et al., 2010). Mice deficient in NOD2
reportedly show increased bacterial burden when colonized with Hh (Petnicki-
Ocwieja et al., 2009). This suggests a potential role for this receptor in
controlling the extent of Hh colonization, although this finding has not been
subsequently validated. Together, these data demonstrate that multiple cell

types and signalling pathways respond to Hh in different contexts.

1.6 Hypothesis and aims

It is clear from the literature that the host interacts with Hh through a range of
innate and adaptive signals. However, the outcome of these interactions for host
immune function remains poorly understood, especially at steady state. The
majority of research surrounding Hh has focussed on the induction of colitis in
immunodeficient mice, while the consequences of infection in
immunocompetent hosts is only beginning to be explored. Furthermore, while
the T cell response to Hh has been characterised in detail, far less is known
about how this infection influences innate immune phenotype and function. In
this thesis, we aimed to explore the relationship and interactions between Hh
and its murine host, focussing on cells of the innate immune system. We aimed
to determine whether the range of interactions between Hh and the host
contribute to shaping immune function at steady state. We postulated that the
dominant regulatory responses induced as a result of Hh colonization may alter

how the host responds in an inflammatory disease setting.
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We therefore hypothesised that Hh colonization alters host intestinal immune
functions at steady state, resulting in increased regulatory responses and
reduced inflammation following inflammatory challenge. To test this hypothesis,

we explored the following objectives:

1. Test whether Hh colonization alters the outcome of disease challenge.

2. Determine how Hh affects the immune environment in the intestine at steady
state, including phenotyping of local myeloid populations and cytokine

expression.

3. Determine whether Hh has functional effects on macrophages at steady
state.

4. Explore the signalling pathways responding to Hh and address their

contribution in a disease setting.

5. Explore how Hh affects epithelial barrier composition and function.

This work aims to contribute to our understanding of host-microbiota
interactions and the mechanisms by which the microbiota affects host immune
function. Using Hh infection as an experimental model, we hope to provide
further insight into how pathobiont species modulate host immunity and affect

disease outcomes.
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2 Methods

2.1 Mice

Wild-type C57BL/6 mice were obtained from Envigo (Huntingdon, UK) and
maintained in individually ventilated cages under specific pathogen free (SPF)
conditions at the Central Research Facility, University of Glasgow, UK.
Procedures were performed in accordance with UK Home Office regulations
under a Project Licence and Personal Licences issued by the UK Home Office.
Mice were routinely screened to confirm the absence of Helicobacter spp.

Female mice were used for all experiments at age 6-12 weeks.

2.2 Helicobacter hepaticus infections

2.2.1 Bacterial culture

Helicobacter hepaticus type strain 51449 (ATCC) (Fox et al., 1994) was cultured
in tryptone soya broth (Oxoid) containing 10% foetal bovine serum (FBS) and
Skirrow Campylobacter selective supplement (Oxoid). Cultures were grown
microaerophillically for up to 4 days at 37°C in a shaking incubator at 110 RPM,
as described (Maloy et al., 2003).

2.2.2 Direct Helicobacter hepaticus infection

The concentration of Hh cultures were estimated using the equation 1 ODeoo =
1x108 CFU/mL (Waisman and Becher, 2014). Bacteria were assessed for viability
using the LIVE/DEAD BacLight Bacterial Viability kit (ThermoFisher) then
centrifuged at 5000 G for 10 mins to pellet bacteria and resuspended at 5x102
CFU/mL in sterile PBS. Mice were infected with 0.2mL Hh in PBS by oral gavage.

2.2.3 Hh* microbiota transfer

Colonies of mice bred at the University of Glasgow (various genotypes) were
tested for naturally occurring Hh colonization by screening stool for the Hh-
specific gene p25 (Feng et al., 2005) (described in Section 2.18). A cohort of
confirmed Hh* University of Glasgow mice were then used as microbiota donors

for the purpose of transferring Hh colonization to uninfected SPF C57BL/6 mice.
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Transfer of the Hh* microbiota was achieved by co-housing up to 4 SPF C57BL/6
mice (Envigo) with one Hh* mouse (University of Glasgow) for 1-week. This
microbiota transfer resulted in Hh* C57BL/6 mice which were originally SPF but
now contained the transferred Hh* microbiota from the University of Glasgow
donors. For experimental use, these primary recipient Hh* C57BL/6 mice were
used as microbiota donors, whereby 4 uninfected experimental mice (C57BL/6,
Envigo) were co-housed with one infected donor for 1-week to allow microbiota
transfer. The original Hh* University of Glasgow mice used for primary

microbiota transfer were donated by Marieke Pingen, University of Glasgow.

2.3 DSS colitis

Mice were given 2% dextran sulphate sodium (DSS) (molecular weight ~40,000,
Alfa Aesar) in drinking water for 4 days, with fresh 2% DSS in water supplied on
day 2. On day 4, animals were switched back to normal drinking water until the
experiment end point on day 8. Control animals received normal drinking water.
Mice were weighed daily during the 8-day DSS protocol and assessed for clinical
signs of DSS-induced disease, receiving a disease score out of 16. Disease scores
were based on 4 parameters (weight loss, bleeding, stool consistency, general

appearance) with a maximum score of 4 for each.

2.4 TLR2 antibody blockade

Mice were treated with purified anti-mouse CD282 (TLR2) clone QA16A01 (mouse
IgG1, k) recombinant antibody (BioLegend) to block TLR2 signalling. Animals
received 100ug antibody once weekly for the duration of the experiment (4
doses total). Antibody was administered by intraperitoneal injection in 0.2mL
sterile PBS. Control animals received purified mouse 1gG1, K isotype control

antibody (BioLegend) at the same dose.

2.5 In vivo Pam3csk4 challenge

Mice were treated with Pam3csk4 (synthetic triacylated lipopeptide, TLR2/1
agonist) (InvivoGen). Mice received either 10ug or 100ug Pam3csk4 by

intraperitoneal injection in 0.2mL sterile PBS and were culled after 4h.
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2.6 Serum collection

Animals were euthanised and cardiac puncture performed immediately
afterwards using a 25-gauge needle to collect blood. Blood samples were stored
in 1.5mL Eppendorfs for 4h at RT before centrifuging at 5000 G for 8 mins at RT.
The serum layer was then transferred to a new 1.5mL Eppendorf and stored at

-80°C for downstream analyses.

2.7 Cell isolation

2.7.1 Isolation of lamina propria leukocytes

Colons and SI were harvested and opened longitudinally before being washed in
PBS and cut into pieces. Tissues were stored at 4°C in HBSS (no calcium, no
magnesium) (ThermoFisher) supplemented with 10% FBS. For lamina propria
leukocyte (LPL) isolation, tissues were transferred to HBSS supplemented with
2mM EDTA (ThermoFisher) and incubated at 37°C in a shaking incubator at 220
RPM for 15 mins before repeating this step a 2" time in new EDTA-HBSS. Colon
tissue was then digested at 37°C for 15 mins in a shaking incubator at 220 RPM
with 0.65mg/mL collagenase D, 0.5mg/mL collagenase V, 30ug/mL DNAse |, and
1mg/mL dispase (all Sigma-Aldrich). SI were digested in 0.5mg/mL collagenase
VIII (Sigma-Aldrich) under the same conditions. Digestion was performed in
complete R10 medium (RPMI-1640 supplemented with 10% FBS, 100U/ mL
penicillin, 100pg/mL streptomycin, 2mM L-glutamine, and 50 pM B-
mercaptoethanol - all Gibco). Digested samples were passed through 100um and
40um filters to obtain single cell suspensions. Cells were then centrifuged twice
in R10 at 400G for 10 mins at 4°C.

2.7.2 Isolation and culture of bone marrow-derived macrophages

Bone marrow was isolated from the femurs and tibias of 2-3 mice by centrifuging
at 400 G for 1 min RT. Red blood cells were lysed using ACK Lysing Buffer (Gibco)
according to the manufacturer’s instructions. Bone marrow cells were
centrifuged at 400 G for 10 mins at 4°C before being counted and seeded in petri
dishes at 5x10° cells/mL for a total of 5x10° cells per dish. Cells were seeded in
R10 supplemented with 30ng/mL murine M-CSF (BioLegend). Cells were left to
differentiate for 6 days and given fresh R10 containing M-CSF on day 3.
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Differentiated bone marrow-derived macrophages (BMDMs) were harvested in
ice-cold PBS supplemented with 3mM EDTA to allow detachment from petri
dishes.

2.8 Flow cytometry

2.8.1 Surface staining

Up to 5x10° cells per sample were stained with surface antibodies for flow
cytometry analysis. All staining steps were carried out in PBS supplemented with
2% FBS and 2mM EDTA (FACS buffer). Cells were first incubated with Fixable
Viability Dye (Invitrogen) and TruStain FcX (anti-mouse CD16/32) antibody
(BioLegend) for 20 mins at 4°C to exclude dead cells and minimise non-specific
antibody binding, respectively. Cells were washed at 400 G for 5 mins at 4°C
then stained with a combination of surface antibodies (listed in Table 2-1) for 30
mins at 4°C. Cells were washed again and fixed in Fixation Buffer (BioLegend) for
30 mins at 4°C, then washed and stored in FACS buffer at 4°C until acquisition.
All surface antibodies were used at 1/200 dilution except anti-CD45 (1/400) and

were obtained from BioLegend.

Target Clone
CD45 30-F11
CD3 17A2
CD45R (B220) RA3-6B2
CD11b M1/70
Ly6G 1A8

IA/IE M5/114.15.2
CDé64 X54-5/7.1
Ly6C HK1.4
CD11c N418
CD80 16-10A1
CD86 GL-1
CD274 (PD-L1) 10F.9G2
CD206 C068C2
Tim-4 RMT4-54
CD4 RM4-5

Table 2-1: Surface antibodies used for flow cytometric analyses

2.8.2 Phosphorylated protein staining

For intracellular staining of phosphorylated proteins, up to 2x10° cells per

sample were first incubated with Viability Dye, TruStain FcX, and surface
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antibodies as described above (2.8.1). Cells were then washed and fixed for 30
mins at 37°C in pre-warmed Fixation Buffer (BioLegend). Cells were washed and
permeabilized using True-Phos Perm Buffer (BioLegend) overnight at -20°C.
Permeabilized cells were washed at 1000 G for 5 mins at RT then stained with
antibodies against phosphorylated Sé (clone cupk43k) and phosphorylated Akt1
(clone SDRNR) (both Invitrogen) for 30 mins at RT in FACS buffer. Cells were

washed and stored in FACS buffer at 4°C until acquisition.

2.8.3 Mitochondrial labelling dyes

For assessment of mitochondrial activity, up to 2x10° cells per sample were
incubated with 250nM MitoSpy Red CMXRos and MitoSpy Green FM (both
BioLegend) in complete R10 at 37°C for 30 mins. Cells were washed at 400 G for
5 mins at 4°C then incubated with Viability Dye, TruStain FcX, and surface
antibodies as described above (2.8.1). Cells were fixed using Fixation Buffer
(BioLegend). MitoSpy Green was detected in the FITC channel (filter 530/30) and
MitoSpy Red was detected in the PE channel (filter 585/15). Data were acquired
using a BD LSR Fortessa (BD).

2.8.4 Fluorescence activated cell sorting (FACS)

Colonic LPL were isolated and stained with Viability Dye, TruStain FcX, and
surface antibodies as described above (2.8.1). Cell suspensions were passed
through a 35pum strainer (StemCell) prior to sorting by FACS. CD11b*CDé64*Ly6C"
MHCII* macrophages were sorted using a BD FACS Aria 1lU or FACS Aria Il (BD)
with a 100um nozzle. Macrophages were sorted into R10 and stored at 4°C prior

to counting and stimulation.

2.9 pHrodo phagocytosis assay

After isolation, LPL were seeded at 5x10° cells per well in a 96 well plate in
0.2mL R10 and incubated for 2h at 37°C to allow adherent cells to attach to
plate. Non-adherent cells were washed off and adherent LPL were incubated
with either Tmg/mL or 0.1mg/mL pHrodo Red Escherichia coli BioParticles
(Invitrogen) in PBS for 30mins at 37°C. Cells were then washed and stained with
surface antibodies to detect macrophages as described in Section 2.8.1. pHrodo
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fluorescence was detected in the PE channel (filter 585/15) and data were

acquired using a BD LSR Fortessa (BD).

2.10 Macrophage stimulations

FACS-sorted LPL macrophages were seeded at 3x10“ cells per well in 0.2mL R10
and BMDMs were seeded at 2x10° cells per well in 0.2mL R10. Macrophages were
either left unstimulated or treated with 100ng/mL LPS from Escherichia coli
(Sigma-Aldrich), 100ng/mL Pam3csk4 (InvivoGen), or 1ug/mL Zymosan A from
Saccharomyces cerevisiae (Sigma-Aldrich). For infection of macrophage cultures
with Hh, bacterial cultures were grown and measured as described (Section 2.2)
and centrifuged at 5000 G for 10 mins at RT. Bacteria were resuspended in
complete R10 (without penicillin-streptomycin) and administered to macrophage
cultures at multiplicity of infection (MOI) = 10. Macrophages were incubated for
16h at 37°C and 5% CO; following stimulation. Culture supernatants were

harvested and stored at -20°C for downstream analyses.

2.11 alamarBlue metabolic health assay

Metabolic activity of FACS-sorted macrophages was assessed using alamarBlue
(Invitrogen) as a correlate of cell viability. alamarBlue contains resazurin which
is cell permeable and is reduced to resorufin inside living cells. This reaction can
be quantified using absorbance due to the red colour of resorufin. Macrophages
were seeded at 3x10* cells per well in 180pL R10 and 20pL alamarBlue before
being left to incubate for 16h at 37°C. Absorbance was measured at

570nm/600nm using a plate reader.

2.12 Cytometric bead array

The concentrations of IL-6, TNFa, MCP-1, and IL-10 in serum or stimulated
macrophage culture supernatants were measured using the BD Cytometric Bead
Array Flex Set kits (BD Biosciences). Serum samples were assayed at 1/2 dilution
and FACS-sorted macrophage supernatants were assayed undiluted. Data were
acquired using a BD FACS Canto Il (BD).
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2.13 Primary colonic organoid culture

2131 Generation of L-WRN conditioned medium

L-WRN cells were obtained from ATCC (CRL-3276) and cultured as described
(Miyoshi and Stappenbeck, 2013), using 0.5mg/mL Geneticin G418 (Invitrogen)
and 0.5mg/mL Hygromycin B (Sigma-Aldrich) for selection of stable clones.
Conditioned medium (CM) was generated containing L-WRN-secreted Wnt3a, R-
spondin 3 and noggin as described(Miyoshi and Stappenbeck, 2013). CM was
produced in CM base medium: Advanced DMEM F12 (Gibco) supplemented with
20% FBS, 100U/mL penicillin, 100pg/mL streptomycin, and 2mM L-glutamine (all
Gibco). Final CM was filtered through a 0.2um filter (Sigma-Aldrich) and diluted

to 50% in CM base medium before aliquoting and storing at -20°C.

2.13.2 Isolation of colonic crypts

Colons were harvested and fat and stool gently removed. Colonic crypts were
isolated as described (Fan et al., 2016). Briefly, colons were inverted and
washed in 30mL PBS before incubation in 30mL PBS supplemented with 20mM
EDTA for 30 mins at 37°C. Colons were transferred to 30mL new ice-cold PBS (one
colon per tube) and vortexed to release crypts from the tissue. Crypts were
centrifuged twice at 100 G for 2 mins at 4°C to remove debris and single cells
before counting. The desired number of crypts were then centrifuged at 500 G

for 3 mins to pellet crypts prior to seeding (described in next section).

2133 Organoid culture and passage

Organoids were cultured and passaged as described(Fan et al., 2016). Crypts
were seeded in Cultrex Ultimatrix RGF Basement Membrane Extract or Cultrex
RGF Basement Membrane Extract Type 2 Select (BME - both BioTechne). Crypts
were seeded at 400 crypts/well in 25uL BME and plates were incubated upside-
down for 10 mins at 37°C for BME to solidify. 400uL 50% CM was added to wells
and organoids were left to grow for 5-6 days and given fresh 50% CM on day 3.
Organoids were passaged on day 5-6 by removing medium and incubating in ice-
cold CM base medium. Organoids were disrupted by pipetting up and down to
dissolve BME and break apart the organoid structures into smaller pieces and

single cells. Disrupted organoids were washed at 300 G for 5 mins at 4°C and



65

counted before being seeded in fresh BME as previously. Organoids were

passaged 3-4 times before use.

2134 Organoid immunofluorescent staining

Organoids were passaged as described previously and seeded onto the Nunc Lab-
Tek Il Chamber Slide System (Thermo Scientific). At day 5, medium was removed
from wells and organoids were fixed in 200uL per well 4% paraformaldehyde
Image-iT Fixative Solution (Thermo Scientific) for 20 mins at RT. Organoid
immunofluorescent staining was carried out as described (Drurey et al., 2021).
Organoids were stained with Rabbit anti-Mouse Ki67/MK167 (clone 1297A -
BioTechne) at 1/2000 dilution overnight at 4°C before staining with Goat anti-
Rabbit 1gG conjugated to AF647 (Abcam) at 1/500 dilution for 1h at RT. Slides
were mounted with Vectashield Mounting Medium with DAPI (Vector
Laboratories). Slides were imaged using a Nikon A1-R Confocal Microscope and

image files viewed using ImageJ/Fiji (Schindelin et al., 2012).

2.13.5 Organoid stimulations

At day 5 post-passage, medium was removed from organoid wells and either
replaced with 50% CM (unstimulated wells) or 50% CM supplemented with
20ng/mL recombinant mouse IFNy (BioLegend), 1ug/mL Pam3csk4 (InvivoGen),
or 20ng/mL recombinant mouse IL-22 (BioLegend). Organoids were stimulated in
triplicate for 6h at 37°C for harvest of RNA, or 16h for harvest of culture

supernatants for ELISA assays. Culture supernatants were stored at -20°C.

2.14 CXCL1 and CXCL2 ELISA

The concentrations of CXCL1 and CXCL2 in stimulated organoid supernatants

were measured using the mouse CXCL1/KC and CXCL2/MIP-2 DuoSet ELISA kits
according to the manufacturer’s instructions (BioTechne). Supernatants were
assayed at 1/5 dilution for CXCL1 and 1/2 dilution for CXCL2. Absorbance was

measured at 450nm/540nm using a plate reader.
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2.15 RNA extraction

2151 RNA extraction from tissue

1cm sections of distal colon were harvested and stored in RNAlater Stabilization
Solution (Invitrogen) at -80°C. Tissue samples were transferred to QIAzol Lysis
Reagent and homogenised in a TissueLyser twice for 1 min at 25Hz using a 5mm
Stainless Steel Bead (all Qiagen). Samples were centrifuged at 12,000 G for 5
mins at RT and supernatants transferred to a new 1.5mL Eppendorf.
Supernatants were mixed with chloroform and incubated for 3 mins at RT before
centrifuging at 12,000 G for 15 mins at RT. The aqueous layer containing RNA
was harvested and mixed with 100% ethanol at 1.5X volume. Purification of RNA
was carried out using the RNeasy Mini Kit with DNA digestion using the RNase-
free DNase Set (both Qiagen). RNA concentration and quality were measured

using a NanoDrop Spectrophotometer. RNA was stored at -80°C.

2.15.2 RNA extraction from epithelial crypts and organoids

Epithelial crypts were isolated as described in Section 2.13.2 and counted. 5x10*
crypts were removed for RNA extraction and centrifuged at 500 G for 5 mins at
4°C. Crypts were resuspended in 700pL RLT buffer (Qiagen) supplemented with
1% B-mercaptoethanol (Sigma-Aldrich) for lysis. Organoids were harvested for
RNA by removing medium from wells and adding 350uL RLT + B-mercaptoethanol
(2X organoid wells pooled per RNA sample). All lysates were homogenised using
QlAshredder homogenisers (Qiagen). RNA was then purified using the RNeasy Mini
Kit and RNase-free DNase Set (both Qiagen). RNA concentration and quality were

measured using a NanoDrop Spectrophotometer. RNA was stored at -80°C.

2.16 cDNA synthesis

Complementary DNA was synthesised from RNA using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). For colon tissue samples 2000ng
RNA was converted to cDNA, while for organoids 200-400ng RNA was used
(concentration was kept consistent for all samples in each experiment). Reverse
transcription cycling parameters are listed in Table 2-2. Resultant cDNA was

diluted 1/10 in nuclease-free H,0 and stored at -20°C.
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25°C 10 mins
37°C 120 mins
85°C 5 mins
4°C o

Table 2-2: Reverse transcription cycling parameters

2.17 DNA extraction

2171 DNA extraction from stool and caecal contents

2 fresh faecal pellets per mouse were collected in 1ml PBS and faecal DNA was
either immediately extracted or samples were stored at -20°C until extraction.
Caecal contents were collected in 1TmL PBS and stored at -20°C until extraction.
Faecal/caecal DNA was extracted and purified using the QlAamp PowerFecal Pro
DNA Kit (Qiagen). DNA concentrations were measured using a NanoDrop

Spectrophotometer. DNA was stored at -20°C.

217.2 Genomic DNA extraction from bacterial culture

Hh bacterial cultures were grown as described in Section 2.2.1 and centrifuged
at 5000 G for 10 mins at RT to pellet bacteria. Bacterial genomic DNA was
extracted using the PureLink Genomic DNA Mini Kit (Invitrogen) following the
manufacturer’s protocol for gram negative bacteria. DNA concentrations were
measured using a NanoDrop Spectrophotometer. DNA was stored at -20°C before
being used to prepare a standard curve for Hh DNA quantification (described in
Section 2.19.2).

2.18 PCR and gel electrophoresis

Helicobacter hepaticus DNA was detected by PCR of the p25 gene using forward
primer ATGGGTAAGAAAATAGCAAAAAGATTGCAA and reverse primer
CTATTTCATATCCATAAGCTCTTGAGAATC (Feng et al., 2005) (IDT). Per sample the
PCR reaction mixture contained 12.5uL GoTaq Green Master Mix 2X (Promega),
6.5uL nuclease-free H,0, 2pL forward and 2L reverse primer at 10uM working
concentration. Faecal DNA was diluted to 100ng/pL in nuclease-free H,0 and 2pL
added to the reaction. The PCR cycling parameters are listed in Table 2-3.
Amplicons were analysed by 1% agarose gel electrophoresis containing 0.01%
SYBR safe DNA Gel Stain (Invitrogen).
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94°C 2 mins
Denature 94°C 1 min
Anneal 35°C 1 min 30 cycles
Extend 72°C 1 min
72°C 10 mins
4°C -

Table 2-3: Cycling parameters for p25 PCR

2.19 Quantitative RT-PCR

2191 Murine cDNA analysis

Quantitative real-time PCR (qPCR) was performed using PowerUp SYBR Green
Master Mix and the QuantStudio 7 Flex Real-Time PCR System (both Applied
Biosystems). Per sample the qPCR reaction mixture for each gene of interest
contained: 5uL SYBR Green Master Mix 2X, 0.5uL forward and 0.5pL reverse
primer at 10uM working concentration. cDNA samples were added at 4pL per
reaction and analysed in triplicate, with gene expression levels for each sample
normalised to the housekeeping gene Rps29 (encoding ribosomal protein S29).
Differences in gene expression were determined using the 2-24¢) method
(Schmittgen and Livak, 2008) and a nuclease-free H,0 sample was analysed to
confirm the absence of contamination. The cycling parameters and dissociation
curve conditions are listed in Table 2-4, with primer sequences and sources

listed in Table 2-5. All primers were obtained from IDT.

Cycling parameters

UDG activation 50°C 2 mins Hold
Dual-lock DNA polymerase | 95°C 2mins Hold
Denature 95°C 15 secs 40 cycles
Extend 60°C 1 min

Dissociation curve conditions (melt curve)

1 1.6°C/sec 95°C 15 secs

2 1.6°C/sec 60°C 1 min

3 0.15°C/sec 95°C 15 secs

Table 2-4: gPCR cycling parameters and dissociation conditions




Gene Forward sequence Reverse sequence Source

Rps29 ACGGTCTGATCCGCAAATAC CATGATCGGTTCCACTTGGT Graham Heieis, University of Glasgow
Tnfa CCTGTAGCCCACGTCGTAG GGGAGTAGACAAGGTACAACCC | (Price et al., 2018)

Ifny TGAGTATTGCCAAGTTTGAG CTTATTGGGACAATCTCTTCC Holly Webster, University of Glasgow
1118 TTTTCCTCCTTGCCTCTGAT GAGTGCTGCCTAATGTCCCC (Du et al., 2021)

16 CTCTGGGAAATCGTGGAAATG | AAGTGCATCATCGTTGTTCATACA | (Wongchana and Palaga, 2012)

I117a ATCCCTCAAAGCTCAGCGTGTC | GGGTCTTCATTGCGGTGGAGAG | Holly Webster, University of Glasgow
1122 TTTCCTGACCAAACTCAGCA CTGGATGTTCTCGTCGTCAC Holly Webster, University of Glasgow
1110 CTGAAGACCCTCAGGATGCG TGGCCTTGTAGACACCTTGGTC Holly Webster, University of Glasgow
Retnlb TCTCCCTTTTCCCACTGATAG TCTTAGGCTCTTGACGACTG (Pei et al., 2016)

Nos2 GTTCTCAGCCCAACAATACAAGA | GTGGACGGGTCGATGTCAC (Price et al., 2018)

Lgr5 CTCCAACCTCAGCGTCTTC GTCAAAGCATTTCCAGCAAGA (Nusse et al., 2018)

Muc2 ACCACAATCTCTACTCCCATCT | TCCAGTCAGACCAAAAGCAG (Nusse et al., 2018)

Chga CGCTCCTTGGCACCTTG TGTCAGCCCTGAGTGTCT (Nusse et al., 2018)

Atoh1 AGCTTCCTCTGGGGGTTACT TTCTGTGCCATCATCGCTGT (Guo et al., 2018)

Dclk1 CAGCCTGGACGAGCTGGTGG TGACCAGTTGGGGTTCACAT (Gerbe et al., 2016)

Villin1 ATGACTCCAGCTGCCTTCTCT GCTCTGGGTTAGAGCTGTAAG (Moon et al., 2014)

Regllly CAGACAAGATGCTTCCCCGT GCAACTTCACCTTGCACCTG (Guo et al., 2018)

Camp CTTCAACCAGCAGTCCCTAGACA | TCCAGGTCCAGGAGACGGTA (Natsuga et al., 2016)

1125 ACAGGGACTTGAATCGGGTC TGGTAAAGTGGGACGGAGTTG (Von Moltke et al., 2016)

1133 GTATTCCAACTCCAAGATTTCCC | CATGCAGTAGACATGGCAGA (Nusse et al., 2018)

Ccl20 GCCTCTCGTACATACAGACGC CCAGTTCTGCTTTGGATCAGC (Price et al., 2018)

H2Ab1 TGCTACTTCACCAACGGGAC ACGTACTCCTCCCGGTTGTA Julie Worrell, University of Glasgow
Myd88 CTAGGACAAACGCCGGAACT ATTAGCTCGCTGGCAATGGA (Koliaraki et al., 2019)

ReqllIB ATGGCTCCTACTGCTATGCC GTGTCCTCCAGGCCTCTTT (Todoric et al., 2020)

Table 2-5: gPCR primer sequences and sources
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2.19.2 Hh quantification gPCR

Hh DNA was quantified in faecal/caecal DNA samples by qPCR of the gene CdtB
using forward primer TCGTCCAAAATGCACAGGTG and reverse primer
CCGCAAATTGCAGCAATACTT (Ge et al., 2001) (IDT). To generate a standard
curve, a serial dilution of Hh DNA was produced using DNA extracted from Hh
bacterial cultures as described in Section 2.17.2, with a top concentration of
25ng/uL Hh DNA. All DNA samples were analysed in triplicate and added at 4pL
per reaction for a total of 20ng DNA per reaction. Reaction mixtures, cycling

parameters and reagents/equipment were as described in Section 2.19.1.

2193 Bacterial DNA analysis of faecal samples

The relative abundance of bacterial genes specific to different phyla, genera and
species were quantified in total faecal DNA samples. DNA was added at 4L per
reaction for a total of 20ng DNA per reaction and analysed in triplicate, with
gene expression levels for each sample normalised to the pan-bacteria 16S gene.
Differences in gene expression were determined using the 2-24¢() method
(Schmittgen and Livak, 2008). Reaction mixtures, cycling parameters and
reagents/equipment were as described in Section 2.19.1. Primer sequences and
source are listed in Table 2-6.
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Source

Specificity Forward sequence Reverse sequence

Pan-bacteria CGGTGAATACGTTCC | TACGGCTACCTTGTTA
CGG CGACTT

Bacteroidetes GTTTAATTCGATGATA | TTAAGCCGACACCTCA
CGCGAG CGG

Firmicutes GGAGCATGTGGTTTA | AGCTGACGACAACCAT
ATTCGAAGCA GCAC

Proteobacteria TCGTCAGCTCGTGTC | CGTAAGGGCCATGAT
GTGA G

Lactobacillaceae TGGAAACAGGTGCTA | GTCCATTGTGGAAGA
ATACCG TTCCC

Bifidobacterium CTCCTGGAAACGGGT | GGTGTTCTTCCCGAT
GG ATCTACA

Escherichia coli GTTAATACCTTTGCTC | ACCAGGGTATCTAATC
ATTG CTGTT

SFB GACGCTGAGGCATGA | GACGGCACGGATTGT
GAGCAT TATTCA

(Doonan et
al., 2019)

Table 2-6: Bacterial DNA primer sequences and source

2.20 Protein quantification from faecal samples

2.201

Stool processing

Faeces were collected from inside the colon and stored in 1mL sterile PBS at

-80°C until processing. Stool samples were homogenised in PBS using a

TissueLyser twice for 1 min at 25Hz using a 5mm Stainless Steel Bead (both

Qiagen). Stool samples were centrifuged at 12,000 G for 15 mins at 4°C and

supernatants were transferred to a new 1.5mL Eppendorf and stored at -80°C for

subsequent protein quantification.

2.20.2

The total protein content in faecal samples was measured by Pierce

BCA assay

bicinchoninic acid (BCA) assay (Thermo Scientific) following the manufacturer’s

protocol for assaying in microplates. Faecal samples were assayed at 1/2 dilution

while also performing the S100A8 ELISA described next, for the purpose of

normalising S1T00A8 concentration to the total protein content per sample.

Absorbance was measured at 562nm using a plate reader.
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2.20.3 S100A8 ELISA

The concentration of S100A8 (Calprotectin subunit) in faecal samples was
measured using the mouse S100A8 DuoSet ELISA kit (BioTechne) according to the
manufacturer’s instructions. Samples from non-DSS controls were assayed
undiluted, while samples from DSS-treated mice were assayed between 1/10 and
1/1000 dilution. Absorbance was measured at 450nm/540nm using a plate
reader. S100A8 protein concentrations were normalised to the total protein

content per sample.

2.21 Histology

2211 Processing, embedding, and sectioning

Approximately 1cm sections of proximal, mid, and distal colon were cut using a
scalpel blade as depicted in Figure 2-1. Fat and stool were gently removed and
samples were transferred to 10% neutral buffered formalin (Sigma-Aldrich) and
fixed for 24h at RT, before being transferred to 70% ethanol for storage at RT
until processing. Tissue was embedded into paraffin blocks and sectioned at 5um
thickness using a microtome. Sections were loaded onto positively charged slides
and dried overnight at RT before being stored at 4°C until staining. For the
experiments in Chapter 3, samples were processed, embedded and sectioned by

a Histology Technician from the University of Glasgow Cellular Analysis Facility.

Caecum Colon
| I |

—t—H

Proximal Mid Distal

Figure 2-1: Colon samples for histological examination
Histology samples were taken from the proximal, mid, and distal colon to produce transverse
sections. This illustration was created using BioRender.com.
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2.21.2 H&E staining

Slides were incubated in an oven at 60°C for 30-60 mins to melt the paraffin,
before being deparaffinised and rehydrated through a series of incubations in
xylene and a graded alcohol series (xylene 3 mins x2, 100% ethanol 3 mins x2,
90% ethanol 3 mins x2, 70% ethanol 3 mins x2, distilled water 2 mins). Slides
were stained with Harris Haematoxylin for 2 mins before being rinsed in running
water. Differentiation was carried out by incubating slides in 1% acid/alcohol,
running water, and Scott’s Tap Water Substitute for 30 secs each. Slides were
then counter stained by first incubating in 70% ethanol and then in Eosin Y Stain
1% (alcoholic) for 30 secs and 3 mins, respectively. Slides were then dehydrated
using the reverse graded alcohol series described above until incubation in
xylene. Coverslips were mounted over tissue sections using DPX Mounting
Medium. All reagents were obtained from CellPath. For the experiments in
Chapter 3, H&E staining was performed by a Histology Technician from the

University of Glasgow Cellular Analysis Facility.

2.21.3 Histological colitis scoring

Following H&E staining, slides were digitized using a NanoZoomer slide scanner
(Hamamatsu) and sections were viewed using Aperio ImageScope software (Leica
Biosystems). Colon histopathology was assessed in a blinded, semiquantitative
fashion as described (Forster et al., 2022). Scores from the mid and distal colon
were averaged to provide a mean histology score between 0 and 12 for each
mouse, with 12 being the most severe and 0 showing no pathology. A summary of

the histological scoring scheme is provided in Table 2-7.



A | Epithelium Hyperplasia and/or | Goblet Cell and/or | Loss of epithelial cells
Depletion
0 None None None
1 Mild (1.5X) Mild (25%) Mild
2 Moderate (2-3X) Marked (25-50%) Marked
3 Severe (>3X) Substantial (>50%) Substantial

B | Inflammation in lamina propria
0 None - few leukocytes
1 Mild - some increase in leukocytes at tips of crypts OR many lymphoid follicles
2 Moderate - marked infiltrate (notable broadening of crypt)
3 Severe - dense infiltrate throughout

C | Area affected (% of section)
0
1
2

None
Up to 25%
25-50%
3 >50%
D | Markers of Loss of crypt and/or | Submucosal and/or | Edema and/or | Crypt abscesses
severe structure inflammation
inflammation
0 None None None None
1 Mild Mild Mild Few (<5)
2 Marked Marked Marked Many
3 Substantial - - -

Table 2-7: Histological scoring scheme
Each category is scored between 0-3. High scores are achieved either due to additive scores of multiple factors (e.g. moderate hyperplasia AND marked goblet cell
depletion in category A) or due to the severe manifestation of one factor in the category (e.g. substantial crypt structure loss in category D).
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2.22 Bulk RNA sequencing and analysis

RNA was extracted from epithelial crypts as described (Section 2.15.2) and
mRNA libraries prepared with poly A enrichment by Novogene, UK. Bulk RNA
sequencing was performed using the Illumina Sequencing platform with PE150
(Novogene). The DESeq2 package was used for differential gene expression
analysis in R studio. Unless indicated otherwise, all analyses were performed by
John Cole, University of Glasgow, using Searchlight software in R studio (Cole et
al., 2021).

2.23 Statistical analyses

Flow cytometry analysis was performed using FlowJo software (Treestar). With
the exception of RNA sequencing analysis, all statistical analyses were
performed using GraphPad Prism software. Data are shown as mean and standard
deviation. For comparisons with two variables, statistical differences were
calculated using a two-way ANOVA with multiple comparisons. For comparisons
with one variable, data were tested for normality using the Shapiro-Wilk
normality test. Where data were normally distributed, a Student’s t-test was
used for comparisons between two groups and a one-way ANOVA with Tukey’s
multiple comparisons correction was used for comparisons between multiple
groups. Where data were not normally distributed, a Mann Whitney U test (two
groups) or a Kruskall-Wallis test with Dunn’s multiple comparisons correction
(multiple groups) were used. Significance was determined based on p-value
where *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001.

2.24 lllustrations

All illustrations were created using BioRender.com with an academic

subscription.
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3 Helicobacter hepaticus attenuates disease in
the DSS colitis model

3.1 Introduction

Much of the research surrounding Hh focusses on its ability to trigger IBD-like
inflammation in genetically susceptible hosts. However, immune competent
animals tolerate the infection long-term, without induction of pathogenic
inflammation (Cahill et al., 1997).There is evidence that Hh drives strong
regulatory responses, both by induction of Hh-specific Tregs (Xu et al., 2018)
and effects on the innate compartment, including macrophages (Danne et al.,
2017). These regulatory effects are thought to counterbalance the induction of
pro-inflammatory responses, including Th1 and Th17 induction, thereby allowing

a dominant tolerance to be established.

The intestinal microbiota is known to play a key role in the development of
various human diseases, most notably IBD, but not limited to those affecting the
gut (Gilbert et al., 2016, Erickson et al., 2012, Willing et al., 2010, Miyauchi et
al., 2023). It is also becoming increasingly evident that the microbiota can be
protective against disease. Much research has attempted to identify specific
bacterial species and families which play either a disease-driving or protective
role in different settings (Roy et al., 2017, Forster et al., 2022, Surana and
Kasper, 2017) but the nature of these interactions and the mechanisms behind
them are not fully understood. Species such as Hh are termed ‘pathobionts’,
referring to microbes which normally behave as commensals but have the
capacity to drive inflammation in certain contexts (Jeffery et al., 2022). These
species are known to actively engage the immune system and alter intestinal
homeostasis in a context-dependent manner. In the case of Hh, immune
competent hosts produce Hh-specific antibodies (Nilsson et al., 2000) and T cell
responses (Xu et al., 2018, Kedmi et al., 2022, Kullberg et al., 2002), as well as
recognising the bacteria through a range of innate pathogen recognition
receptors (PRRs) (Asquith et al., 2010, Boulard et al., 2010, Sterzenbach et al.,
2007). This constant level of immune activity in response to Hh suggests there is

a crosstalk of interactions which occurs between the bacteria and host.
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We hypothesised that this relationship may have evolved to have beneficial
outcomes for the host. We chose to test this using the DSS model of IBD, in
which the epithelial barrier in the colon is chemically damaged resulting in a
massive inflammatory response targeted against the microbiota (Kiesler et al.,
2015). It is well known that the disease severity in this model is dependent on
the microbiota (Forster et al., 2022, Hernandez-Chirlaque et al., 2016) but the

effect of Hh in this setting has not yet been described.

3.2 Aims

In this chapter | aimed to set up two methods of Hh infection, the first a natural
infection by microbiota transfer, and the second a direct infection with a well
characterised Hh type strain (Ward et al., 1994, Kullberg et al., 2002). | then
aimed to test how colonization with Hh affected the outcome of a disease
challenge in the gut. For this purpose, | used the DSS model of colitis. |
quantified disease activity using clinical parameters and histopathological
analysis and then determined the effect of Hh infection and disease challenge on
immune cell populations in the gut, focussing on innate myeloid cells which are
known to be the drivers of DSS colitis (Stevceva et al., 2001). Finally, | aimed to
determine whether the timepoint following Hh infection had an impact on the
effect against disease outcome.

3.3 Results

3.3.1 The effect of microbiota transfer on DSS-induced disease

As many laboratory mouse colonies are naturally infected with Hh (Shames et
al., 1995), we first aimed to establish whether animals housed at the University
of Glasgow were Hh colonized. We used PCR to screen stool from various
colonies and identified several harbouring the Hh-specific gene p25 (Feng et al.,
2005) (data not shown). We also confirmed that C57BL/6 mice supplied by
Envigo were PCR negative for both general Helicobacter spp., based on the
presence of Helicobacter-specific 16S rRNA, and Hh (data not shown). In addition
to being colonized with Hh, we reasoned that the mice bred at the University
would contain a more diverse microbiota than the mice bred by Envigo under

Specific Pathogen Free (SPF) conditions. We chose to study the effects of this
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microbiota containing natural Hh colonization by utilising a model of microbiota
transfer through co-housing. We co-housed C57BL/6 SPF mice obtained from
Envigo with a Hh-colonized microbiota donor from the University facility and
found that by day 7, the recipient mice were all PCR positive for Hh p25 (Figure
3-1A-B). We then used these C57BL/6 Hh* microbiota primary recipients as

donors for subsequent microbiota transfer experiments (Figure 3-1C).
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Figure 3-1: Schematic of Hh* microbiota transfer and DSS treatment

C57BL/6 mice were co-housed with Hh-colonized University of Glasgow donor mice for 7-days and
used as microbiota donors for subsequent experiments (A). Experimental mice were co-housed
with Hh* microbiota donors for 7-days and stool samples screened for the presence of Hh DNA
using PCR of the Hh-specific gene p25. PCR amplicons were assessed for p25 presence using gel
electrophoresis (B). Following co-housing, mice were left for a further 14-days to allow bacterial
colonization. On day 21 mice were administered 2% DSS in drinking water or given normal water
as controls. After 4 days all mice were switched back to normal water for a final 4 days (C).
Following 7 days in which experimental mice were either left as naive controls
or co-housed with Hh* microbiota donors, mice were left for a further 2 weeks to
allow the transferred Hh* microbiota to stabilise. We then determined whether
mice which received this Hh* microbiota transfer (MT) had an altered response
when challenged with DSS to induce colitis. Mice were treated with 2% DSS for 4
days before being returned to normal drinking water for a final 4 days (Figure

3-1C). At this timepoint, the inflammation caused by DSS is driven primarily by
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myeloid cells, including gut infiltrating monocytes and neutrophils (Stevceva et
al., 2001).

Mice treated with DSS were assessed daily for clinical symptoms, including stool
consistency, bleeding, general appearance, and weight loss. We found that mice
which had received Hh* MT had significantly reduced disease activity based on
these parameters (Figure 3-2A). DSS treatment caused substantial weight loss in
naive animals, with many mice losing ~20% of their starting weight. In
comparison, Hh* MT recipients were protected against severe weight loss, and
many had returned almost to their starting weight by the end of the experiment
(Figure 3-2B).
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Figure 3-2: Hh* microbiota transfer attenuates DSS-induced clinical disease

C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) and
then administered 2% DSS in drinking water, as described in Fig.1B. Following DSS administration
mice were assessed daily for clinical disease activity (A) and weight change (B). Data are shown
as mean + SD and pooled from 3 independent experiments with n=4-6 per experiment. Statistical
significance was determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p<
.0001). In (B) the statistical significance is shown for day 8.

We next assessed the colon for immune cell populations, as this is the key site of
DSS-induced disease (Wirtz et al., 2007). Colons were enzymatically digested
and immune cells identified by flow cytometry (Figure 3-3). We focussed on the
myeloid compartment because of the role of these cells in DSS-induced
pathology (Bento et al., 2012). Neutrophils were identified as CD11b*Ly6G* and
monocytes and macrophages as CD11b*CDé4*. The CD64* population was then
divided into monocytes, intermediate monocyte-macrophages, and mature

macrophages based on expression of Ly6C and MHCII (Bain and Mowat, 2014).
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Conventional dendritic cells (cDCs) were CD64 CD11c*MHCII* (Langlet et al.,
2012) and eosinophils were CD11b*Ly6G "MHCII" cells with high side-scatter,
indicating high granularity (Bain et al., 2018). Initially our colon digests yielded
low cell numbers (<5x10° cells isolated per colon), even from DSS-treated
samples (Figure 3-4A), but the digests were optimised by switching from frozen
aliquots of diluted enzymes to using fresh enzymes and this greatly improved the
cell yields. In later experiments cell yields were mostly >5x10°, per colon, with
most DSS samples yielding ~1x107 cells (Figure 3-4A). Isolated cells were
generally more than 60% viable, with comparable viability between groups, apart
from a small increase in viability of naive DSS samples compared to naive
controls (Figure 3-4B). Immune cells were identified as CD45*, and their
proportion and numbers were greatly increased in the DSS-treated groups, with
no difference between naive and MT (Figure 3-4C). CD11b is expressed by
granulocytes, monocytes, macrophages, and certain subsets of cDC in the colon.
The proportion of CD11b* cells was also greatly increased following DSS
treatment, but this was significantly less in the Hh* MT group compared to naive
(Figure 3-4D). This difference was not reflected in the absolute number of CD11b
expressing cells, although upon pooling the data the low cell yields from earlier

experiments may have affected this (Figure 3-4D).
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Figure 3-3: Gating strategy for identification of intestinal myeloid cell subsets

Single cells were pre-selected and myeloid subsets first identified as live, CD45*, CD3", B220.
Neutrophils, eosinophils, and monocyte-macrophages were CD11b*. Neutrophils were Ly6G* and
eosinophils were MHCII- with high side scatter (SSC). Monocyte-macrophages were CD64* and
further divided based on expression of Ly6C and MHCII. cDCs were CD64°, CD11c*, MHCII*. Dot

plots are shown from 1 representative naive sample.
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Figure 3-4: DSS treatment drives colonic immune infiltration

C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) and
then administered 2% DSS in drinking water, as described in Fig.1B. Colonic LP leukocytes were
isolated using enzymatic digestion and the total isolated cells counted manually using trypan blue
(A). Cells were assessed by flow cytometry for viability (B) and the frequency and absolute number
of CD45* (C) and CD11b* (D) cells were calculated. Data are shown with mean + SD and pooled
from 3 independent experiments with n=4-6 per experiment. Statistical significance was determined
by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).

We next confirmed that there was significant neutrophil accumulation in the
colon following DSS treatment (Figure 3-5), as previously reported (Stevceva et

al., 2001). However, DSS-induced neutrophil infiltration was significantly

attenuated in the Hh* MT group, both in terms of cell proportion and humber
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(Figure 3-5). Similarly, there was a significant increase in colonic monocytes
following DSS treatment, which was again significantly attenuated in the group
which had received Hh* MT (Figure 3-6). In the gut, the macrophage population
is largely replenished by bone-marrow derived monocytes. These cells are
recruited at a higher rate during inflammation and once in the gut begin to
differentiate into mature macrophages via an intermediate stage (Bain et al.,
2013). The proportion and number of intermediate cells was increased following
DSS treatment, but the number of these cells was significantly reduced in the
Hh* MT group (Figure 3-7A). We observed a proportional decrease in mature
macrophages following DSS treatment, due to the reciprocal increase in
monocytes and intermediate cells within the CD64* population (Figure 3-7B).
However, no differences in the number of mature macrophages were observed
between any of the groups (Figure 3-7B). There were also no differences in the
proportion or number of colonic cDCs between treatment groups (Figure 3-8).
Finally, we saw significant increases in the number of eosinophils in the colon
following DSS treatment, which was comparable between both the naive and Hh*
MT groups (Figure 3-9).
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Figure 3-5: Hh* microbiota transfer attenuates DSS-induced neutrophil infiltration

C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) and
then administered 2% DSS in drinking water, as described in Fig.1B. Representative dot plots of
colonic CD11b*Ly6G* neutrophils (A), quantification of neutrophil frequencies (B) and absolute
numbers (C) are shown. Data are shown with mean + SD and pooled from 3 independent
experiments with n=4-6 per experiment. Statistical significance was determined by 2-way ANOVA
(significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).
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Figure 3-6: Hh* microbiota transfer attenuates DSS-induced monocyte infiltration

C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) and
then administered 2% DSS in drinking water, as described in Fig.1B. Representative dot plots of
colonic CD11b*CD64" monocyte-macrophages divided by expression of Ly6C and MHCII (A),
quantification of Ly6C*MHCII- monocyte frequencies (B) and absolute numbers (C) are shown.
Data are shown with mean + SD and pooled from 3 independent experiments with n=4-6 per
experiment. Statistical significance was determined by 2-way ANOVA (significance *p< 0.05,
**p<0.01, ***p< 0.001, ****p< .0001).
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Figure 3-7: Changes to intermediate and mature macrophages following Hh* microbiota

transfer and DSS treatment

C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) and
then administered 2% DSS in drinking water, as described in Fig.1B. The frequency and absolute
number of colonic Ly6C*MHCII* intermediate monocyte-macrophages (A) and Ly6C-MHCII* mature
macrophages (B) are shown. Data are shown with mean £ SD and pooled from 3 independent
experiments with n=4-6 per experiment. Statistical significance was determined by 2-way ANOVA

(significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).
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Figure 3-8: Hh* microbiota transfer and DSS treatment do not alter colonic cDC

C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) and
then administered 2% DSS in drinking water, as described in Fig.1B. Representative dot plots of
colonic CD64-CD11c*MHCII* ¢DCs (A), quantification of cDC frequencies (B) and absolute
numbers (C) are shown. Data are shown with mean + SD and pooled from 3 independent
experiments with n=4-6 per experiment. Statistical significance was determined by 2-way ANOVA
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Figure 3-9: Hh* microbiota transfer does not alter DSS-induced eosinophil accumulation
C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) and
then administered 2% DSS in drinking water, as described in Fig.1B. Representative dot plots of
colonic CD11b*SSCMMHCII- eosinophils (A), quantification of eosinophil frequencies (B) and
absolute numbers (C) are shown. Data are shown with mean + SD and pooled from 3 independent
experiments with n=4-6 per experiment. Statistical significance was determined by 2-way ANOVA
(significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).

These data demonstrate that transfer of a microbiota containing Hh was able to
lessen the clinical severity of DSS-induced disease. Furthermore, the
inflammatory infiltrate was significantly reduced in DSS-treated Hh* MT
recipients. These mice showed reduced numbers of colonic neutrophils and
monocytes following DSS treatment, suggesting that the extent of inflammation
was attenuated. At this stage, we reasoned that the differences in the Hh* MT
group may be caused by Hh acting alone, by Hh acting in conjunction with other
species in the transferred microbiota, or in a Hh-independent manner as a result
of a different element of the donor microbiota. We therefore next sought to
determine whether Hh colonization was sufficient to drive the protection against

DSS-induced disease.
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3.3.2 Hh colonization is sufficient to protect against DSS-induced
disease

To test the specific effects of Hh on disease outcome, we set up a model of
direct Hh infection. For this purpose, we used a type strain of Hh which has been
well characterised (Ward et al., 1994, Kullberg et al., 2002). We cultured the
bacteria microaerophillically as described (Maloy et al., 2003) and C57BL/6 SPF
mice were either inoculated by oral gavage with one dose of 1x108 CFU Hh or
given sterile PBS (Figure 3-10A). As in the Hh* MT system, we left the mice for 21
days to allow Hh to fully establish colonization before beginning DSS treatment.
Firstly, we assessed if levels of Hh colonization were comparable between the
Hh* MT and direct Hh infection recipients, by quantifying Hh levels in caecal
contents using gPCR of the Hh-specific gene CdtB (Ge et al., 2001). We observed
no difference in levels of Hh DNA between mice which had received Hh* MT and
mice which had been directly infected by oral gavage with Hh (Figure 3-10B). Hh

levels were also not affected by DSS treatment (Figure 3-10B).
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Figure 3-10: Hh colonization by direct infection

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 21
days to allow bacterial colonization. On day 21 mice were administered 2% DSS in drinking water
or given normal water as controls. After 4 days all mice were switched back to normal water for a
final 4 days (A). Hh colonization was quantified in caecal content by gPCR of CatB (B). Hh
colonization was also quantified in C57BL/6 littermate cohorts colonized with Hh* microbiota (MT)
and then administered 2% DSS in drinking water, as described in Fig.1B. Data are shown with
mean + SD and pooled from 3 independent experiments with n=4-6 per experiment. Statistical
significance was determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p<
.0001).

As previously, the mice were monitored for symptoms of DSS-induced disease.
The PBS-treated group showed significant disease activity following DSS
treatment, combined with substantial weight loss (Figure 3-11A-B). In
comparison, the group colonized with Hh displayed reduced clinical symptoms
and significantly less weight loss (Figure 3-11A-B). We measured colon length as
an additional indicator of disease severity, as inflammation causes a thickening
of the colon tissue which results in shortening of total colon length (Yan et al.,
2009). We observed significantly reduced colon lengths in both DSS-treated
groups, although to a significantly lesser extent in the Hh infected animals
(Figure 3-11C). We carried out histological assessment of the mid and distal
colon for intestinal pathology and identified samples in both DSS-treated groups
which showed cardinal signs of inflammation, characterised by epithelial
hyperplasia, leukocyte infiltration, loss of crypt structure, and oedema (Figure
3-12) (Wirtz et al., 2007, Bonfiglio et al., 2021). However, the Hh colonized

group overall had a significantly decreased histology score compared to the PBS-
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treated group, indicating that Hh colonization reduced DSS-induced intestinal

pathology (Figure 3-12).
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Figure 3-11: Hh colonization attenuates DSS-induced disease

C57BL/6 littermates were infected with 1x108 CFU Hh or given PBS by oral gavage and
administered 2% DSS in drinking water. Following DSS administration mice were assessed daily
for clinical disease activity (A) and weight change (B). Representative pictures of colon length are
shown (C — left) with lengths quantified (C — right). Data are shown as mean + SD and pooled from
3 independent experiments with n=4-6 per experiment. Statistical significance was determined by
2-way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001). In (B) the statistical
significance is shown for day 8.
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Figure 3-12: Hh colonization attenuates DSS-induced intestinal inflammation

C57BL/6 littermates were infected with 1x108 CFU Hh or given PBS by oral gavage and
administered 2% DSS in drinking water. Representative H&E staining of the distal colon from
untreated control (left), uninfected DSS (middle), and Hh-colonized DSS (right) mice are shown (A).
Sections were scored blind for signs of histological inflammation and the mean scores from the mid
and distal colon were quantified (B). The scores for the representative samples in (A) are shown in
the top left of each image. Data are shown with mean + SD and pooled from 3 independent
experiments with n=4-6 per experiment. Statistical significance was determined by 2-way ANOVA
(significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).

Upon isolation of cells from the colon, we observed a significant increase in the
total cell yield from both DSS-treated groups compared to untreated controls,
although this was significantly less in the Hh-colonized group (Figure 3-13A).
Viability of isolated cells was comparable between all treatment groups (Figure
3-13B). The numbers of CD45* immune cells and CD11b* myeloid cells were
greatly increased in the colons of DSS-treated mice, but this accumulation was
significantly lower in Hh-colonized DSS-treated mice (Figure 3-13C-D). Similarly,
we found a clear reduction in the level of colonic neutrophil infiltration in Hh-
infected DSS-treated mice compared to the DSS-treated controls (Figure 3-14).
This was mirrored in the level of colonic monocytes, which were again
significantly reduced in the Hh-infected DSS-treated group compared to the DSS-

treated controls (Figure 3-15). The remaining CD64* cells were analysed, and
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while there was an increase in the proportion of intermediate cells following DSS
treatment, this was reciprocated with a proportional decrease of mature
macrophages (Figure 3-16), as previously observed in Figure 3-7. While there
were no proportional differences in the intermediate cells between both DSS-
treated groups, they were significantly fewer in number in the Hh-colonized DSS-
treated group (Figure 3-16A). However, the numbers of mature macrophages did
not differ with Hh colonization (Figure 3-16B). Proportionally, there were no
differences in cDC or eosinophil frequencies between any of the treatment
groups, although both cell types increased in number following DSS treatment,
and eosinophil numbers were reduced in Hh-infected DSS-treated group

compared to the DSS-treated controls (Figure 3-17, Figure 3-18).
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Figure 3-13: Hh infection attenuates DSS-induced colonic leukocyte infiltration

C57BL/6 mice were infected with 1x108 CFU Hh or given PBS by oral gavage and administered 2%
DSS in drinking water. Colonic LP leukocytes were isolated using enzymatic digestion and the total
isolated cells counted manually using trypan blue (A). Cells were assessed by flow cytometry for
viability (B) and the absolute number of CD45* (C) and CD11b* (D) cells were calculated. Data are
shown with mean = SD and pooled from 3 independent experiments with n=4-6 per experiment.
Statistical significance was determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p<
0.001, ****p< .0001).
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Figure 3-14: Hh attenuates DSS-induced neutrophil infiltration in the colon
C57BL/6 mice were infected with 1x108 CFU Hh or given PBS by oral gavage and administered 2%
DSS in drinking water. Representative dot plots of colonic CD11b*Ly6G* neutrophils (A),
quantification of neutrophil frequencies (B) and absolute numbers (C) are shown. Data are shown

with mean £ SD and pooled from 3 independent experiments with n=4-6 per experiment. Statistical
significance was determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p<

.0001).
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Figure 3-15: Hh attenuates DSS-induced monocyte infiltration in the colon

C57BL/6 mice were infected with 1x108 CFU Hh or given PBS by oral gavage and administered 2%
DSS in drinking water. Representative dot plots of colonic CD11b*CD64* monocyte-macrophages
divided by expression of Ly6C and MHCII (A), quantification of Ly6C*MHCII- monocyte frequencies
(B) and absolute numbers (C) are shown. Data are shown with mean = SD and pooled from 3
independent experiments with n=4-6 per experiment. Statistical significance was determined by 2-
way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).



96

Intermediate monocyte-macrophages

*kk

kkkk kokokok skkkk skokok

60+ .
L 1x10
8 8 8 s o)
S % 40 %o £ 8107 o
o 8 2 ex10°
5 ;o .
L« 201 3 4x10°
° o)
- ?” " €8 a0
” < o
0 * w 0-—Sm ‘
PBS Hh PBS Hh
B Macrophages ¢ Control
* o 2% DSS
o 100 Tk rx o 1.5x1 08+ kkkk sKkokok
[0
%Jr s0| 86 'io g 2 °
53 S 1.0x106
S © 60 ® % c o
SO 40 =
26 3 5.0x105
E 20+ 8) n
R 2 @ ° .
0 x x 0.0—*— :
PBS Hh PBS Hh

Figure 3-16: Changes to intermediate monocyte-macrophages and mature macrophages in
the colon following Hh colonization and DSS

C57BL/6 mice were infected with 1x108 CFU Hh or given PBS by oral gavage and administered 2%
DSS in drinking water. The frequency and absolute number of colonic Ly6C*MHCII* intermediate
monocyte-macrophages (A) and Ly6C"MHCII* mature macrophages (B) are shown. Data are
shown with mean + SD and pooled from 3 independent experiments with n=4-6 per experiment.
Statistical significance was determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p<
0.001, ****p< .0001).
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Figure 3-17: Hh colonization has no impact on DSS-induced cDC accumulation in the colon
C57BL/6 mice were infected with 1x108 CFU Hh or given PBS by oral gavage and administered 2%
DSS in drinking water. Representative dot plots of CD64"CD11c*MHCII* colonic cDCs (A),
quantification of cDC frequencies (B) and absolute numbers (C) are shown. Data are shown with
mean + SD and pooled from 3 independent experiments with n=4-6 per experiment. Statistical
significance was determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p<

.0001).
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Figure 3-18: Hh attenuates DSS-induced eosinophil accumulation in the colon
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C57BL/6 mice were infected with 1x108 CFU Hh or PBS by oral gavage and administered 2% DSS

in drinking water. Representative dot plots of CD11b*SSC"MHCII- colonic eosinophils (A),

quantification of eosinophil frequencies (B) and absolute numbers (C) are shown. Data are shown
with mean + SD and pooled from 3 independent experiments with n=4-6 per experiment. Statistical
significance was determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p<

.0001).

To summarise, using a direct infection to colonize mice with Hh had a
comparable impact on DSS colitis as we observed following transfer of the
naturally Hh-containing microbiota. We therefore concluded that Hh was
sufficient to limit the severity of DSS-induced disease. Further analyses of the
effect of Hh in this model were therefore carried out using the direct infection

system.

3.3.3 Phenotyping of colonic macrophages and cDCs following
Hh colonization and DSS treatment

We next determined whether there were phenotypic differences in colonic
myeloid cells following Hh infection and DSS treatment. The majority of

macrophages in the steady state intestine are mature Ly6C"MHCII* cells which

are highly phagocytic and unresponsive to TLR stimulation (Bain et al., 2013). In

the context of inflammation, increased monocyte infiltration results in an
expansion of inflammatory macrophages that are functionally distinct from the

mature macrophages (Bain et al., 2018). These macrophages recruited during
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inflammation produce inflammatory mediators, including TNFa, IL-6 and IL-18,
and CD11c has been used as a marker for this inflammatory macrophage
phenotype in the gut (Corbin et al., 2020). We therefore analysed its expression
on the Ly6C"MHCII* macrophage population. We observed a substantial increase
in the frequency of CD11c* macrophages following DSS treatment, in line with
the reported expansion of these cells in inflammatory settings (Figure 3-19A).
However, we saw no difference in the frequency of CD11c* colonic macrophages
between uninfected and Hh-colonized DSS-treated mice (Figure 3-19A), despite
the significant difference in the size of the monocyte infiltrate between these
groups (Figure 3-15). We also assessed the colonic macrophage pool for
expression of programmed cell death ligand 1 (PD-L1), which was shown to be
upregulated on macrophages in inflammatory settings (Yamazaki et al., 2002).
Indeed, we saw a marked upregulation of PD-L1 by colonic macrophages
following DSS treatment, which was attenuated in the Hh-infected DSS group
(Figure 3-19B).
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Figure 3-19: DSS drives expansion of inflammatory macrophages in the colon

C57BL/6 mice were infected with 1x108 CFU Hh or given PBS by oral gavage and administered 2%
DSS in drinking water. Colonic macrophages were identified as CD11b*CD64"Ly6C MHCII* and
analysed for expression of CD11c (A) and PD-L1 (B). Representative dot plots (left) and
quantification of frequencies (right) are shown. Data are shown with mean + SD and pooled from 3
independent experiments with n=4-6 per experiment. Statistical significance was determined by 2-
way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).

We next measured the expression of co-stimulatory molecules CD80 and CD86,
which are expressed on APCs and involved in T cell activation. Intestinal
macrophages have been shown to exhibit low expression of these molecules, but
this can be altered in patients with IBD (Rogler et al., 1998, RUGTVEIT et al.,
2003). We saw that like CD11c and PD-L1, CD80 was significantly upregulated on
colonic macrophages from DSS-treated mice, although the extent of CD80
upregulation was reduced with Hh colonization (Figure 3-20A). Conversely, we
saw decreased CD86 expression following DSS treatment, with no significant
effect of Hh colonization (Figure 3-20B). The expression of these molecules was
also measured on colonic cDCs. CD80 expression was not altered on colonic cDCs
following DSS treatment, although we saw a slight reduction in its expression in
the Hh-colonized groups (Figure 3-21A). No differences in the expression of CD86

were observed on cDCs (Figure 3-21B).
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Figure 3-20: Changes to colonic macrophage co-stimulatory molecule expression following
Hh infection and DSS

C57BL/6 mice were infected with 1x108 CFU Hh or given PBS by oral gavage and administered 2%
DSS in drinking water. Colonic macrophages were identified as CD11b*CD64"Ly6C MHCII* and
the MFI of CD80 (A) and CD86 (B) expression within the macrophage pool were calculated.
Representative histograms showing the proportion of CD80/86-expressing macrophages (left) and
quantification of MFI (right) are shown. Data are shown with mean + SD and pooled from 3
independent experiments with n=4-6 per experiment. Statistical significance was determined by 2-
way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).
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Figure 3-21: Changes to cDC co-stimulatory molecule expression following Hh infection and
DSS

C57BL/6 mice were infected with 1x108 CFU Hh or given PBS by oral gavage and administered 2%
DSS in drinking water. Colonic cDCs were identified as CD64°CD11c*MHCII* and the MFI of CD80
(A) and CD86 (B) expression within the cDC pool were calculated. Representative histograms
showing the proportion of CD80/86-expressing cDCs (left) and quantification of MFI (right) are
shown. Data are shown with mean + SD and pooled from 3 independent experiments with n=4-6
per experiment. Statistical significance was determined by 2-way ANOVA (significance *p< 0.05,
**p<0.01, ***p< 0.001, ****p< .0001).

These data demonstrate that the colonic macrophage pool develops an
inflammatory phenotype following DSS treatment, as characterised by increased
expression of CD11c, PD-L1 and CD80. However, colonic macrophages from Hh-
colonized DSS-treated mice exhibited reduced upregulation of PD-L1 and CD80,
although not CD11c. This further confirms that Hh colonization attenuates the

extent of DSS-induced inflammation.

3.3.4 Quantification of intestinal and systemic cytokines following
Hh infection and DSS treatment

We next examined the inflammatory response to DSS on a functional level. DSS
induces expression of inflammatory cytokines IL-6 and TNFa in the colon from
around day 2-3 of treatment, while by day 8 high levels of IL-18, IFNy, IL-17 and
IL-22 can also be detected (Nunes et al., 2018). Hh infection in

immunocompetent mice drives expression of regulatory IL-10 (Xu et al., 2018,
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Danne et al., 2017) by T cells and macrophages, while in the context of Hh-
induced colitis the response is dominated by IL-23, IL-18, IL-17, IFNy and IL-22
(Kullberg et al., 2006, Coccia et al., 2012, Morrison et al., 2015). We aimed to
determine how infection with Hh might alter the cytokine response to DSS. Using
gPCR to analyse transcription in whole distal colon tissue, we observed
significant increases in expression of Tnf, Ifny, Il17a, and /(22 at day 8 following
DSS (Figure 3-22). Expression of /{18 and /(6 also increased in the DSS groups,
although not to a significant level (Figure 3-22). No significant differences
between the PBS and Hh-colonized groups were apparent, although there was a
notable spread in expression of Ifny, Il18, Il6, and /(22 within the Hh-infected
DSS group, with many mice exhibiting comparable gene expression to the non-
DSS control groups (Figure 3-22). Additionally, we saw a slight increase in Il17a
expression in the Hh-infected control mice compared to the PBS controls,
although this did not reach statistical significance (Figure 3-22). Taken together,
this shows that treatment with DSS induced clear upregulation of inflammatory
cytokines in the colon, which was largely comparable between the uninfected

and Hh-colonized mice.
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Figure 3-22: DSS drives increased inflammatory cytokine gene expression in the colon
C57BL/6 mice were infected with 1x108 CFU Hh or given PBS by oral gavage and administered 2%
DSS in drinking water. A section of distal colon was isolated and expression of indicated genes
measured using gPCR. Differences in gene expression were determined using the 2-4¢® method,
with gene expression normalised to the housekeeping gene Rps29 and data shown as fold change
relative to the PBS control group. Data are shown with mean + SD and pooled from 3 independent
experiments with n=4-6 per experiment. Statistical significance was determined by 2-way ANOVA
(significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).

In addition to assessment of inflammatory cytokines, we also analysed

expression of the regulatory cytokine IL-10. /{10 transcription was similar

between the control and DSS-treated PBS samples, and there was no difference

between the uninfected and Hh-colonized control groups (Figure 3-23A).

However, when treated with DSS, we saw a significant upregulation of /{10 only
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in the Hh-infected mice. As IL-10 plays an important role in suppressing
intestinal inflammation (Kuhn et al., 1993), we hypothesised that increased /{10
expression in Hh-infected mice may be responsible for the reduced inflammatory
responses observed with DSS treatment. To address this hypothesis, we tested
whether there was an inverse correlation between /{10 transcription and
histological inflammation, as described in Figure 3-12. We observed no
correlation between these factors in the DSS-treated PBS group (Figure 3-23B).
However, in the Hh-colonized DSS group, we observed a significant positive
correlation between /{10 transcription and histology score (Figure 3-23B). This
indicates that rather than increased IL-10 driving a reduced inflammatory
response in infected mice, Hh may prime the immune system to respond to
inflammation with an increased regulatory IL-10 response. This could potentially
contribute to the reduced disease severity seen in the Hh-colonized mice,

although this hypothesis requires further testing.
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Figure 3-23: Hh drives increased //10 transcription following DSS challenge

C57BL/6 mice were infected with 1x108 CFU Hh or given PBS by oral gavage and administered 2%
DSS in drinking water. A section of distal colon was isolated and expression of //70 measured using
gPCR (A). Differences in gene expression were determined using the 2% method, with gene
expression normalised to the housekeeping gene Rps29 and data shown as fold change relative to
the PBS control group. Data are shown with mean + SD and statistical significance was determined
by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001). Histology scores
were obtained as described (Figure 3-12) and a simple linear regression performed between //10
expression and histology score (B). Data are pooled from 3 independent experiments with n=4-6
per experiment.

We next aimed to determine whether the inflammation induced by DSS shown
here was present only in the colon, or if a systemic cytokine response could be
detected. We measured the concentration of TNFa and IL-6 in the serum and
initially detected negligible levels of these cytokines (data not shown). We then
used samples from Salmonella typhimuirum-infected mice with known systemic
inflammation as a positive control for this assay, and we were able to detect
clear presence of both TNFa and IL-6 in the serum (Figure 3-24A). For both
cytokines, the level in naive samples was below the reliable detection limit of
the assay (Figure 3-24A). In the DSS-treated samples, we observed similarly low
levels of TNFa, and although we were able to detect IL-6 in the serum, there
was a notable spread in the concentration between the 2 samples tested and
one fell at the lower end of the detection range (Figure 3-24A). We concluded
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that the DSS challenge had not induced a systemic inflammatory response at the
timepoint tested here. To further confirm this, we measured the spleen mass in
our different treatment groups, as an enlarged spleen is a hallmark of systemic
inflammation. We observed no differences in spleen weight, either as a result of
DSS treatment or Hh infection (Figure 3-24B). We therefore opted not to carry

out further assessment of systemic inflammation in this model.
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Figure 3-24: DSS challenge did not induce significant systemic inflammation

C57BL/6 mice were infected with 1x108 CFU Hh or given PBS by oral gavage and administered 2%
DSS in drinking water. Mice from a separate experiment were infected with 5x107 CFU Salmonella
typhimurium by oral gavage. The concentrations of TNFa and IL-6 in the serum of 2 uninfected
non-DSS, 2 uninfected DSS-treated, and 2 S. typhimurium infected mice were measured by CBA.
The lower detection limit of the assay is indicated (A). Spleens were collected at DSS experimental
endpoint and weights quantified (B). Data are shown with mean + SD and in (B) are pooled from 3
independent experiments with n=4-6 per experiment. Statistical significance was determined by 2-
way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).

3.3.5 Assessment of antimicrobial responses following Hh
infection and DSS treatment

Administration of DSS causes changes to the composition of the colonic
microbiota (Hakansson et al., 2015, Munyaka et al., 2016), as well as damage to

the epithelial barrier which can result in penetration of bacteria into the mucus
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layer (Johansson et al., 2014). Disruption of the epithelial barrier is associated
with translocation of bacterial antigens and luminal bacteria into the tissue
(Fukata et al., 2005). These changes are accompanied by an inflammatory
response targeted against the microbiota, including the induction of
antimicrobial responses. We postulated that Hh-infected animals might exhibit
increased antimicrobial responses, as a result of the close interactions between
this microbe and host cells. We reasoned that increased antimicrobial activity
could be beneficial during DSS-induced disease, as it could help to control the

extent of bacterial spread.

We analysed colonic expression of Retnlb, which encodes resistin-like molecule B
(RELMB), an antimicrobial protein with bactericidal activity which has been
shown to contribute to maintaining segregation between the epithelial barrier
and the microbiota (Propheter et al., 2017). DSS treatment caused a marked
upregulation in Retnlb transcription, but this was significantly reduced in the
Hh-colonized DSS-treated mice (Figure 3-25A). In the control, non-DSS groups,
we saw no difference in Retnlb expression between uninfected and Hh-infected
mice (Figure 3-25A). We next measured expression of Nos2, encoding inducible
nitric oxide synthase (iNOS). This enzyme is activated following exposure to
inflammatory cytokines to produce the free radical nitric oxide (NO) (Soufli et
al., 2016)Among other functions, it has been described to have antimicrobial
effects, particularly against intracellular pathogens (Fang, 1997), and to play a
role in maintaining bacterial homeostasis in the gut (Matziouridou et al., 2018).
We observed a strong upregulation of Nos2 in the colon following DSS treatment,
which was again significantly attenuated in Hh infected DSS-treated mice (Figure
3-25B).
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Figure 3-25: Hh reduces DSS-induced antimicrobial gene expression in the colon

C57BL/6 mice were infected with 1x108 CFU Hh or given PBS by oral gavage and administered
2% DSS in drinking water. A section of distal colon was isolated and expression of Retnlb (A) and
Nos2 (B) measured using gPCR. Differences in gene expression were determined using the 2-
AAC(t) method, with gene expression normalised to the housekeeping gene Rps29 and data
shown as fold change relative to the PBS control group. Data are shown with mean + SD and
pooled from 3 independent experiments with n=4-6 per experiment. Statistical significance was
determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).
Finally, we measured levels of Calprotectin, a complex consisting of the S100A8
and S100A9 proteins. Faecal Calprotectin is associated with inflammation and is
widely used as a biomarker for IBD, as it correlates with endoscopic assessment
of disease activity and is non-invasive (Raseth et al., 1997, Konikoff and Denson,
2006). Calprotectin is produced largely by neutrophils, but also by other innate
immune cells such as macrophages, and epithelial cells. It has a range of
functions including antimicrobial effects due to its ability to chelate metal ions
and sequester iron from bacteria, thus inhibiting bacterial growth (Nakashige et
al., 2015, Jukic et al., 2021). Faecal Calprotectin concentrations have been
shown to correlate with measures of intestinal permeability, as increased
permeability is associated with barrier damage and translocation of the complex
from the tissue into the luminal space and stool (Berstad et al., 2000).
Calprotectin levels are therefore not only an indicator of inflammatory and
antimicrobial responses, but also of barrier damage. As such, we observed a
marked significant increase in the concentration of S100A8 in the stool following

administration of DSS (Figure 3-26). As with expression of Retnlb and Nos2,
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levels of S100A8 were significantly reduced in Hh-colonized DSS-treated mice

when compared to the DSS control mice (Figure 3-26).
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Figure 3-26: Hh reduces DSS-induced faecal Calprotectin levels

C57BL/6 mice were infected with 1x108 CFU Hh or given PBS by oral gavage and administered 2%
DSS in drinking water. Stool was collected at experiment endpoint and the concentration of
S100A8 measured by ELISA. Concentrations were normalised to total protein content measured by
BCA. Data are shown with mean = SD and pooled from 3 independent experiments with n=4-6 per
experiment. Statistical significance was determined by 2-way ANOVA (significance *p< 0.05,
**p<0.01, ***p< 0.001, ****p< .0001).

Taken together, these data show that antimicrobial responses appear elevated
following treatment with DSS. Mice colonized with Hh showed reduced DSS-
induced antimicrobial gene expression and lower levels of faecal Calprotectin
compared to uninfected animals. Rather than Hh increasing antimicrobial
responses to limit DSS-induced disease, it may be the case that colonized mice
exhibit reduced barrier damage following treatment, therefore leading to less

bacterial exposure and subsequent antimicrobial action.

3.3.6 Hh-mediated disease protection is dependent on length of
time after infection

At this stage, we had established that Hh infection is sufficient to limit the
disease severity following administration of DSS. To conclude this chapter, we
finally aimed to determine whether this protection is apparent immediately
after infection, or if it is dependent on the extended colonization period which
we had implemented in previous experiments. We hoped this would begin to
elucidate the mechanisms underlying the disease protection and tell us more
about the cell types which may be involved. For example, induction of a primary
T cell response takes ~7-14 days, so beginning DSS treatment before this

timepoint would likely remove any effect of Hh-specific T cells. Similarly, any
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effects of Hh on the innate immune compartment may take repeated
interactions over time to drive alterations in phenotype and function. We also
reasoned that the levels of Hh colonization may increase over time, so perhaps
bacterial burden would be lower at earlier timepoints and therefore have a

reduced effect on the immune system. This is addressed in the next chapter.

In these experiments, we infected mice with Hh by MT and then immediately
begin DSS administration after the 7-day co-housing period (Figure 3-27). We
observed no difference in either the disease activity scores or weight loss
between the control and Hh* MT DSS-treated groups (Figure 3-28). Additionally,
the proportion and number of colonic neutrophils (Figure 3-29) and monocytes
(Figure 3-30) were comparable regardless of Hh colonization. We confirmed that
the infection had indeed been successful as all Hh* MT recipients were PCR
positive for p25 and the levels of Hh DNA in caecal content, as quantified by
gPCR for CdtB, were also comparable to previous experiments (data not shown).
We therefore concluded that the Hh-mediated protection against DSS disease

was not present at early timepoints following infection.
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Figure 3-27: Schematic for DSS challenge at early timepoint following Hh infection

C57BL/6 mice were co-housed with microbiota donors for 7 days. On day 7 microbiota donors were
removed and recipient mice were administered 2% DSS in drinking water or given normal water as
controls. After 4 days all mice were switched back to normal water for a final 4 days.
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Figure 3-28: Hh-mediated attenuation of DSS-induced disease is not present immediately
after infection

C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) for 7
days and then administered 2% DSS in drinking water, as described in Fig.1-27. Following DSS
administration mice were assessed daily for clinical disease activity (A) and weight change (B).
Data are shown as mean + SD and pooled from 3 independent experiments with n=4-6 per
experiment. Statistical significance was determined by 2-way ANOVA (significance *p< 0.05,
**p<0.01, ***p< 0.001, ****p< .0001).
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Figure 3-29: Hh-mediated attenuation of DSS-induced neutrophil infiltration is not present
immediately after infection

C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) for 7
days and then administered 2% DSS in drinking water, as described in Fig.1-27. Representative
dot plots of colonic neutrophils (A), quantification of neutrophil frequencies (B) and absolute
numbers (C) are shown. Data are shown with mean + SD and are representative of one experiment
with n=3-4. Statistical significance was determined by 2-way ANOVA (significance *p< 0.05,
**p<0.01, ***p< 0.001, ****p< .0001).
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Figure 3-30: Hh-mediated attenuation of DSS-induced monocyte infiltration is not present
immediately after infection

C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) for 7
days and then administered 2% DSS in drinking water, as described in Fig.1-27. Representative
dot plots of colonic monocyte-macrophages (A), quantification of monocyte frequencies (B) and
absolute numbers (C) are shown. Data are shown with mean + SD and are representative of one
experiment with n=3-4. Statistical significance was determined by 2-way ANOVA (significance *p<
0.05, **p<0.01, ***p< 0.001, ****p< .0001).
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3.4 Discussion

While Hh has been studied extensively as a model for bacteria-induced colitis,
less well understood are its effects on immunocompetent hosts. Recent
literature has highlighted the dominant regulatory effects of Hh on the immune
system at steady state (Danne et al., 2017, Xu et al., 2018, Kedmi et al., 2022),
but whether these effects shape the host’s response during a disease or
infectious challenge remains unclear. Here, using two approaches for colonizing
mice with Hh, we explored the impact of Hh on DSS-induced disease, including
the composition and phenotype of the colonic innate immune compartment,
cytokine responses, and antimicrobial functions. We also tested whether the
timepoint following Hh infection impacted the disease-attenuating effect we had

observed.

3.4.1 Natural versus direct Hh infection methods

In recent years, the importance of microbiota standardization between
experimental mice has become widely understood (McCoy et al., 2017). Due to
the vast range of effects the microbiota exerts on its host, differences between
animal facilities, and even between colonies in the same facility, can influence
experimental outcomes. We identified animals bred at the University of Glasgow
which harboured natural colonization with Hh. We chose to study the effect of
the Hh-containing microbiota identified from our facility, with the aim to not
only explore the effects of Hh on its host, but also to demonstrate how the

natural microbiota of different animal colonies can impact immune function.

The use of co-housing for the purpose of microbiota transfer is often used as a
method of standardizing microbial composition between animals. Despite this, it
has been reported to have mixed efficacy, with some describing only partial
normalization of the microbiota (Robertson et al., 2019), and others achieving
more comparable composition after co-housing (Caruso et al., 2019).
Importantly, not all species transfer at the same rate, and the transfer can be
asymmetric, meaning that the resultant microbial composition will more closely
resemble one of the original hosts (Caruso et al., 2019). We tested whether co-
housing was sufficient to transfer Hh colonization and found that within 7 days

of co-housing the Hh infection transfers to recipient animals. However, we have
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not yet carried out extensive characterisation of this microbial transmission, and
the exact composition of the donor microbiota and the extent of its transfer to
recipient animals remains to be determined. This caveat should be considered
when interpreting the results of the MT system in this thesis. Although we have
validated the specific effects of Hh using a direct infection method, the
contribution of additional microbes in the MT recipients cannot formally be
excluded. Indeed, a recent large-scale study of DSS colitis reported a surprising
degree of disease variation within a colony of C57BL/6 mice that were
maintained in a single SPF breeding facility in the absence of intestinal
Helicobacter spp (Forster et al., 2022). Microbiota sequencing revealed that
cohorts that exhibited either very severe or very mild DSS colitis had different
abundances of distinct bacterial species and that mono-colonization of GF mice
with these individual species could reproduce different DSS disease outcomes
(Forster et al., 2022). However, in our study, we observed very similar results
using microbiota transfer or direct infection with Hh, suggesting that from the
transferred microbiota, Hh may be the dominant species driving effects on the
host. Nevertheless, it has been reported that direct Hh infection can alter the
relative composition of the microbiota (Kuehl et al., 2005), which could
potentially contribute to the observed effects. To explore whether the
protective effects of Hh might be linked to altered abundance of other
microbiota species that can affect DSS severity, it will be important to fully
sequence the microbiota before and after DSS challenge, in the presence or

absence of Hh.

3.4.2 Hh-mediated protection against DSS-induced disease
severity

The effects of microbial composition on disease outcome and severity are not
fully understood. This extends not only to human disease, but also to animal
models, which do not completely recapitulate disease mechanisms and
therapeutic effects. Differences in microbial composition and diversity are
thought to be a contributing factor to this, with much work now being done
using laboratory mice with “dirty” microbiomes that resemble those of wild
mice, and more closely model human responses (Rosshart et al., 2019, Hamilton
et al., 2020). Pathobiont species such as Hh are present in wild mouse

microbiotas but often lacking in laboratory and SPF animals. Understanding how
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species like this impact host immunity and affect disease and therapeutic
outcomes will provide important insight into how the microbiota modulates host

responses, which in turn can be used to inform clinical decisions.

DSS-induced colitis is a widely used model of IBD, in which the microbiota plays
a documented role in disease severity (Hernandez-Chirlaque et al., 2016, Forster
et al., 2022, Rath et al., 2001). However, the mechanisms behind these effects
have not yet been elucidated, and it is still unclear why certain bacterial species
affect disease outcome while others do not. DSS-induced colitis develops
normally in GF animals, indicating that there are microbiota-independent
pathways driving disease which are not completely understood (Bylund-Fellenius
et al., 1994). Following DSS treatment, GF mice reportedly suffer worsened
epithelial injury than microbiota-sufficient animals (Hernandez-Chirlaque et al.,
2016), suggesting that the microbiota plays an important disease-limiting role,
despite its implication in driving pathological inflammatory responses in this
model. Here, we have demonstrated that colonization with Hh substantially
reduces the severity of DSS-induced disease. Hh infection attenuated almost
every indicator of disease severity and colonic inflammation, including weight
loss and clinical symptoms, histopathological changes, and inflammatory

infiltrate.

The underlying mechanisms by which Hh limits DSS-induced disease severity
remain to be defined. It could potentially be the result of multiple mechanisms
acting in conjunction, across various arms of the immune system. From studies
using Hh-induced colitis models, we know that the bacteria has the capacity to
affect multiple cell types in the gut, including T cells (Kullberg et al., 2002),
ILCs(Buonocore et al., 2010), and monocytes and macrophages(Bain et al.,
2018). Work done in vitro has also demonstrated functional effects of Hh on IECs
(Sterzenbach et al., 2007, Liyanage et al., 2013). The potent effect of Hh on the
T cell compartment has been heavily studied both in the context of colitis and at
steady state. At steady state, Hh preferentially drives the induction of Tregs in
the colon (Xu et al., 2018), and increased numbers of Tregs could contribute to
the protective effect we have documented here. Multiple studies in which mice
are treated with a probiotic or bacterial species which alters the balance of Treg
and Th1/Th17 induction in the gut have demonstrated a disease-attenuating
effect in the DSS colitis model (Park et al., 2018, Hartog et al., 2015), including
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infection of mice with Helicobacter pylori, a human pathogen related to murine
Hh (Zhang et al., 2018). However, these studies do not demonstrate that it is
specifically alterations to the T cell compartment which drive protection, or
whether these changes may be redundant when combined with effects on other

cell types.

The rationale for an innate-mediated mechanism of disease protection comes
from the timing and acute nature of the DSS regimen used here. The
experimental endpoint falls on day 8 following DSS treatment, which is too early
for induction of a primary T cell response as a result of DSS-induced barrier
breach and exposure to bacterial antigens. While tissue resident memory T cells
may become activated, including Hh-reactive Tregs, the brunt of the response is
driven by myeloid cells and the epithelial barrier. Any Hh-mediated effects on
their functions could act to limit their inflammatory response in this setting.
There have been reports of Hh having a limiting effect on innate responses to
PAMPs (Sterzenbach et al., 2007, Chow and Mazmanian, 2010), however these
studies were carried out in cell lines and lack the environmental context of an in
vivo infection. In later chapters, the effect of Hh on the myeloid and epithelial
compartments are explored, with the aim of determining the extent of Hh-
mediated functional effects on these cell types and to explore potential

mechanisms of Hh-driven disease protection.

3.4.3 Phenotypic and functional effects of Hh on the gut
landscape

We assessed various indicators of colonic inflammation, including phenotypic
analysis of myeloid cells, cytokine transcription, and markers associated with
antimicrobial responses. We identified expansion of CD11c-expressing
macrophages in the colon following DSS treatment. This population has been
reported to transcribe antimicrobial molecules and produce high levels of
inflammatory cytokines (Corbin et al., 2020, Uematsu et al., 2006), and in the
context of Hh-induced colitis, their production of IL-23 is required to trigger
pathology (Arnold et al., 2016). This population is therefore likely to be key in
contributing to DSS-induced disease. Although we saw a marked reduction in
colonic monocyte infiltration in Hh-infected mice, we observed no difference in

the proportion of CD11c* macrophages. This suggests that while myeloid
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infiltration might be altered in infected animals, the inflammatory environment
in the DSS-treated gut is still sufficient to drive the expansion of inflammatory
macrophages. Despite this, other markers of an inflammatory macrophage
phenotype, PD-L1 and CD80, were also upregulated following DSS treatment, but
significantly reduced in Hh-infected mice. This is conflicting but indicates that
expression of these molecules on macrophages may be controlled by different
pathways, and that Hh may modulate these pathways to different extents. The
PD-1/PD-L1 axis is involved in limiting T cell responses, and is best known as a
blockade target in cancer immunotherapy (Errico, 2015), while its expression on
macrophages is thought to contribute to immunosuppressive tumour
microenvironments (Hartley et al., 2018). Blockade of PD-L1 has been reported
to polarise tumour macrophages towards a more pro-inflammatory phenotype
(Xiong et al., 2019). Its upregulation in inflammatory environments is likely a
mechanism by which the immune system controls the extent of the inflammatory
response. CD80 and CD86 are in the same family of molecules as PD-L1, termed
the B7 superfamily, consisting of costimulatory and coinhibitory molecules (Park
et al., 2023). Upregulation of these molecules is differentially induced by various
stimuli, including PRR signalling (Park et al., 2023). Recognition of microbes and
their products, including Hh, could therefore be involved in controlling their
expression, and may explain why we see differences in these molecules in Hh-
infected mice. The effects of Hh on the macrophage compartment are further

explored in later chapters.

Cytokine networks are key to guiding intestinal homeostasis and mediating the
response to infection. Upon breakdown of barrier function, cytokines derived
from innate cells initiate intestinal inflammation, and in the development of
chronic disease help to shape the adaptive immune response (Friedrich et al.,
2019). We observed marked upregulation of Tnfa, Ifny, Il17a and 122
transcription in the colon of DSS-treated mice. Upregulation of /{18 and /(6 were
also apparent, although not to a statistically significant level. Unlike the clinical
disease indicators and cellular infiltrate, there were no significant differences in
inflammatory cytokine transcription between uninfected and Hh-colonized mice.
These data are conflicting as it could be expected that numbers of inflammatory
monocyte-macrophages and neutrophils would correlate with cytokine

production, given that these cells produce many of the cytokines tested
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(Friedrich et al., 2019). It may be due in part to the gap between cytokine
transcription and protein translation, and alternative measurements of cytokine
production should be undertaken to provide a more complete assessment. We
observed the highest transcription of /{10 in DSS-treated, Hh-infected mice,
which showed clear upregulation compared to all other treatment groups.
Despite the known increase in Tregs following Hh infection, these data suggest
that at steady state, IL-10 is produced at a comparable level between infected
and uninfected mice. However, upon inflammatory challenge, Hh appears to
drive an increased propensity for IL-10 production. This idea is supported by the
significant positive correlation which we observed between /(10 transcription
and histological inflammation in the Hh-infected group. These data suggest that
Hh may prime the immune system to produce increased IL-10 following an
inflammatory challenge. Despite this, measuring cytokine transcription in whole
tissue does not allow for identification of the specific cell types producing each
cytokine, and it is unclear whether this increased IL-10 is a result of production
by Tregs, macrophages, or another cell type, and which cells are responding.
Expression of the IL-10 receptor alpha (IL-10Ra) on macrophages has been shown
to be protective in the context of DSS-induced colitis and T cell mediated colitis
(Li et al., 2014, Li et al., 2015), indicating that macrophages are likely to be a
key cell type responding to IL-10 in this context. It would be useful to examine
the expression of IL-10Ra on different colonic immune cells, including
macrophages, to determine whether Hh alters its expression and could
potentially affect IL-10 responsiveness. Further work therefore remains to be
done to assess the potential role of IL-10 signalling in Hh-mediated protection

against DSS-induced disease.

As DSS-induced colitis is a model of barrier breach, the dysregulated
inflammatory response which ensues is accompanied by antimicrobial responses
designed to eliminate invading microbes. We observed increased expression of
Retnlb and Nos2 following DSS treatment, confirming that the loss of barrier
integrity was accompanied by a significant antimicrobial response. RELMB,
encoded by Retnlb, is produced by goblet cells in response to bacterial stimuli
and its production is greatly reduced in GF animals (He et al., 2003). Mice
lacking RELMB show penetration of pathogens such as Citrobacter rodentium

into the colonic crypts (Bergstrom et al., 2015), indicating a role for RELMB in
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maintaining bacterial segregation. Mice with a knockout of Retnlb also show
elevated levels of epithelial-associated Proteobacteria, including Helicobacter
species (Propheter et al., 2017). Despite this, we saw no difference in Retnlb
expression between Hh-infected and uninfected control mice, and a reduction in
expression in the Hh-colonized DSS group compared to uninfected DSS. These
data suggest that Hh does not drive upregulation of RELMB. The reduction in
DSS-induced Retnlb in Hh-colonized mice is possibly a result of reduced barrier
damage and subsequent exposure to microbial PAMPs. Nos2 showed the same
expression pattern, with reduced expression in the Hh-colonized group following
DSS treatment. While iNOS, encoded by Nos2, is not a traditional antimicrobial
peptide, it has been shown to have antimicrobial functions and involvement in
regulating bacterial load in the gut (Matziouridou et al., 2018). Nos2 is
upregulated in colonic epithelial cells in mice colonized with epithelial-adherent
SFB or Cr (Atarashi et al., 2015), but again was not upregulated here by Hh
infection alone. Its expression is induced by inflammatory cytokines (Soufli et
al., 2016), so the reduction we observed may be due to decreased cytokine
signalling in infected animals - although there were no significant differences in
DSS-induced inflammatory cytokine transcription in Hh-infected mice. We lastly
measured levels of faecal Calprotectin, which were again notably increased
following DSS treatment and reduced with Hh infection. This complex was used
as an indicator of antimicrobial functions, but also as a surrogate marker for
barrier damage and neutrophil accumulation (Jukic et al., 2021). Taken
together, it is difficult to interpret whether the reduction in antimicrobial
markers we have measured is indicative of a reduction in barrier damage and
breach, or the result of decreased pro-inflammatory infiltrate and mediator
production. To clarify this issue, further work should be done to directly assess
the DSS-induced barrier damage in this system, for example by employing a

method such as the FITC-dextran permeability assay (Volynets et al., 2016).

3.4.4 The impact of infection and disease challenge timing

Our final aim for this chapter was to test whether Hh-mediated disease
protection was impacted by the length of time the animals had been infected.
We hoped this would begin to elucidate the mechanism behind the protective
effect, as the length of time post-infection could indicate which elements of the

immune system may be altered by the bacteria. In other studies investigating
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the effect of infection on experimental colitis, various timepoints of colitis
induction have been tested. One study which reported a protective effect of H.
pylori colonization waited until 4 weeks post-infection to begin DSS treatment
(Zhang et al., 2018), while another group infected with Lactobacillus acidophilus
3 days after DSS administration (Park et al., 2018). It is likely that the protective
effects described in these studies are therefore mediated by different
mechanisms. As well as bacteria-mediated protection, much work has been done
demonstrating the alleviating effects of helminth infections in experimental
colitis models (Heylen et al., 2014). Helminths produce a range of
immunomodulatory molecules to evade and suppress host responses (McSorley et
al., 2013), and the mechanisms by which these alter host immunity and protect
against inflammatory disease are well characterised. One mechanism described
is the helminth-induced activation of Tregs (White et al., 2020), and this
mechanism could potentially play a role in the Hh-mediated disease protection
described here. Given the length of time required for induction of a naive T cell
response, we postulated that immediately following MT there would not yet be
Hh-induced Treg expansion. Indeed, at this early timepoint, infected mice did
not show attenuated disease or reduced colonic myeloid infiltration following
DSS. As the inflammation in this system is driven largely by myeloid cells, a
potential mechanism of protection could involve Treg-mediated effects on the
myeloid compartment. Tregs have been shown to directly inhibit innate driven
intestinal pathology, dependent on their production of IL-10 and TGFB (Maloy et
al., 2003), and their role in Hh-mediated protection from DSS requires further
investigation. Studies using Hh-induced colitis models have employed a T cell
transfer system to demonstrate the protective function of Tregs in this context
(Kullberg et al., 2002, Maloy et al., 2003). A similar system could be used here,
whereby Tregs from infected animals are transferred into uninfected hosts
before DSS treatment, to determine whether these cells are sufficient to
attenuate colitis symptoms. Alternatively, the role of Tregs could be tested by
depleting these cells prior to DSS administration and assessing whether the

protective effect of Hh remains in their absence.

Another potential mechanism is direct modulation of the myeloid compartment
by Hh. There is substantial evidence of microbiota-driven effects on the

development and function of myeloid cells. Myelopoiesis in the BM appears to be
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directly affected by the level of complexity in the microbiota, with GF animals
exhibiting reduced numbers of BM monocytes and granulocyte monocyte
progenitors (GMPs) (Balmer et al., 2014a), and treatment with antibiotics
reducing granulocytosis (Deshmukh et al., 2014). This microbiota-driven
myelopoiesis is dependent on TLR signalling (Balmer et al., 2014a). As the gut is
a tissue where the macrophage pool is constantly replenished by BM monocytes
(Bain et al., 2014), it is possible that Hh could mediate effects on the BM which
then impact the intestinal myeloid compartment. Alterations to BM
haematopoiesis may take an extended amount of time to affect the macrophage
pool in the gut, which could again explain why we do not see limiting effects on
disease severity in mice only colonized with Hh for a short time. Once in the gut,
the local environment plays a key role in shaping the functions of resident
myeloid cells. Microbiota-derived signals have been shown to directly regulate
macrophage functions, with the SCFA butyrate having an attenuating effect on
the production of inflammatory mediators by colonic macrophages (Chang et al.,
2014). In line with this, treatment with antibiotics has the opposite effect,
increasing the frequency of inflammatory colonic macrophages and causing
marked changes to their metabolic profile (Scott et al., 2022). Hh has been
shown to directly drive an anti-inflammatory phenotype in gut macrophages
(Danne et al., 2017), and it is likely that this mechanism may contribute to the
effect we have demonstrated. Whether any direct effects of Hh on the myeloid
compartment are present immediately after infection or require repeated
interactions remains unclear. In the next chapter, the difference in the gut
landscape at different timepoints following Hh infection is explored, with the
aim of determining why the protective effect is not present early after infection

and further elucidating how Hh alters the immune environment of its host.

3.4.5 Concluding remarks

In conclusion, we report that colonization with Hh has an attenuating effect on
disease severity in the DSS colitis model. We show that Hh infection alleviates
clinical colitis symptoms, including weight loss, and attenuates histopathological
signs of intestinal disease. Inflammatory infiltrate to the colon was also
markedly reduced in infected mice, and there were accompanying changes to
macrophage phenotypes which are consistent with a reduction in inflammation.

This protective effect was dependent on an extended colonization period prior
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to colitis onset and was not apparent when animals were immediately
challenged with DSS following infection. These data provide new insight into the
effects of Hh on the immune system and demonstrate that infection with

pathobiont species can have beneficial outcomes for the host.
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4 Helicobacter hepaticus modulates intestinal
immune homeostasis at steady state

4.1 Introduction

In Chapter 3, we identified a protective effect of Hh colonization against disease
outcome in the DSS colitis model. To explore the mechanisms driving this altered
response, we first require a greater understanding of the effects of Hh on its
host at steady state. The concept of homeostatic immunity has been described
in recent years, in which the crosstalk of interactions between the host and its
microbiota drives a range of microbiota-specific immune responses in the
absence of inflammation (Belkaid and Harrison, 2017, Ansaldo et al., 2021). It is
likely that homeostatic immunity driven by Hh alters the intestinal immune
environment, so that when challenged with DSS or another inflammatory trigger,

the response and outcome are altered.

Exposure to microbiota-derived signals has a vast array of effects on host
immunity and physiology. These effects range from local signals in the gut
influencing the composition and functions of resident cells (Schulthess et al.,
2019, Goto et al., 2014, Furusawa et al., 2013, Atarashi et al., 2011), to far-
reaching effects on systemic immunity and immune cell development (Clarke et
al., 2010, Balmer et al., 2014a, Khosravi et al., 2014). As our understanding of
host-microbiota crosstalk increases, the differences between laboratory animals
and wild animals, or indeed humans, are becoming more evident. While the
mammalian immune system co-evolved with a diverse microbiota, laboratory
animals are usually maintained in highly controlled, pathogen-free
environments. The result is a distinct difference in the microbial composition
and immune function of these animals compared to wild counterparts (Abolins et
al., 2017, Rosshart et al., 2017, Rosshart et al., 2019). The immune system of
laboratory mice has been described to resemble more closely that of a newborn
rather than adult human, a phenotype which can be partially rescued by co-
housing with non-laboratory mice (Beura et al., 2016). Wild mice show increased
proportions of splenic neutrophils, highly activated NK cells, and increased
proportions of effector T cells compared to laboratory mice (Abolins et al.,
2017). Despite this, they also show increased proportions of Tregs and reduced

cytokine responses when stimulated with PAMPs (Abolins et al., 2017). This
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suggests that increased microbial exposure has a regulatory effect on immune
activity, and it has been proposed that in this way the microbiota sets the
threshold for immune activation (Ansaldo et al., 2021). Importantly, this has
implications for therapeutic strategies, with studies describing how the
microbiota can determine responses to anticancer immunotherapies and
vaccines (Kroemer and Zitvogel, 2018, Collins and Belkaid, 2018, Reese et al.,
2016). Similarly, animals with microbiotas resembling those of wild mice more
accurately model human responses to therapeutics (Rosshart et al., 2017,
Rosshart et al., 2019). It is therefore important that we develop a greater
understanding of the host-microbiota crosstalk, particularly the mechanisms by
which the microbiota shapes the immune system in homeostasis and how this

alters outcomes in disease and therapeutic settings.

The effects of Hh on the intestinal T cell pool have been well documented. As
previously described, Hh drives induction of RORyt* Tregs and Tfh cells at steady
state (Xu et al., 2018, Kedmi et al., 2022), while in the context of Hh-driven
colitis, the T cell pool is dominated by Th1 and Th17 cells (Morrison et al., 2013,
Hue et al., 2006). In contrast, there have been few reports of Hh-mediated
effects on the intestinal innate immune compartment at steady state. In the
absence of T cells, Hh drives innate-mediated colitis (Maloy et al., 2003), and
MyD88 signalling on myeloid cells is required for induction of innate or T cell-
mediated Hh-driven colitis (Asquith et al., 2010). At steady state, a Hh-derived
metabolite has been shown to induce an anti-inflammatory gene signature in
macrophages (Danne et al., 2017), indicating that the bacteria may have direct
functional effects on intestinal myeloid cells. However, further characterisation
of the myeloid pool in Hh colonized animals remains to be carried out. Finally, it
is also important to consider potential effects of Hh on the composition of the
microbiota itself. Changes to microbial diversity and abundance can have
downstream effects on immune function, and introducing a new species into this
complex ecosystem could result in changes to immune homeostasis. There is
evidence that upon infection with Hh, it becomes the dominant community
member colonizing the caecal mucosa, therefore impacting microbial diversity
(Kuehl et al., 2005). Gaining further insight into the impact of Hh colonization
on the microbial community could help decipher direct and indirect effects of

Hh on immune function.
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4.2 Aims

Here | aimed to phenotype the colonic myeloid pool following Hh colonization at
steady state. | tested two timepoints following infection to determine how the
response to Hh develops over time, with potential implications for the disease
outcomes described in Chapter 3. | also examined intestinal cytokine expression
to give further insight into Hh-induced immune function at these timepoints. |
then assessed the myeloid pool in the S, a tissue that is not colonized by Hh,
with the aim of determining whether Hh induces only local changes to immunity
or whether it has the capacity to have further reaching effects. Finally, | aimed
to determine whether Hh drives changes to faecal microbial composition, which

could cause downstream effects on the immune landscape.

4.3 Results

4.3.1 Hh alters colonic myeloid cell recruitment at different
timepoints post-infection

To understand the effects of Hh on the immune system at steady state, we
utilised the two Hh infection methods described in Chapter 3. Here, we focussed
on examining the intestinal myeloid compartment, as the effect of Hh on these
cells at steady state has not been well documented, despite their contribution
to pathology in Hh-induced colitis models (Bain et al., 2018, Arnold et al., 2016,
Asquith et al., 2010). Colons were harvested at two timepoints post-infection,
day 7 and day 21, as we observed different outcomes at these timepoints when
mice were challenged with DSS in Chapter 3. cLPL (colonic lamina propria
leukocytes) were analysed by flow cytometry, and starting with mice receiving
Hh* MT, we observed a trend towards increased numbers of CD45* immune cells
at day 7, which was reduced to comparable levels with naive controls by day 21
(Figure 4-1A). No differences in numbers of CD11b* or CDé64* cells were observed
at either timepoint (Figure 4-1B-1C). As expected, there were very few
neutrophils present in the cLPL of naive mice, and Hh* MT had no significant
impact on colonic neutrophil proportions or numbers at either time point (Figure
4-2).
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Figure 4-1: Hh* MT drives increased immune infiltration to the colon at day 7

C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh™ microbiota (MT) for 7-
or 21-days. Colonic LP leukocytes were isolated using enzymatic digestion and the absolute
number of CD45" (A), CD11b* (B), and CD64* (C) cells were calculated. Data are shown with
mean + SD and pooled from 3 (D7) or 4 (D21) independent experiments with n=4 per experiment.
Statistical significance was determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p<
0.001, ****p< .0001).
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Figure 4-2: Hh* MT does not impact colonic neutrophil accumulation

C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) for 7-
or 21-days. Representative dot plots of colonic CD11b*Ly6G* neutrophils (A), quantification of
neutrophil frequencies (B) and absolute numbers (C) are shown. Data are shown with mean + SD
and pooled from 3 (D7) or 4 (D21) independent experiments with n=4 per experiment. Statistical
.s(;%rai:i;:.ance was determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p<
We next analysed the colonic monocyte-macrophage pool. At day 7 post-Hh* MT,
there was a significant increase in the proportion and number of infiltrating
monocytes (Figure 4-3). However, by day 21 this was reduced, with monocyte
levels comparable between the naive and Hh* MT groups (Figure 4-3). We
observed a similar trend with levels of intermediate monocyte-macrophages
(Figure 4-4A), which is likely reflective of the fact that these cells are a
differential intermediate arising from infiltrating monocytes (Bain et al., 2014).
Macrophage frequencies were decreased in Hh* MT recipients at day 7 (Figure
4-4B), due to the proportionate increase in monocytes and intermediate cells.
However, no differences in macrophage numbers at either timepoint were
observed (Figure 4-4B). Similarly, we saw no significant differences in cDC
proportions or numbers between the naive and Hh* MT groups (Figure 4-5).
Lastly, Hh* MT recipients showed a substantial increase in eosinophil frequency
and number at day 7, although by day 21 no difference between naive and Hh*
MT animals was apparent (Figure 4-6). These data show that following transfer
of the Hh-containing microbiota, recipients experienced a transient increase in

monocyte and eosinophil infiltration to the colon early after transfer. However,
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by day 21 the proportion and number of these cells were comparable between
naive mice and Hh* MT mice, indicating that over time the myeloid cell response

to the new microbiota is controlled.
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Figure 4-3: Hh* MT induces increased monocyte infiltration to the colon at day 7

C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) for 7-
or 21-days. Representative dot plots of colonic CD11b*CD64* monocyte-macrophages divided by
expression of Ly6C and MHCII (A), quantification of Ly6C*MHCII- monocyte frequencies (B) and
absolute numbers (C) are shown. Data are shown with mean = SD and pooled from 3 (D7) or 4
(D21) independent experiments with n=4 per experiment. Statistical significance was determined
by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).
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Figure 4-4: Hh* MT drives increased accumulation of colonic intermediate monocyte-
macrophages at day 7
C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) for 7-
or 21-days. The frequency and absolute number of colonic Ly6C*MHCII* intermediate monocyte-
macrophages (A) and Ly6C"MHCII* mature macrophages (B) are shown. Data are shown with
mean + SD and pooled from 3 (D7) or 4 (D21) independent experiments with n=4 per experiment.
Statistical significance was determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p<
0.001, ****p< .0001).
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Figure 4-5: Hh* MT does not alter colonic cDC levels

C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) for 7-
or 21-days. Representative dot plots of colonic CD64-CD11¢c*MHCII* cDCs (A), quantification of
cDC frequencies (B) and absolute numbers (C) are shown. Data are shown with mean + SD and
pooled from 3 (D7) or 4 (D21) independent experiments with n=4 per experiment. Statistical
significance was determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p<

.0001).
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Figure 4-6: Hh* MT drives increased levels of colonic eosinophils at day 7

C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) for 7-
or 21-days. Representative dot plots of colonic CD11b*SSCMMHCII- eosinophils (A), quantification
of eosinophil frequencies (B) and absolute numbers (C) are shown. Data are shown with mean +
SD and pooled from 3 (D7) or 4 (D21) independent experiments with n=4 per experiment.
Statistical significance was determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p<
0.001, ****p< .0001).

We then repeated these experiments with direct Hh infection to determine
whether Hh was sufficient to drive the observed responses, or if they were due
to the influx of other microbes in Hh* MT recipients. Mice were directly infected
with Hh as previously and cLPL analysed at the indicated timepoints. We found
that direct Hh infection did not drive significant changes to numbers of CD45* or
CD11b* cells in the colon (Figure 4-7A-B). However, numbers of CD64* monocyte-
macrophages were significantly increased at day 7 post infection with Hh
compared to controls, and again this was reduced to control levels by day 21
(Figure 4-7C). Unlike the Hh* MT recipients, a proportion of mice directly
infected with Hh showed increased colonic neutrophils at day 7, but there was
no significant difference between the groups at day 21 (Figure 4-8). Hh-infected
mice also displayed significantly elevated levels of infiltrating monocytes at both
day 7 and day 21 (Figure 4-9). Intermediate monocyte-macrophages were
substantially increased at day 7 following Hh infection but were comparable with
controls by day 21 (Figure 4-10A). Hh drove only proportional changes to

macrophage frequencies and numbers of these cells were not affected by the
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infection at either timepoint (Figure 4-10B). As observed in the Hh* MT
experiments, cDC levels were also unaffected by direct Hh colonization (Figure
4-11). Finally, and in contrast to Hh* MT recipients (Figure 4-6), mice infected
with Hh directly showed no significant differences in eosinophil levels at either
timepoint (Figure 4-12), although there was a trend towards increased eosinophil
numbers in some Hh infected mice. This suggests that changes to eosinophils in
the Hh* MT system may be the result of additional microbes transferred and not

caused by Hh.
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Figure 4-7: Hh colonization drives increased CD64" monocyte-macrophage levels in the
colon at day 7 post-infection

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 7-
or 21-days post-infection. Colonic LP leukocytes were isolated using enzymatic digestion and the
absolute number of CD45* (A), CD11b* (B), and CD64" (C) cells were calculated. Data are shown
with mean + SD and pooled from 3 (D7) or 2 (D21) independent experiments with n=4-6 per
experiment. Statistical significance was determined by 2-way ANOVA (significance *p< 0.05,
**p<0.01, ***p< 0.001, ****p< .0001).
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Figure 4-8: Hh colonization induces increased colonic neutrophil accumulation at day 7
C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 7-
or 21-days post-infection. Representative dot plots of colonic CD11b*Ly6G* neutrophils (A),
quantification of neutrophil frequencies (B) and absolute numbers (C) are shown. Data are shown
with mean + SD and pooled from 3 (D7) or 2 (D21) independent experiments with n=4-6 per
experiment. Statistical significance was determined by 2-way ANOVA (significance *p< 0.05,
**p<0.01, ***p< 0.001, ****p< .0001).
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Figure 4-9: Hh colonization induces increased monocyte infiltration to the colon

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 7-
or 21-days post-infection. Representative dot plots of colonic CD11b*CD64" monocyte-
macrophages (A), quantification of Ly6C*MHCII- monocyte frequencies (B) and absolute numbers
(C) are shown. Data are shown with mean + SD and pooled from 3 (D7) or 2 (D21) independent
experiments with n=4-6 per experiment. Statistical significance was determined by 2-way ANOVA

(significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).
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Figure 4-10: Hh colonization drives increased accumulation of colonic intermediate

monocyte-macrophages at day 7
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C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 7-

or 21-days post-infection. The frequency and absolute number of colonic Ly6C*MHCII*

intermediate monocyte-macrophages (A) and Ly6C"MHCII* mature macrophages (B) are shown.
Data are shown with mean = SD and pooled from 3 (D7) or 2 (D21) independent experiments with
n=4-6 per experiment. Statistical significance was determined by 2-way ANOVA (significance *p<

0.05, **p<0.01, ***p< 0.001, ****p< .0001).
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Figure 4-11: Hh colonization does not drive changes to colonic cDC levels
C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 7-

or 21-days post-infection. Representative dot plots of colonic CD64"CD11c*MHCII* cDCs (A),
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quantification of cDC frequencies (B) and absolute numbers (C) are shown. Data are shown with

mean x SD and pooled from 3 (D7) or 2 (D21) independent experiments with n=4-6 per
experiment. Statistical significance was determined by 2-way ANOVA (significance *p< 0.05,

**p<0.01, ***p< 0.001, ****p< .0001).
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Figure 4-12: Hh colonization does not significantly impact colonic eosinophil accumulation
C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 7-
or 21-days post-infection. Representative dot plots of colonic CD11b*SSCMMHCII- eosinophils (A),
quantification of eosinophil frequencies (B) and absolute numbers (C) are shown. Data are shown
with mean + SD and pooled from 3 (D7) or 2 (D21) independent experiments with n=4-6 per
experiment. Statistical significance was determined by 2-way ANOVA (significance *p< 0.05,
**p<0.01, ***p< 0.001, ****p< .0001).

Together, these data indicate that colonization with Hh drives early recruitment
of myeloid cells to the large intestine, suggesting that there is an initial innate
immune response stimulated by Hh. By day 21, this response appears to have
mostly resolved, with only some animals showing a maintained increase in
monocyte infiltration at the later timepoint. Hh* MT and direct Hh infection had
similar effects on the myeloid pool, with the most notable difference being a
significant increase in eosinophil levels in Hh* MT recipients at day 7 that was

not fully recapitulated in mice infected with Hh alone.

4.3.2 Hh has minimal effects on colonic macrophage and cDC
phenotypes at steady state

To further explore the effect of Hh on the myeloid compartment at steady state,
we assessed colonic macrophages and cDCs following Hh colonization. It is well
documented that, as these cells mature in the tissue, they exhibit phenotypic
differences driven by the local environment (Chang et al., 2014, Schridde et al.,
2017, Kang et al., 2020, Cabeza-Cabrerizo et al., 2021). In the direct Hh

infection system, we assessed colonic macrophages for expression of CD11c, a
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marker expressed on inflammatory macrophages (Corbin et al., 2020). At day 7
there were no differences in CD11c expression by colonic macrophages in both
groups (Figure 4-13A), but by day 21 CD11c expression was significantly lower in
colonic macrophages from Hh infected mice (Figure 4-13A). We also measured
macrophage PD-L1 expression, another indicator of an inflammatory macrophage
phenotype (Yamazaki et al., 2002), and found no significant difference in

expression by colonic macrophages in both groups (Figure 4-13B).
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Figure 4-13: Colonic macrophages show lower CD11c expression on day 21 post-infection
with Hh

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 7-
or 21-days post-infection. Colonic macrophages were identified as CD11b*CD64*Ly6C"MHCII* and
analysed for expression of CD11c (A) and PD-L1 (B). Representative histograms showing the
proportion of CD11c/PD-L1-expressing macrophages (left) and quantification of MFI (right) are
shown. Data are shown with mean + SD and pooled from 3 (D7) or 2 (D21) independent
experiments with n=4-6 per experiment. Statistical significance was determined by 2-way ANOVA
(significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).

Expression of the mannose receptor (CD206) is associated with activation of
macrophages by IL-4 and IL-13, often referred to as “M2” or “alternatively
activated” macrophages (Smith et al., 2016). While intestinal macrophages do

not fit comfortably into this paradigm, CD206 expression is often used to denote

repair-associated macrophages, and its upregulation is induced by IL-10
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signalling (Bain and Mowat, 2014). We saw no differences in CD206* colonic
macrophages following Hh infection, although the proportions of CD206* colonic
macrophages were reduced on day 21 in both groups (Figure 4-14). We then
measured colonic macrophage CD80 expression and found it to be unaffected by
Hh infection (Figure 4-15A-B). In contrast, the proportions of CD86* colonic
macrophages were significantly decreased in Hh colonized mice at day 21 post-
infection (Figure 4-15C-D). Similarly, we saw no differences in CD80 expression
on colonic cDCs from both groups (Figure 4-16A-B), but observed a significant
reduction in CD86* colonic cDCs from Hh-infected mice at day 21 post-infection
(Figure 4-16C-D).
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Figure 4-14: Hh colonization does not alter macrophage expression of CD206

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 7-
or 21-days post-infection. Colonic macrophages were identified as CD11b*CD64*Ly6C MHCII* and
analysed for expression of CD206. Representative histograms showing the proportion of CD206-
expressing macrophages (A) and quantification of frequency and MFI (B) are shown. Data are
shown with mean + SD and pooled from 3 (D7) or 2 (D21) independent experiments with n=4-6 per
experiment. Statistical significance was determined by 2-way ANOVA (significance *p< 0.05,
**p<0.01, ***p< 0.001, ****p< .0001).
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Figure 4-15: Hh colonization reduces CD86"* colonic macrophages at day 21 post-infection
C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 7-
or 21-days post-infection. Colonic macrophages were identified as CD11b*CD64*Ly6C MHCII* and
analysed for expression of CD80 (A, B) and CD86 (C, D). Representative histograms showing the
proportion of CD80/86-expressing macrophages (A, C) and quantification of frequency and MFI (B,
D) are shown. Data are shown with mean + SD and pooled from 3 (D7) or 2 (D21) independent
experiments with n=4-6 per experiment. Statistical significance was determined by 2-way ANOVA
(significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).
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Figure 4-16: Hh colonization reduces CD86" colonic cDC at day 21 post-infection

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 7-
or 21-days post-infection. Colonic cDCs were identified as CD64"CD11c*MHCII* and analysed for
expression of CD80 (A, B) and CD86 (C, D). Representative histograms showing the proportion of
CD80/86-expressing cDCs (A, C) and quantification of frequency and MFI (B, D) are shown. Data
are shown with mean + SD and pooled from 3 (D7) or 2 (D21) independent experiments with n=4-6
per experiment. Statistical significance was determined by 2-way ANOVA (significance *p< 0.05,
**p<0.01, ***p< 0.001, ****p< .0001).

Although the majority of gut macrophages are constantly replenished from BM
monocytes (Bain et al., 2014), a recently described population of intestinal

macrophages, defined as CD4*Tim4*, appear to be long-lived resident cells in the
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gut that are self-maintained in the tissue (Shaw et al., 2018). We assessed
whether Hh infection altered the abundance of these cells, but we saw no
differences in either the frequency or number of these CD4*Tim4* macrophages

at either timepoint (Figure 4-17).
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Figure 4-17: Levels of CD4'Tim4* macrophages are not changed by Hh colonization
C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 7-
or 21-days post-infection. Colonic macrophages were identified as CD11b*CD64*Ly6C MHCII* and
representative dot plots of CD4*Tim4* macrophages (A), quantification of frequencies (B) and
absolute numbers (C) are shown. Data are shown with mean + SD and pooled from 3 (D7) or 2
(D21) independent experiments with n=4-6 per experiment. Statistical significance was determined
by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).

To conclude, we observed that colonic macrophages and cDCs were generally
very similar between uninfected and Hh-colonized mice. Following Hh
colonization, no changes at day 7 post-infection were observed, while at day 21
there were reduced proportions of CD86* colonic cDCs and macrophages in Hh-
infected mice. There were also reduced proportions of CD11c* colonic
macrophages in Hh-infected mice at the later timepoint only. These data suggest
that, when directly infected with Hh, macrophages and cDCs show subtle

phenotypic differences which take time to become apparent.
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4.3.3 Colonic transcription of Tnfa, Ifny, and lI17a is altered at
different timepoints post-infection

Having determined that Hh colonization drives an early myeloid response in the
colon, we next explored whether there were accompanying changes to cytokine
expression. We first assessed inflammatory cytokine transcription in whole distal
colon tissue and found that at day 7 post infection, there was a significant
upregulation of Ifny expression in Hh-infected mice, although this difference was
not significant at day 21 (Figure 4-18). However, at day 21, we observed
significant upregulation of Thfa and /{17a in the colons of Hh-infected mice
which was not present at day 7, indicating that there are differences in the
response to Hh over time. We did not observe differences in expression of /(18,
16, or 1122 at either timepoint (Figure 4-18). We next measured expression of
1110 and, despite the slight trend towards increased expression at day 21, there
were no significant differences in colonic /{10 at either timepoint (Figure 4-19).
Finally, we measured expression of Nos2, which is upregulated following
exposure to inflammatory cytokines (Soufli et al., 2016). Again, although there
was a trend towards increased expression of Nos2 in the colon samples from Hh-
infected mice, these differences did not reach statistical significance (Figure
4-20).



Relative expression Relative expression

Relative expression

Figure 4-18: Increased inflammatory cytokine gene expression in the colon after Hh

colonization

o PBS e
Tnfa
*ok
6 *ok 5
) §
44 : E}
0 g
2+ ® ) é
$ %
0 T T I
D7 D21
g
2 5
7))
)
o
o
X
()
()
=
©
)
(n'e

100+

10

0.1

$ke
<o o
e
(€]
0
Relative expression

D21

Hh

100

10

0.1

D7 D21

16

0
D21
122
100
<
o T -JL 25 2
14 ’0 ..‘. ..
.
0.1 “:’ ** 8
0.01 : x
D7 D21

146

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 7-

or 21-days post-infection. A section of distal colon was harvested and expression of indicated

genes measured using gPCR. Differences in gene expression were determined using the 2-24C()

method, with gene expression normalised to the housekeeping gene Rps29 and data shown as
fold change relative to the D7 PBS controls. Data are shown with mean + SD and pooled from 3

(D7) or 2 (D21) independent experiments with n=4-6 per experiment. Statistical significance was

determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).
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Figure 4-19: Hh colonization does not alter transcription of //70 in the colon

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 7-
or 21-days post-infection. A section of distal colon was harvested and expression of //10 measured
using gPCR. Differences in gene expression were determined using the 222¢® method, with gene
expression normalised to the housekeeping gene Rps29 and data shown as fold change relative to
the D7 PBS controls. Data are shown with mean + SD and pooled from 3 (D7) or 2 (D21)
independent experiments with n=4-6 per experiment. Statistical significance was determined by 2-
way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).
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Figure 4-20: Hh colonization does not significantly alter transcription of Nos2 in the colon
C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 7-
or 21-days post-infection. A section of distal colon was harvested and expression of Nos2
measured using gPCR. Differences in gene expression were determined using the 2-2¢® method,
with gene expression normalised to the housekeeping gene Rps29 and data shown as fold change
relative to the D7 PBS controls. Data are shown with mean + SD and pooled from 3 (D7) or 2 (D21)
independent experiments with n=4-6 per experiment. Statistical significance was determined by 2-
way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).

Taken together, it appears that early after infection Hh drives transcriptional
upregulation of Ifny, while at later timepoints there is increased Tnfa and Il17a.

These data demonstrate that the cytokine response to Hh varies over time.

4.3.4 Small intestinal myeloid cell recruitment is not altered
following Hh infection

We next aimed to determine whether homeostatic immunity to Hh was present
only in tissues directly colonized, or if Hh induces longer reaching effects on
other tissues. Hh colonizes the murine cecum and colon (Ward et al., 1994, Chan
et al., 2005), so we tested whether there were changes to myeloid infiltration in
the non-colonized SI. Mice were directly infected with Hh and small intestinal
lamina propria (SILP) cells harvested on day 7, as we had observed the greatest
myeloid response to Hh in the colon at this timepoint (Figure 4-8). However, in
the SILP, we observed no significant differences in numbers of CD45* or CD11b*
cells following Hh infection (Figure 4-21A). Likewise, levels of neutrophils and
eosinophils were comparable between uninfected and Hh colonized mice, both
in terms of frequency and number (Figure 4-21B-C). We then examined the
monocyte-macrophage pool, which showed the clearest change in the colon
following Hh infection (Figure 4-9, Figure 4-10). In contrast, in the SILP, we
observed no significant differences in either monocyte infiltration or

accumulation of intermediate monocyte-macrophages after Hh infection (Figure
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4-22). Thus, the early myeloid responses to Hh infection that we observed in the
colon were not recapitulated in the SILP, suggesting that Hh primarily elicits

responses in directly colonized tissues.
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Figure 4-21: Hh colonization does not significantly alter myeloid cell populations in the SILP
C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 7-
days post-infection. SILP leukocytes were isolated using enzymatic digestion and the absolute
number of CD45" and CD11b* leukocytes (A), the frequency and absolute number of
CD11b*Ly6G* neutrophils (B) and CD11b*SSCMMHCII- eosinophils (C) are shown. Data are shown
with mean £ SD and pooled from 2 independent experiments with n=3 per experiment. Data were
tested for normality using the Shapiro-Wilk normality test and in cases where data were normally
distributed statistical significance was determined by unpaired t test, while otherwise a Mann
Whitney test was used (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).
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Figure 4-22: Hh colonization does not alter levels of monocytes or intermediate monocyte-
macrophages in the SILP

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 7-
days post-infection. Representative dot plots of SILP CD11b*CD64" monocyte-macrophages
divided by expression of Ly6C and MHCII (A), quantification of Ly6C*MHCII- monocyte (B) and
Ly6C*MHCII* intermediate monocyte-macrophage (C) frequency and absolute number are shown.
Data are shown with mean + SD and pooled from 2 independent experiments with n=3 per
experiment. Data were tested for normality using the Shapiro-Wilk normality test and in cases
where data were normally distributed statistical significance was determined by unpaired t test,
while otherwise a Mann Whitney test was used (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p<
.0001).

4.3.5 Quantification of faecal microbial DNA following Hh
colonization

Finally, to consider how Hh affects the local environment in the gut at steady
state, we sought to determine whether there were changes to microbiota
composition in Hh-colonized animals. We first measured whether levels of Hh

colonization differed over the course of infection. Given that the Hh-mediated



151

protection against DSS-induced disease severity was only present at three weeks
and not 1-week post-infection, we postulated that Hh colonization levels may
increase over time and therefore have a greater effect on host immune function.
However, when we quantified levels of faecal Hh DNA using gPCR, we observed
comparable levels of colonization at day 7, day 14, and day 21 post-infection
(Figure 4-23A). When the data were separated based on individual experiments,
we saw that there was some variation in the kinetics of colonization, with trends
towards levels increasing over time in one experiment, decreasing in another
and remaining consistent in a third (Figure 4-23B). However, these trends were
not statistically significant. We concluded that, generally, levels of Hh do not

significantly increase over the course of a three-week infection.
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Figure 4-23: Levels of Hh colonization do not change between day 7 and day 21 post-
infection

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 21-
days post-infection. Stool samples were collected on day 7, day 14 and day 21, genomic DNA was
extracted and expression of CdtB measured using gPCR. Individual data points (A) and mean data
separated by experiment (B) are shown. Data are shown with mean + SD and pooled from 3
independent experiments with n=10 per experiment. Statistical significance was determined by
one-way ANOVA with Tukey’s multiple comparisons correction (significance *p< 0.05, **p<0.01,
***p< 0.001, ****p< .0001).

To examine whether Hh drives broad changes to microbial composition in the
gut, we used a qPCR approach to quantify relative expression levels of genes
which are specific to different bacterial phyla. We looked first at the
Bacteroidetes (now Bacteroidota) and Firmicutes (now Bacillota) phyla, which
are known to be depleted in patients with IBD (Frank et al., 2007). We observed
no differences in their relative abundance in stool samples between uninfected

and Hh colonized animals (Figure 4-24A-B). We next measured the relative

abundance of Proteobacteria (now Pseudomonadota). Despite Hh being a
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member of this phylum, we saw no significant differences in Proteobacteria
levels in stool samples from Hh colonized mice, although there was a trend
towards increased levels in some animals (Figure 4-24C). As the phyla level is
very broad, we next looked at the relative abundance of more specific bacterial
genera and species. We measured levels of Lactobacillus and Bifidobacterium,
two genera which are associated with beneficial effects on host physiology and
often included in probiotic supplements (van Baarlen et al., 2013, Henrick et al.,
2021). We observed no significant differences in their abundance in stool
samples in mice with Hh colonization (Figure 4-25A-B). We also measured levels
of Escherichia coli, a species which has the capacity to act as either a
commensal or a pathogen depending on the bacterial strain (Stromberg et al.,
2018). Again, we observed comparable levels of this species in stool samples

from uninfected and Hh-colonized animals (Figure 3-25C).
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Figure 4-24: Hh colonization does not alter abundance of Bacteroidetes, Firmicutes, or

Proteobacteria in the stool
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C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 21-
days post-infection. Stool samples were collected, genomic DNA was extracted and expression of

genes specific for indicated bacterial phyla analysed by qPCR. Data are shown as fold change

relative to the pan-bacteria 16S rRNA gene. Individual data points (left) and mean data separated
by experiment (right) are shown. Data are shown with mean + SD and pooled from 4 independent
experiments with n=4 per experiment. Data were tested for normality using the Shapiro-Wilk
normality test and in cases where data were normally distributed statistical significance was

determined by unpaired t test, while otherwise a Mann Whitney test was used (significance *p<

0.05, **p<0.01, ***p< 0.001, ****p< .0001).
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Figure 4-25: Hh colonization does not alter abundance of Lactobacillus, Bifidobacterium, or
Escherichia coli in the stool

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 21-
days post-infection. Stool samples were collected, genomic DNA was extracted and expression of
genes specific for indicated bacterial genera and species analysed by qPCR. Data are shown as
fold change relative to the pan-bacteria 16S rRNA gene. Individual data points (left) and mean data
separated by experiment (right) are shown. Data are shown with mean + SD and pooled from 4
independent experiments with n=4 per experiment. Data were tested for normality using the
Shapiro-Wilk normality test and in cases where data were normally distributed statistical
significance was determined by unpaired t test, while otherwise a Mann Whitney test was used
(significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).
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Lastly, we measured abundance of SFB, a group of bacteria with well-described
functional effects on host immunity (Ivanov et al., 2009). We observed a
significant increase in the relative abundance of these SFB in mice colonized
with Hh (Figure 4-26). Together, these data indicate that while Hh may not drive
distinct changes to microbial composition at the phyla level, there may be subtle

differences in the abundance of certain bacterial groups in Hh-colonized mice.
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Figure 4-26: Hh colonization increases abundance of SFB in the stool

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 21-
days post-infection. Stool samples were collected, genomic DNA was extracted and expression of
genes specific for SFB analysed by gPCR. Data are shown as fold change relative to the pan-
bacteria 16S rRNA gene. Individual data points (left) and mean data separated by experiment
(right) are shown. Data are shown with mean + SD and pooled from 4 independent experiments
with n=4 per experiment. Data were tested for normality using the Shapiro-Wilk normality test and
in cases where data were normally distributed statistical significance was determined by unpaired t
test, while otherwise a Mann Whitney test was used (significance *p< 0.05, **p<0.01, ***p< 0.001,
****p< .0001).

4.4 Discussion

Modulation of host immunity by the microbiota underpins immune system
development and function. This crosstalk and the mechanisms by which the
microbiota influences immune homeostasis have implications for disease
outcome and therapeutic approaches, as well as our interpretation of results
obtained from animal models (Ansaldo et al., 2021, Rosshart et al., 2019).
Pathobiont species such as Hh have the capacity to drive a range of host
responses depending on the context (Chow and Mazmanian, 2010, Jeffery et al.,
2022). Here we aimed to characterise the effect of Hh colonization on the
intestinal myeloid compartment at steady state, which has not yet been
reported. We demonstrate that Hh drives increased myeloid recruitment to the

site of colonization which is accompanied by transcriptional changes to local
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cytokine expression. These changes may alter local immune function and impact

how the host responds to secondary challenges.

4.4.1 Stimulation of local myeloid responses by Hh

We observed increased colonic monocyte infiltration at day 7 after Hh* MT or
following direct infection with Hh. In mice directly infected, we also observed
increases in neutrophil infiltration and abundance of intermediate monocyte-
macrophages, while in Hh* MT recipients, eosinophil levels were increased. In
contrast, by day 21, the levels of these cells were mostly comparable to
uninfected controls, with the exception of colonic monocytes remaining
elevated following direct Hh infection. Monocyte homing to the intestine is
mediated by CCR2 and occurs both at steady state and in the context of
inflammation (Bain et al., 2014, Desalegn and Pabst, 2019). From studies in GF
mice, it is known that the microbiota stimulates steady state monocyte
recruitment to the gut, as adult GF animals show fewer numbers of all colonic
monocyte-macrophage subsets (Bain et al., 2014, Kang et al., 2020).
Additionally, the microbiota drives myelopoiesis in the BM (Balmer et al., 2014a,
Yan et al., 2022, Khosravi et al., 2014), and this can be inhibited by antibiotic
treatment (Deshmukh et al., 2014, Josefsdottir et al., 2017). It is unclear
whether increased monocyte infiltration as a result of Hh colonization is due
simply to increased gut-homing, or whether it represents an increase in BM
myelopoiesis. The levels of mature macrophages were not altered in infected
mice, indicating that the increase in monocyte recruitment does not result in an
enlarged intestinal macrophage pool. However, to elucidate the mechanism
driving increased colonic monocyte numbers with Hh infection, further work

should be done to examine the BM pool for monocytes and myeloid precursors.

Additionally, the microbiota stimulates BM granulocytosis (Deshmukh et al.,
2014, Tada et al., 1996), so it is also possible that the increased colonic
neutrophil and eosinophil numbers shown here are a result of systemic effects of
Hh or Hh* MT on the BM compartment. However, as these changes were not
maintained at day 21 post-infection, it appears that Hh does not drive chronic
increases to intestinal granulocyte numbers. The elevated granulocyte levels at
day 7 may represent a transient response to infection which is eventually

controlled. Gut eosinophil numbers in GF mice have been shown to be
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comparable to conventionally housed animals (Mishra et al., 1999), suggesting
that the microbiota may not stimulate intestinal eosinophil recruitment.
However, the Gl tract is home to large populations of resident eosinophils which
expand following enteric infection, for example with H. pylori (Arnold et al.,
2018). A role for eosinophils in suppressing Th1 and Th17 responses has been
described, and in this context depleting eosinophils can improve clearance of
bacterial pathogens such as H. pylori and C. rodentium by removing suppression
of effector T cell responses (Arnold et al., 2018). One suggested mechanism for
this is the production of TGFB by eosinophils, which promotes differentiation of
RORyt* Tregs in response to bacterial infections, including infection with Hh
(Fallegger et al., 2022). At steady state, intestinal eosinophils play a role in
maintaining symbiosis with the microbiota by promoting IgA class switching and
stimulating mucus secretion, and mice with depleted eosinophils show altered
microbiota compositions (Chu et al., 2014, Jung et al., 2015). Interestingly, we
only observed significantly increased eosinophil numbers in mice which received
Hh* MT, although there was a trend towards increased numbers in directly Hh-
infected animals. This indicates that there may be a different element of the
transferred microbiota which drives colonic eosinophil expansion independently
from Hh, although Hh may have a subtle effect alone. Regardless, the role of
eosinophils in maintaining homeostasis in Hh-colonized mice remains to be
determined, but it is likely that production of TGFB and Treg induction

contribute to suppressing pathologic effector T cell responses in this context.

A proportion of mice directly infected with Hh showed increased colonic
neutrophils at day 7 post-infection. Neutrophil production in the BM is regulated
by the microbiota (Zhang et al., 2015), and while their numbers are reduced
following antibiotic treatment, they can be restored by transfer of a normal
microbiota (Khosravi et al., 2014, Deshmukh et al., 2014). Neutrophil functions
are also regulated by microbiota-derived signals, as those from GF animals show
reduced phagocytic killing (Clarke et al., 2010) and have an impaired ability to
migrate towards an inflammatory stimulus (Karmarkar and Rock, 2013).
Neutrophils play a key role in the host’s response to enteric infections, with
functions including phagocytosis, production of antimicrobial peptides and ROS,
and release of NETs (Perez-Lopez et al., 2016). It appears that infection with Hh

stimulates a low level of immune activity, including a neutrophil response, which
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does not cause pathology. This response is controlled over time, with all animals
showing normal neutrophil levels by day 21. It remains to be tested whether
neutrophils and other myeloid cells from Hh infected mice have altered
functionality. The microbiota has been shown to prime neutrophil responses
through the release of peptidoglycan into the circulation which enhances BM
neutrophil functions, thus priming the host to respond efficiently to bacterial
infections (Clarke et al., 2010). Whether Hh elicits effects on the BM through a

similar mechanism remains to be explored.

Phenotypically, colonic macrophages and cDCs from Hh-colonized animals were
largely comparable to uninfected controls. The most notable difference was at
day 21 post-infection, when macrophages from infected mice showed reduced
expression of CD11c and CD86. This difference in CD86 expression was also
present on cDCs. CD86 is upregulated on APCs following stimulation with PAMPs,
for example bacterial LPS or outer membrane vesicles (Alaniz et al., 2007), so it
is interesting that infection with Hh appears to have the opposite effect.
Similarly, colonic macrophage CD11c expression is associated with inflammation
(Corbin et al., 2020). Our data suggest that colonization with Hh may have a
suppressive effect on macrophage and cDC responses, particularly as CD86 plays
arole in T cell costimulation by APCs (Park et al., 2023). It is unclear why Hh
appears to elicit changes to CD86 but not CD80 expression on macrophages and
cDCs. CD80 and CD86 share the same receptor, CD28, expressed on T cells,
although it has been suggested that CD86 is the dominant ligand which drives
Treg proliferation and survival (Halliday et al., 2020). It will be important to
determine whether these subtle phenotypic differences have an effect on
macrophage or cDC function. To explore this, the ability of APCs from Hh-
colonized animals to induce a T cell response could be tested in vitro using
ovalbumin antigen and the OT-Il transgenic system (Helft et al., 2015). Other
macrophage phenotypic markers, PD-L1 and CD206, were unchanged with Hh
colonization, as were the population of CD4*Tim4* macrophages which are
reported to self-renew in the gut independently of BM monocytes (Shaw et al.,
2018). Together, it appears that Hh has a limited effect on macrophage and cDC
phenotypes at steady state. Whether the infection has a functional effect on

colonic macrophages will be explored in Chapter 5.
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While analysing these data, we noted that in addition to changes as a result of
Hh* MT or direct Hh infection, there were differences in the composition of the
myeloid pool in the control animals between day 7 and day 21. Eosinophil
frequencies were higher in many control mice at day 21 compared to day 7,
though not to a statistically significant level (Figure 4-6, Figure 4-12). Similarly,
neutrophil levels were elevated in a proportion of animals at the later timepoint
(Figure 4-2, Figure 4-8). In the direct Hh infection experiments, this trend was
also present in monocyte levels (Figure 4-9), although this was not recapitulated
in the Hh* MT experiments (Figure 4-3). It is possible that these differences are
due to animal age between the two timepoints. At day 7 post Hh* MT or Hh
infection, mice were ~8 weeks, while at the later timepoint they were ~10
weeks. Mice reach sexual maturity at ~10 weeks (Dutta and Sengupta, 2016), so
it is possible that these differences represent maturing of the intestinal immune

compartment as mice age.

4.4.2 Hh-induced cytokine responses

At both timepoints Hh elicited changes to colonic cytokine transcription. At day
7 the most notable change was an upregulation of Ifny, while at day 21 this was
at a similar level to uninfected controls. At day 7, the source of IFNy is likely to
be innate. Neutrophils have been shown to produce IFNy during Salmonella
typhimurium infection as early as day 2 after inoculation (Spees Alanna et al.,
2014). Intestinal ILCs also produce IFNy in response to bacterial infection, for
example following infection with Campylobacter jejuni (Muraoka et al., 2021) or
S. typhimurium (Kastele et al., 2021). We have not yet assessed ILC phenotypes
in the context of Hh infection, although they have been shown to play a role in
Hh-induced colitis where they produce IFNy and IL-17a (Buonocore et al., 2010,
Coccia et al., 2012). At day 21, we observed an increase in transcription of Tnfa
and /l17a. In Hh-induced colitis, there is expansion of IL-17A* and IFNy*CD4* T
cells (Morrison et al., 2013), while CD11b* and CD11c* myeloid cells are key
producers of TNFa (Arnold et al., 2016, Bain et al., 2018). Further work to
determine which cells are producing these cytokines at each timepoint remains
to be done. However, these data confirm that at steady state Hh is not ignored
by the host immune system, and in fact stimulates a low-level inflammatory
response without causing pathologic inflammation. The cytokine transcription

likely correlates with the increased colonic neutrophil and monocyte
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recruitment discussed previously, although other cell types such as ILCs and T
cells probably contribute too. It is possible that the presence of microbes such as
Hh which stimulate active responses help to prime the host immune system to
better cope with secondary infections through enhancement of cytokine
responses. This hypothesis could be explored by testing how Hh colonization
affects the outcome of a co-infection with an enteric pathogen, for example C.

rodentium or S. typhimurium.

4.4.3 Local versus systemic effects of the microbiota and Hh

To examine whether Hh has effects beyond the primary site of infection, we
tested whether Hh altered the myeloid compartment in the SILP. We found that
Hh infection did not stimulate an increase in myeloid recruitment in the SILP at
day 7 post-infection, with neutrophil, eosinophil, monocyte and total CD45*
immune cell numbers remaining comparable with uninfected controls. This
suggests that Hh preferentially drives specific infiltration of myeloid cells to the
site of primary infection, although to confirm this the caecal LP should also be
analysed for immune cell populations, given that this tissue hosts the highest
levels of Hh colonization (Kuehl et al., 2005, Chan et al., 2005). Despite this, Hh
may have other effects on systemic immunity which remain to be characterised.
The effect of the microbiota on BM myelopoiesis, as well as the priming of BM
neutrophil functions, has been discussed previously. It is also of interest to
consider the potential effects of Hh on other extraintestinal tissues. The liver
receives blood from the intestine via the portal vein, and in situations where
gut-derived commensal bacteria enter the bloodstream, they are captured in the
liver by Kupffer cells and phagocytosed to prevent systemic spread (Balmer et
al., 2014b). Liver resident immune cells may therefore be exposed to
commensal-derived signals and metabolites, both from bacteria in the
bloodstream and bacterial products. Whether Hh has any phenotypic or
functional effects in the liver has not yet been reported, although the infection
was initially associated with liver pathology in certain immunodeficient mouse
strains (Ward et al., 1994, Fox et al., 1994), and has been shown to colonize the
bile canaliculi in some contexts (Fox et al., 1996). Exploring potential systemic
effects of Hh will provide insight into whether this infection modulates disease

and infection outcomes in different tissues.
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4.4.4 Modulation of microbiota composition by Hh

Triggers such as infection, antibiotic treatment, or dietary changes, can all
result in alterations to microbial composition and overall function of the
microbiota (Stecher et al., 2013). These alterations can have negative outcomes
for the host, an effect which is termed dysbiosis and is often associated with
disease (Levy et al., 2017). Conversely, modulation of the microbiota can
promote beneficial effects for the host and much research is now being done on
how beneficial probiotic species may modulate immune function (Turroni et al.,
2014). Following infection, Hh becomes the dominant community member
colonizing the caecal mucosa, thus driving a decrease in microbial diversity at
this site with potential knock-on effects (Kuehl et al., 2005). As our analyses
focussed on the colon, we aimed to determine whether Hh drives changes to
microbial composition detected in stool. Firstly, our data indicate that Hh
colonization levels do not consistently change from 7 to 21 days post-infection.
In the caecal mucosa, Hh levels have been reported to increase between day 2
and day 8, and then again from day 8 to day 14 post-infection (Kuehl et al.,
2005), but the colonization kinetics may be different in the colon. However, this
suggests that the difference in DSS colitis outcomes at the timepoints described
in Chapter 3 is not a result of increased colonic Hh levels and therefore
increased exposure to the bacteria and its products. Rather, it is likely to be a
result of Hh-mediated changes to the local environment and immune function

which take an extended period of time to develop.

At the phyla level, we observed no significant differences in abundance of
Bacteroidetes, Firmicutes or Proteobacteria in the stool following Hh
colonization. Changes in the abundance of these phyla have been associated
with various human diseases, including IBD. For example, Crohn’s disease has
been associated with increased abundance of Firmicutes, Enterobacteriaceae
and other Proteobacteria, and decreased Bacteroidetes (Willing et al., 2010,
Gevers et al., 2014). It is unclear whether these changes are a correlation with
disease or play a causal role in pathogenesis. However, the phyla level is a broad
classification, and in the absence of overt inflammation it may be unlikely that
we would see changes at this level. More specifically, there were also no
differences in relative abundance of the Lactobacillus and Bifidobacterium

genera, or E. coli species, suggesting that Hh may have limited effects on
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microbial structure in the colon. While infections with pathogens such as C.
rodentium have been shown to cause marked changes to microbiota composition
(Hoffmann et al., 2009), it may be that colonization with Hh at steady state has
less of an effect. Host inflammation has been suggested as the key driver of
microbiota changes following pathogenic infection, rather than the infection
itself (Lupp et al., 2007, Stecher et al., 2007). Additionally, colonization with
Campylobacter jejuni, a species which is not a natural mouse pathogen and does
not cause pathology in mice, has been shown to drive only minimal changes to

the microbiota compared to C. rodentium infection (Lupp et al., 2007).

We detected an increase in the relative abundance of SFB DNA following Hh
infection. This was surprising as SFB colonizes the SI (Ivanov et al., 2009), while
Hh occupies the caecum and colon (Chan et al., 2005). It is unclear whether this
difference indicates a direct mechanism by which Hh modulates the environment
so that SFB colonization increases. It is known that different microbes can
mediate the ability of other species to colonize the Gl tract. For example, there
is evidence that colonization with SFB can protect against enteric infection with
S. typhimurium, through a mechanism involving intestinal sensory neurons called
nociceptors (Lai et al., 2020). The authors describe a neuronal circuit in which
nociceptors regulated M cell development in Peyer’s patches, thus regulating
SFB colonization and in turn inhibiting systemic S. typhimurium dissemination
(Lai et al., 2020). It is interesting to consider whether Hh colonization also
drives activation of neuronal pathways, which could employ a similar circuit to
that described by Lai et al. Firstly, to validate these data, 165 RNA sequencing
should be performed to provide a more complete and unbiased analysis of the
microbiome. This could include sequencing of Sl contents to determine whether
Hh drives changes to microbial community structure in the niche occupied by
SFB. However, it has been shown that profiling of the microbiota in stool is
insufficient to capture changes in mucosal-associated communities, which may
be where disease-correlating dysbiosis occurs (Gevers et al., 2014). Given that
Hh colonizes the mucosa rather than the intestinal lumen (Chan et al., 2005), it
is particularly important to analyse the microbial community in this niche, as the
community in stool is thought to mostly reflect that of the distal colon lumen
(Riva et al., 2019). In future, microbial DNA should be isolated from colon tissue

rather than stool to allow for examination of this niche. This would also allow
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for microbial analysis at specific regions of the colon, as it is known that
community structure varies along the length of the colon as well as the whole Gl
tract (Riva et al., 2019, Lkhagva et al., 2021).

4.4.5 Concluding remarks

In this chapter, we have shown that colonization with Hh drives increases in
myeloid infiltration to the colon. Early after infection, we documented a
neutrophil and monocyte response which was accompanied by heightened
transcription of Ifny. At later timepoints, neutrophil levels resolved while
monocytes remained elevated, and transcription of Thfa and Il17a were
increased. These changes were observed in the colon but not the SILP,
suggesting that the increased myeloid recruitment is specific to the site of
infection. We also showed that while Hh does not have notable effects on faecal
microbial composition at the broad phyla level, colonization appears to increase
the relative abundance of SFB DNA in stool. This indicates that there may be a
feedback mechanism by which Hh colonization alters SFB levels, despite these
species occupying different niches. These data provide evidence of homeostatic
immunity to Hh, as well as potential changes to microbiota composition as a
result of Hh colonization. These changes may alter how the immune system

responds in the event of a disease or infectious challenge.
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5 Colonic macrophage functions are altered
following Helicobacter hepaticus infection

5.1 Introduction

Macrophages play key roles in the maintenance of intestinal homeostasis and are
functionally specialised to the tissue environment. Intestinal macrophages are
highly phagocytic and bactericidal (Bujko et al., 2017, Kang et al., 2020), yet
unlike those in other tissues, are resistant to stimulation with PAMPs and
produce limited cytokine responses when stimulated ex vivo (Smythies et al.,
2005, Ogino et al., 2013). These properties allow macrophages to capture and
remove bacteria which enter the intestinal lamina propria (LP), without

induction of a pathologic inflammatory response.

Intestinal macrophages exist in a differentiation continuum, where they enter
the gut as Ly6C*MHCII" monocytes and, via an intermediate state, differentiate
into mature macrophages characterised by expression of MHCIlI and CD64
(Tamoutounour et al., 2012). As these cells differentiate in the tissue, this
process is influenced by the local tissue environment (Lavin et al., 2014). In the
intestine, the differentiation of mature macrophages from monocytes requires
TGFB signalling (Schridde et al., 2017), and is modulated by the microbiota, as
GF animals show altered proportions of differentiated macrophage subsets (Kang
et al., 2020). The microbiota also impacts macrophage functions, with evidence
that the bacterial metabolite butyrate regulates production of pro-inflammatory
mediators, such as IL-6 and nitric oxide (Chang et al., 2014). Butyrate also
promotes macrophage antimicrobial functions and thereby improves resistance
to infection with enteric pathogens S. typhimurium and C. rodentium
(Schulthess et al., 2019). Similarly, treatment with the microbiota derived
metabolites itaconate and succinate have been shown to improve resistance to
infection by E. coli in BMDMs in vitro (O’Callaghan et al., 2021). In contrast,
treatment with antibiotics in vivo appears to drive a pro-inflammatory
macrophage phenotype, characterised by increased production of TNFa (Scott et
al., 2018).

Changes in cellular metabolism appear to be associated with the effects of the

microbiota on macrophage function. For example, the imprinting of an
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antimicrobial phenotype by butyrate is accompanied by a shift in macrophage
metabolism away from glycolysis, together with reduced mammalian target of
rapamycin (mTOR) activity (Schulthess et al., 2019). Treatment of mice with
antibiotics appears to have the opposite effect on intestinal macrophages,
driving increased glycolysis and increased mitochondrial function (Scott et al.,
2022). Macrophages from different tissues exhibit altered metabolic phenotypes
reflecting the local environment of each location, with SILP and cLP
macrophages appearing more similar to each other than those from other
tissues, including the liver, lung, and spleen (Heieis et al., 2023). Metabolic
heterogeneity also exists within the intestinal macrophage pool. As recruited
monocytes differentiate into mature macrophages, there are marked differences
in their expression of metabolic proteins, including decreased GLUT1, which is
consistent with decreased glycolysis (Heieis et al., 2023). Different macrophage
phenotypes are also associated with distinct metabolic states. From the
literature, classically activated macrophages are associated with glycolysis,
while alternatively activated macrophages rely on mitochondrial oxidative
phosphorylation (O'Neill et al., 2016). This dichotomy is now known not to be
representative of most tissue macrophages, including intestinal macrophages,
and it is of interest to determine how the local environment in each tissue

affects metabolic function.

The unique environment of the intestine therefore influences macrophage
differentiation, function, and metabolic phenotype. The role of the microbiota
in these processes is not fully understood, and little is known about the effects
of Hh on macrophage functions at steady state. One mechanism has been
described by which Hh drives an anti-inflammatory transcriptional program in
macrophages. This occurs through a Hh-derived polysaccharide which is
recognised directly by TLR2 and induces production of IL-10 (Danne et al., 2017).
Whether there are other mechanisms by which Hh influences macrophage
functions at steady state has not been reported. We have previously identified
an increase in colonic monocyte recruitment following Hh colonization, as well
as subtle differences in macrophage phenotypes, including reduced expression of
CD11c and CD86. Here, we aimed to build on these findings by exploring the
effect of Hh on macrophage functions using the in vivo infection models

described previously.



166
5.2 Aims

In this chapter | aimed to test whether Hh colonization modulates colonic
macrophage functions at steady state, which might contribute to the difference
in disease outcomes described in Chapter 3. | also aimed to test and optimise
various systems to measure macrophage functions ex vivo, including using FACS
for cell isolation, testing different methods for measuring phagocytosis, and

using flow cytometry-based assays for measuring metabolic function.

5.3 Results

5.3.1 Hh impairs colonic macrophage ex vivo cytokine production

To test whether Hh colonization has functional effects on colonic macrophages,
we first aimed to optimise a system to study the functional output of these cells
ex vivo. Many studies investigating the effects of bacteria or bacterial
metabolites on immune cells use in vitro systems to test immune functions
(Sterzenbach et al., 2007, Danne et al., 2017, Schulthess et al., 2019,
O’Callaghan et al., 2021). These systems lack the environmental context of an in
vivo infection, and it is likely that species such as Hh exert quite different
effects on host cells in vitro as opposed to in their natural niche in the intestine,
where they are spatially segregated from immune cells by the epithelial barrier.
Furthermore, Hh requires low oxygen concentrations for survival (Fox et al.,
1994, Ward et al., 1994) which would need to be factored into an in vitro setting
and would have functional implications for immune cells (Lin and Simon, 2016).

We therefore chose to use an ex vivo approach to study macrophage functions.

In Chapter 3 we noted that Hh-induced protection against DSS disease was
present at day 21 but not day 7 post-infection, suggesting that the longer time
period is required for protective conditioning of the host by Hh. Here, we used a
system in which mice either received Hh* MT or were directly infected with Hh
as previously and colons were harvested on day 21 to allow time for this
conditioning in vivo. We then used fluorescence-activated cell sorting (FACS) to
isolate colonic macrophages, which were placed in culture overnight with
different PAMPs. Culture supernatants were harvested, and the concentration of

various cytokines measured by cytometric bead array (CBA) (Figure 5-1). When
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initially optimising this system using Hh* MT recipients, macrophages were
defined by expression of CD45, CD11b and CD64. However, the CDé64* pool in the
intestine contains monocytes and intermediate monocyte-macrophages as well
as mature macrophages (Bain et al., 2013). This should be considered when

interpreting the results from these first experiments.
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Figure 5-1: Schematic of colonic macrophage isolation and ex vivo stimulation

C57BL/6 littermate cohorts were left untreated (Naive), colonized with Hh* microbiota (MT) or were
infected with 1x10® CFU Hh or given PBS by oral gavage before being left for 21-days post-
infection. cLPL were isolated using enzymatic digestion and CD11b*CD64* macrophages purified
by FACS. In later experiments macrophages were defined as CD11b*CD64 'Ly6C MHCII".
Macrophages were seeded in 96-well culture plates in presence of PAMPs for 16 hours. The
concentration of cytokines in culture supernatants was measured by cytometric bead array (CBA).
Sorted macrophages were either left unstimulated, treated with E. coli LPS, or
incubated with live Hh. We measured production of inflammatory cytokines IL-6
and TNFa, the chemokine monocyte chemoattractant protein-1 (MCP-1, also
called CCL2), and IL-10. In every condition, we observed that intestinal
macrophages from Hh* MT recipients showed significantly reduced cytokine
output compared to those from naive mice (Figure 5-2). Interestingly, this
appeared to be independent of any stimulus, as we observed this difference
even in unstimulated macrophages (Figure 5-2). Macrophages from both naive
and Hh* MT recipients produced markedly increased cytokine responses following
stimulation with LPS, while the responses to live Hh were similar to that of
unstimulated cells (Figure 5-2). This may be due to Hh death when incubated
under standard oxygen conditions, so we did not pursue live Hh as a stimulation

condition further.
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Figure 5-2: Intestinal macrophages from Hh* MT recipient mice show suppressed cytokine
production

C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) for
21-days. CD11b*CD64* colonic macrophages were seeded at 3x10* cells per well in a 96 well plate
and either left unstimulated, treated with 100ng/mL E. coli LPS, or incubated with live Hh at MOI
10. After 16h, culture supernatants were harvested and the concentration of IL-6, TNFa, MCP-1,
and IL-10 measured by CBA. Data points are technical replicates pooled from 4 mice per group
(naive/MT). Data are shown with mean + SD and are representative of 3 independent experiments.
Statistical significance was determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p<
0.001, ****p< .0001).

Bacterial LPS is recognised specifically by TLR4 (Poltorak et al., 1998), so we
next assayed responses to additional PAMPs. Pam3csk4 is a synthetic molecule
recognised specifically by TLR2 (Aliprantis et al., 1999), while zymosan is a
fungal cell wall component recognised by TLR2 and Dectin-1 (Underhill, 2003,
Herre et al., 2004). We observed that intestinal macrophages from Hh* MT
recipients showed reduced cytokine production in response to these PAMPs
(Figure 5-3). Pam3csk4 triggered increased production of IL-6 and IL-10, but not
TNFa or MCP-1, from intestinal macrophages, while those stimulated with
zymosan produced comparable cytokine levels to unstimulated cells (Figure 5-3).
In a later experiment, a higher concentration of zymosan was used which did
elicit production of all cytokines tested, and Hh* MT recipient macrophages still

showed significantly reduced cytokine output compared to those from naive
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controls (data not shown). We therefore concluded that colonic macrophages
from Hh* MT recipients have an impaired ability to produce cytokines ex vivo,
and that this difference is present regardless of the stimulus.
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Figure 5-3: Suppressed cytokine responses of intestinal macrophages from Hh* MT
recipients are not stimulus-dependent

C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) for
21-days. CD11b*CD64* colonic macrophages were seeded at 3x10* cells per well in a 96 well plate
and either left unstimulated, treated with 100ng/mL Pam3csk4, or 1ug/mL zymosan. After 16h,
culture supernatants were harvested and the concentration of IL-6, TNFa, MCP-1, and IL-10
measured by CBA. Data points are technical replicates pooled from 4 mice per group (naive/MT).
Data are shown with mean + SD and are representative of 2 independent experiments. Statistical
significance was determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p<
.0001).

We next tested whether Hh colonization alone was sufficient to attenuate
macrophage cytokine output. Mice were directly infected with Hh as previously
for 21 days. For these experiments, we FACS-sorted intestinal macrophages
defined as CD45*CD11b*CD64*'Ly6C MHCII*, a more stringent definition of mature
macrophages that excludes monocytes and intermediate cells (Bain and Mowat,
2014). Sorted intestinal macrophages were left unstimulated or treated with LPS
or Pam3csk4 as previously. We observed that mature macrophages showed a
reduced response to stimulation compared to mixed monocyte-macrophages

(Figure 5-4, cf. Figure 5-2 and Figure 5-3). LPS treatment triggered production of
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IL-6, TNFa, and IL-10 from mature intestinal macrophages, but to a lesser extent
than the total CD64* population used previously (Figure 5-4, cf. Figure 5-2 and
Figure 5-3). This is likely due to the fact that mature intestinal macrophages are
refractory to stimulation by PAMPs (Smythies et al., 2005, Ogino et al., 2013),
while newly recruited monocytes have a greater capacity for cytokine
production (Bain et al., 2013). Pam3csk4 treatment did not increase cytokine
production when compared to unstimulated intestinal macrophages (Figure 5-4).
Nonetheless, intestinal macrophages isolated from Hh colonized mice again
showed significantly reduced cytokine production compared to those from naive
mice (Figure 5-4). Again, this was independent of the stimulus, as the trend was
present in unstimulated macrophages as well as LPS or Pam3csk4 treated cells
(Figure 5-4).
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Figure 5-4: Hh colonization is sufficient to attenuate intestinal macrophage cytokine
production

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 21-
days post-infection. CD11b*CD64*Ly6C-MHCII* colonic macrophages were seeded at 3x10* cells
per well in a 96 well plate and either left unstimulated, treated with 100ng/mL E. coli LPS, or
100ng/mL Pam3csk4. After 16h, culture supernatants were harvested and the concentration of IL-
6, TNFa, MCP-1, and IL-10 measured by CBA. Data points are technical replicates pooled from 4
mice per group (PBS/Hh). Data are shown with mean £ SD and are representative of 2
independent experiments. Statistical significance was determined by 2-way ANOVA (significance
*p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).

It was possible that the reduced cytokine output from intestinal macrophages
from Hh-infected mice could be caused by increased cell death. We therefore
tested the viability of the isolated cells at various stages of the experimental
process. First, following isolation by enzymatic digestion, live cLPL were counted
manually using trypan blue. No differences in the number of live isolated cells
were noted with Hh* MT or Hh infection (Figure 5-5A-B). Second, as intestinal
macrophages were obtained using FACS, samples were assessed using a
fluorescent viability dye, and we saw no differences in viability between
macrophages from Hh* MT or Hh infection compared to naive controls (Figure
5-5A-B). Following sorting, the isolated macrophages from each mouse group
were counted again using trypan blue. Again, no differences in the yield of live

macrophages were present between Hh* MT or Hh infection compared to naive
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controls (Figure 5-5A-B). Although, these analyses confirmed comparable
viability of cLPL and sorted colonic macrophages across all groups, it remained
possible that differences in viability may become apparent after the cells were
cultured ex vivo. We therefore used the alamarBlue cell viability reagent to
measure viability during the culture (Pott et al., 2018). Again, we did not see
differences in alamarBlue absorbance between intestinal macrophages isolated
from naive and Hh* MT recipients (Figure 5-5C), or those from Hh-infected mice
(Figure 5-5D). Together, these data indicate that the reduced intestinal
macrophage cytokine output is not due to increased cell death. Further work to
determine the mechanism causing impaired macrophage cytokine responses in

this setting remains to be done.
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Figure 5-5: Intestinal macrophages isolated from Hh* MT recipients or direct Hh colonized
mice do not show impaired viability

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 21-
days post-infection. cLPL were isolated and viable cells counted using trypan blue (A-B, left). Cells
were assessed for viability during sorting with viability dye (A-B, centre), and viable purified
CD11b*CD64*Ly6C"MHCII™ macrophages were pooled from each experimental group and counted
using trypan blue (A-B, right). Macrophage viability during overnight culture was assessed by
incubation with AlamarBlue for 16h. AlamarBlue absorbance was read on a plate reader at 570nm
with reference wavelength 600nm. Data are shown with mean + SD and are representative of 5 (A)
or 2 (B) independent experiments with n=4 per experiment. Data were tested for normality using
the Shapiro-Wilk normality test and in cases where data were normally distributed statistical
significance was determined by unpaired t test, while otherwise a Mann Whitney test was used
(significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).

5.3.2 The impact of Hh colonization on colonic macrophage
phagocytosis

We next assessed whether other macrophage functions were altered following in

vivo infection with Hh or Hh* MT. Phagocytosis is a key function of intestinal
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macrophages and contributes to maintenance of homeostasis through the
clearance of bacteria which enter the LP, as well as dead cells and debris
(Smythies et al., 2005, Bujko et al., 2017). Various microbiota derived
metabolites have been shown to differentially influence macrophage uptake and
killing of bacteria in vitro. Butyrate appears to increase bacterial killing by
macrophages (Schulthess et al., 2019), while itaconate and succinate treatment
have differential effects on both bacterial uptake and clearance (O’Callaghan et
al., 2021). There are also differing reports of the effect of in vivo antibiotics
treatment on the phagocytic capability of macrophages. One study reported that
antibiotics treatment enhanced the phagocytic function of gut macrophages ex
vivo (Scott et al., 2022), while another reported the opposite effect on alveolar
macrophages (Schuijt et al., 2016). Here, we aimed to determine whether in
vivo infection with Hh or Hh* MT affects the phagocytic function of colonic

macrophages.

We attempted two methods to test phagocytic activity ex vivo. The first utilised
the pHrodo assay, in which cells are incubated with E. coli coated BioParticles
that become fluorescent at low pH, for example inside an acidic endosome or
lysosome, and so can be used as an indicator of phagocytosis (Bujko et al., 2017,
Scott et al., 2022). The experimental outline is depicted in Figure 5-6, for which
cLPL were obtained from naive or Hh colonized mice, and adherent cells isolated
by plating and washing off non-adherent cells. Cells were then incubated with
pHrodo BioParticles and washed before being stained with flow cytometry
antibodies to allow identification of macrophages and detection of pHrodo
fluorescence (Figure 5-6). We initially compared naive and Hh* MT intestinal
macrophages and found that almost all macrophages were positive for pHrodo
(Figure 5-7A). However, when we assessed the amount of BioParticles taken up
per cell, we observed a significant decrease in pHrodo MFI in intestinal
macrophages derived from Hh* MT recipients compared to those from naive
controls (Figure 5-7B), suggesting that Hh* MT limits macrophage phagocytosis.
However, as almost 100% of the macrophages in both groups had taken up the
BioParticles, we repeated the experiment using intestinal macrophages from
either naive or directly Hh infected animals and using a lower concentration of
pHrodo BioParticles, so as not to saturate the assay. Here, we observed that

lower proportions of macrophages took up the BioParticles, and that a lower
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frequency of intestinal macrophages from Hh colonized mice were positive for
pHrodo than those from naive animals (Figure 5-8A). However, when the MFI of
pHrodo was measured, there were no significant differences between intestinal
macrophages isolated from Hh colonized mice or naive animals (Figure 5-8B).
Thus, although both Hh* MT and Hh appear to have a limiting effect on intestinal

macrophage phagocytic function, further tests are required to confirm this.
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Figure 5-6: Schematic of pHrodo phagocytosis assay

C57BL/6 littermate cohorts were left untreated (Naive), colonized with Hh* microbiota (MT) or were
infected with 1x10® CFU Hh or given PBS by oral gavage before being left for 21-days post-
infection. cLPL were isolated using enzymatic digestion and seeded in a 96-well plate before being
left for 2h at 37°C. Non-adherent cells were washed off and remaining cells incubated with pHrodo
E. coli coated BioParticles for 30min at 37°C. Using flow cytometry, macrophages were identified as
CD11b*CD64*Ly6C"MHCII* and pHrodo fluorescence quantified in this population.
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Figure 5-7: Macrophages from Hh* MT recipients exhibit slightly reduced phagocytosis of
pHrodo BioParticles

C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) for
21-days. Adherent cells were incubated with 1mg/mL pHrodo BioParticles for 30min at 37°C.
Colonic macrophages were identified as CD11b*CD64*Ly6C"MHCII* and dot plots of pHrodo
fluorescence within this population are shown (A, left) along with quantification of frequency (A,
right). A representative histogram showing the proportion of pHrodo-positive macrophages (B, left)
and quantification of pHrodo MFI (B, right) are shown. Data are shown with mean + SD and pooled
from 3 independent experiments with n=3-4 per experiment. Data were tested for normality using
the Shapiro-Wilk normality test and in cases where data were normally distributed statistical
significance was determined by unpaired t test, while otherwise a Mann Whitney test was used
(significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).
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Figure 5-8: Macrophages from Hh colonized mice exhibit slightly reduced phagocytosis of
pHrodo BioParticles

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 21-
days post-infection. Adherent cells were incubated with 0.1mg/mL pHrodo BioParticles for 30min at
37°C. Colonic macrophages were identified as CD11b*CD64*Ly6C"MHCII* and dot plots of pHrodo
fluorescence within this population are shown (A, left) along with quantification of frequency (A,
right). A representative histogram showing the proportion of pHrodo-positive macrophages (B, left)
and quantification of pHrodo MFI (B, right) are shown. Data are shown with mean + SD and are
pooled from 3 independent experiments with n=3-4 per experiment. Data were tested for normality
using the Shapiro-Wilk normality test and in cases where data were normally distributed statistical
significance was determined by unpaired t test, while otherwise a Mann Whitney test was used
(significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).

As a second method for testing phagocytosis, we used a gentamicin protection
assay, depicted in Figure 5-9, to allow us to assess both uptake and killing ability
of macrophages (Schulthess et al., 2019, O’Callaghan et al., 2021). Here, colonic
macrophages were isolated from uninfected or Hh colonized mice by FACS
before being placed in culture overnight. The next day, macrophages were
incubated with a commensal strain of E. coli for 2 hours. After this incubation,
media was removed, and the cells washed with the antibiotic gentamicin to kill
extracellular bacteria. Some cells were lysed at this stage to measure bacterial
uptake, while others were given fresh media and cultured for various timepoints
to assess intracellular bacterial killing over time. Live intracellular bacteria were
quantified by lysing cells and plating the lysates on agar plates (Figure 5-9).
However, in our first attempt, none of the colonic macrophage lysates yielded
bacterial colonies (data not shown). Because isolating colonic macrophages by

FACS yields low cell numbers and puts the cells through substantial stress, we
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also carried out the assay in parallel using peritoneal macrophages - as they are
easy to obtain in larger numbers and do not require any digesting or excessive
processing (Pineda-Torra et al., 2015). We were able to successfully obtain
bacterial colonies from peritoneal macrophages lysed 2h after incubation with E.
coli, giving us a readout for bacterial uptake in this population. However, from
the later timepoints which were chosen to assess intracellular killing, no
bacterial colonies were present, indicating that the macrophages had
successfully killed all intracellular bacteria (data not shown). We therefore
concluded that the gentamicin protection assay worked well as a phagocytosis
readout with the larger cell numbers in the peritoneal macrophage samples but
requires further optimisation to work as a readout for bacterial killing. For
colonic macrophages, the low cell numbers and experimental processing meant
that additional optimisation was required, which we did not have time to carry

out.
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Figure 5-9: Schematic for gentamicin protection assay

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 21-
days post-infection. cLPL were isolated using enzymatic digestion and CD11b*CD64 'Ly6C MHCII*
macrophages purified by FACS. Macrophages were seeded in 96-well culture plates overnight
before 2h incubation with E. coli at MOI 10. Cells were washed with 50ug/mL gentamicin to remove
extracellular bacteria before being lysed at various timepoints. Cell lysates were plated on agar
plates and incubated overnight at 37°C before being assessed for bacterial colonies.

5.3.3 Hh* MT does not affect colonic macrophage mTOR
activation or mitochondrial activity

Finally, we aimed to test whether Hh colonization alters the metabolic

phenotype of colonic macrophages, which may be linked to the decreased
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cytokine production. We used two different broad strokes approaches as
readouts for metabolic activity ex vivo. First, we made use of ‘phospho-flow’ to
measure mTOR activation. The mTOR complexes mTOR complex 1 (mTORC1) and
mTORC2 act as central controllers of cellular metabolism and are involved in
regulating various cell processes including transcription and translation,
proliferation, and autophagy (Liu et al., 2015b). They also play key roles driving
immune functions, particularly during immune cell activation, which involves
many metabolically demanding processes such as production of cytokines and
other mediators (Weichhart et al., 2015). Downstream of mTORC1 signalling is
ribosomal protein S6, which is activated by phosphorylation and is an important
driver of protein translation (Weichhart et al., 2015). Similarly, phosphorylation
of AKT is downstream of mTORC2, which drives metabolic reprogramming and
can also act upstream of mTORC1 (Weichhart et al., 2015). As such,
phosphorylated S6 and AKT are indicators of mTOR activation and can be
measured by techniques such as flow cytometry or western blot (Tazzari et al.,
2002, Schulthess et al., 2019).

Detection of phosphorylated proteins can be difficult due to the transient nature
of phosphorylation and the fact that intracellular antibody binding requires cell
fixation and permeabilization. Analysis of cells from ex vivo tissues brings added
complexity, as digestion and processing steps cause cell stress and can alter
phosphorylation states. We therefore decided to first test the protocol for
phospho-flow on in vitro-stimulated cells. We generated murine BMDMs and
stimulated them with E. coli LPS or live Hh before assessing the presence of
phosphorylated S6 and AKT (pS6, pAKT). Compared to unstimulated BMDMs, cells
stimulated with LPS or Hh showed a significant increase in pSé (Figure 5-10A).
Stimulation with Hh induced the highest expression of pSé, indicating that
incubation with whole bacteria drives greater macrophage metabolic activation
than stimulation with LPS alone (Figure 5-10A). In contrast, pAKT was not
upregulated to the same extent as pSé6, showing only a slight trend towards
higher expression in the stimulated BMDMs compared to unstimulated cells,
which did not reach statistical significance (Figure 5-10B). This may be because
phosphorylation of AKT could be an earlier event following mTOR activation and
therefore the phosphorylation lost earlier than on S6. Having determined that

pS6 was a good readout for macrophage activation, we went on to quantify its
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presence on colonic macrophages from naive and Hh* MT recipient mice. In
contrast to the in vitro system, colonic macrophages showed much higher
expression of both pSé and pAKT compared to unstimulated BMDMs (Figure 5-10,
Figure 5-11). This may reflect a higher level of metabolic activity required for
survival in tissue. However, we did not observe differences in expression of pSé
or pAKT between colonic macrophages from naive or Hh* MT recipient animals
(Figure 5-11A-B).
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Figure 5-10: pS6 levels are increased in BMDMs following stimulation with Hh

BMDMs were left unstimulated, treated with 100ng/mL E. coli LPS, or incubated with live Hh at MOI
10 for 16h. BMDMSs were identified as F4/80* and the presence of phosphorylated S6 (A) and AKT
(B) were assessed by flow cytometry. Representative histograms showing the proportion of
pS6/pAKT-expressing BMDMs are shown (left) along with quantification of MFI (centre) and
frequency of expression (right). Data are shown with mean + SD. Data points are technical
replicates and are representative of 1 experiment. Data were tested for normality using the
Shapiro-Wilk normality test and statistical significance determined by one-way ANOVA with
Tukey’s multiple comparison correction (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).
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Figure 5-11: Levels of pS6 and pAKT in colonic macrophages are not altered by Hh* MT
C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) for
21-days. cLPL were isolated using enzymatic digestion and the presence of pS6 (A) and pAKT (B)
were assessed by flow cytometry on CD11b*CD64*Ly6C MHCII* macrophages. Representative
histograms showing the proportion of pS6/pAKT-expressing macrophages are shown (left) along
with quantification of MFI (centre) and frequency of expression (right). Data are shown with mean +
SD and are pooled from 3 independent experiments with n=4 per experiment. Data were tested for
normality using the Shapiro-Wilk normality test and in cases where data were normally distributed
statistical significance was determined by unpaired t test, while otherwise a Mann Whitney test was
used (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).

Secondly, we used ‘mitospy’ dyes to measure mitochondrial activity by flow
cytometry (Scott et al., 2022, Heieis et al., 2023). Key metabolic pathways take
place in the mitochondria, including the TCA cycle and electron transport chain,
which support oxidative phosphorylation (O'Neill et al., 2016). Mitospy dyes are
fluorescent mitochondrial localisation probes, which enter mitochondria in a
manner that is either dependent (red) or independent (green) of mitochondrial
membrane potential. Thus, mitospy green identifies all mitochondria
independently of membrane potential, and is used to indicate total
mitochondrial mass (Pendergrass et al., 2004). Mitochondrial mass is thought to
largely correlate with increased activity, with larger mass associated with
increased rates of transcription and translation (Miettinen and Bjorklund, 2017).
Mitospy red requires an active membrane potential to label the mitochondria,
therefore labelling only active mitochondria as a readout of oxidative

phosphorylation (Pendergrass et al., 2004).
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Again, we first tested the mitospy dyes on in vitro-stimulated BMDMs. For both
dyes, 100% of the BMDM population were stained following incubation, indicating
that all cells contained active mitochondria (Figure 5-12). We noted subtle
differences in MFI for both dyes following BMDM stimulation. Treatment with LPS
or Hh resulted in a significant decrease in mitospy green in BMDMs, indicative of
reduced mitochondrial mass (Figure 5-12A). BMDMs stimulated with Hh also
showed a modest increase in the MFI of mitospy red (Figure 5-12B), suggesting
they may be more metabolically active. Finally, we used the mitospy dyes on
colonic macrophages from uninfected and Hh* MT recipient mice. However, we
found no significant differences in either the proportions or MFI levels of mitospy
green or mitospy red staining in colonic macrophages from naive or Hh* MT mice
(Figure 5-13). Overall, these data indicate that colonic macrophages from Hh*
MT recipients appear metabolically similar to those from naive mice, at least in

terms of mTOR and mitochondrial activity.
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Figure 5-12: Mitochondrial mass decreases while mitochondrial activity increases in BMDMs
following stimulation with Hh

BMDMs were left unstimulated, treated with 100ng/mL E. coli LPS, or incubated with live Hh at MOI
10 for 16h. BMDMSs were incubated with Mitospy dyes at 250nM for 30min at 37°C. BMDMs were
identified as F4/80* and the level of Mitospy Green (A) and Mitospy Red (B) assessed by flow
cytometry. Representative histograms showing the proportion of Mitospy Red/Green-positive
BMDMs are shown (left), along with frequency of expression (centre), and quantification of MFI
(right). Data are shown with mean + SD. Data points are technical replicates and are representative
of 1 experiment. Data were tested for normality using the Shapiro-Wilk normality test and statistical
significance determined by one-way ANOVA with Tukey’s multiple comparison correction
(significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).
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Figure 5-13: Colonic macrophage mitochondrial mass and activity are not altered by Hh* MT
C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) for
21-days. cLPL were isolated using enzymatic digestion and incubated with Mitospy dyes at 250nM
for 30min at 37°C. Macrophages were identified as CD11b*CD64"'Ly6C MHCII* and the level of
Mitospy Green (A) and Mitospy Red (B) assessed by flow cytometry. Representative histograms
showing the proportion of Mitospy Red/Green-positive macrophages are shown (left), along with
frequency of expression (centre), and quantification of MFI (right). Data are shown with mean + SD
and are pooled from 3 independent experiments with n=4 per experiment. Data were tested for
normality using the Shapiro-Wilk normality test and in cases where data were normally distributed
statistical significance was determined by unpaired t test, while otherwise a Mann Whitney test was
used (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).

5.4 Discussion

Intestinal macrophages are specialised to function in the unique environment of
the gut, where they are involved in maintaining symbiosis with the microbiota.
This crosstalk with the microbiota directly influences macrophage functions. GF
animals show changes to intestinal macrophage numbers and subsets (Bain et
al., 2014, Kang et al., 2020), while microbiota derived metabolites have been
shown to affect macrophage antimicrobial functions and alter metabolic
phenotypes (Chang et al., 2014, Schulthess et al., 2019, O’Callaghan et al.,
2021). We previously identified a disease-attenuating effect of Hh infection in
the context of DSS-induced colitis. Here, we aimed to determine whether Hh
colonization drives changes to macrophage functions at steady state which could

contribute to this effect. We demonstrate that macrophages from Hh infected
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mice have an impaired ability to produce cytokines ex vivo and may exhibit

reduced phagocytic function.

5.4.1 Suppression of macrophage cytokine production by Hh

Our results show that colonic macrophages derived from Hh colonized animals
have an impaired ability to produce cytokines ex vivo. This suggests that, either
directly or indirectly, Hh has a limiting effect on local innate immunity. This ties
in with the understanding that intestinal macrophages, unlike those in other
tissues, are refractory to stimulation as a result of the large microbial burden in
the gut. Compared to monocytes, intestinal macrophages produce fewer
cytokines in response to PAMPs (Smythies et al., 2005, Bujko et al., 2017). Hh
may be one of the species in the microbiota which contribute to this effect, the
result of which is continued harmony between the host and its resident

microbiota.

It is interesting to consider how this effect on macrophage function may impact
the host’s response to an inflammatory or infectious challenge. In a setting of
pathologic inflammation, such as IBD or murine colitis models, the presence of
microbial species which limit the production of proinflammatory cytokines could
be beneficial by helping to alleviate inflammation. This is relevant to the data
we presented in Chapter 3, as reduced macrophage cytokine output could
contribute to the protective effect of Hh in DSS colitis. However, colitic
inflammation has been shown to be driven by infiltrating monocytes and
monocyte-derived macrophages, rather than resident macrophages present in
the gut at the time of challenge (Bain et al., 2013, Arnold et al., 2016, Bain et
al., 2018). It is unclear whether monocyte cytokine responses are also altered in
Hh infected mice. In the initial experiments carried out using the Hh* MT system,
the total CD64* monocyte-macrophage pool was isolated for stimulation. In these
experiments a greater response to stimulation was observed, likely as a result of
the presence of monocytes and their heightened responsiveness compared to
macrophages (Smythies et al., 2005, Bujko et al., 2017). Nevertheless, CD64*
cells from Hh* MT recipients still produced substantially less cytokine than those
from naive mice, suggesting that monocytes from Hh-infected mice could also
show altered function. This hypothesis could be tested by specifically isolating

monocytes and repeating the assay.
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Additionally, we tested whether the reduction in cytokine production was due to
increased cell death in macrophages from Hh* MT or Hh-infected animals. As we
did not observe differences in the number of live cells obtained following cLPL
isolation or macrophage sorting, we concluded that macrophages from infected
mice did not have an increased propensity for cell death during processing. We
used an alamarBlue assay to address the viability of macrophages during culture
and also did not detect differences. However, the low cell numbers obtained by
FACS were not optimal for the assay, and these results require additional
validation (Pott et al., 2018). Other methods of cytokine detection should be
used in the future to corroborate the results presented here, for example using

flow cytometry to detect intracellular cytokine production.

In Chapter 4, we identified transcriptional upregulation of Tnfa and I{17a at day
21 following Hh colonization. In contrast, here we have shown that macrophages
from infected mice produce less TNFa compared to those from naive mice. This
could be due to a difference between transcription and protein production but is
more likely to reflect the action of multiple cell types. The transcriptional
upregulation was observed in total colon tissue, making it difficult to conclude
which cell types may be responsible. With macrophages from infected mice
showing reduced cytokine production, the transcriptional upregulation of Tnfa
could be a T cell response, along with upregulation of /{17a. Th1 and Th17
responses have well been documented in Hh-induced colitis models, including IL-
17A production (Morrison et al., 2013, Xu et al., 2018). The precise source of
these cytokines could be identified using flow cytometry to identify various cell
types, including T cells, and measuring intracellular cytokine levels. It is also of
interest that we observed reduced production of IL-10 by macrophages in
addition to reduced pro-inflammatory cytokines. IL-10 has been shown to be
critical and non-redundant for maintenance of tolerance towards Hh, and its loss
results in pathogenic inflammation (Kullberg et al., 2001). As such, homeostatic
infection with Hh relies on production of IL-10 by Tregs( Maloy et al., 2003), but
is presumably supplemented with IL-10 produced by other cell types. A
mechanism has been described by which Hh promotes IL-10 production by
intestinal macrophages at steady state (Danne et al., 2017), which appears in
contrast to the data we have presented. However, in the Danne et al. study,

mice were infected with Hh and cytokine levels observed at day 5 post-
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infection, as opposed to the day 21 timepoint we have used. It may be the case
that extended interactions with Hh and its products imprints a phenotype which
is not present early after infection. Indeed, at the day 7 timepoint studied in
Chapter 4, we observed increased transcription of Ifny and infiltration of
neutrophils and monocytes. It may be that this short-term response is what
drives the increased IL-10 production described by Danne et al., and that with

time this is resolved.

The mechanism by which Hh colonization acts to limit macrophage cytokine
production remains unclear. We postulate that Hh may have both direct and
indirect effects on local myeloid cells, and indirect effects could be mediated by
the action of Hh-specific T cells which expand upon infection (Xu et al., 2018,
Kedmi et al., 2022). Tregs have been shown to be capable of suppressing innate
immune pathology in vivo (Maloy et al., 2003), and it is likely that their
suppressive functions act on local myeloid populations at steady state. In vitro,
Tregs inhibit the activation and maturation of cDCs upon exposure to TLR
ligands, including suppressing cDC cytokine production (Houot et al., 2006).
Similarly, monocytes pre-incubated with Tregs show reduced TNFa and IL-6
production when exposed to LPS (Taams et al., 2005). In concordance with the
data we presented in Chapter 4, incubation with Tregs also results in reduced
expression of costimulatory molecules on monocytes (Taams et al., 2005) and
cDCs (Houot et al., 2006), further implicating Tregs as a potential driver of the
phenotypic and functional changes we have observed in myeloid cells of Hh
colonized mice. However, we cannot rule out the possibility that Hh may also
exert direct effects on myeloid cells which contribute to the functional changes
we have described. The mechanism described by Danne et al. involves a
polysaccharide produced by Hh which is recognised by TLR2 (Danne et al., 2017).
It is likely that other Hh derived products are recognised by macrophages and
cDCs in the LP and exert additional functional effects. Several putative virulence
factors of Hh have been described (Fox et al., 2011) and could be involved in the
crosstalk of Hh with the host as well as with other microbes. Of interest, the Hh
flagellin molecule, which is required for motility to allow colonization of its
murine host (Sterzenbach et al., 2008), has evolved to evade recognition by
TLR5 (Andersen-Nissen et al., 2005), presumably to attenuate inflammatory

cytokine responses. Advances in metabolomics and proteomics may allow further
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characterisation of Hh derived products and identification of additional

mechanisms by which the host is influenced by the presence of Hh.

5.4.2 Optimisation of techniques to measure phagocytosis

Our data suggest that Hh* MT and Hh may have a limiting effect on macrophage
phagocytosis, however further testing is required to validate this. We used two
methods to test the phagocytic function of colonic macrophages. Using the
pHrodo BioParticles system, we found that the concentration of BioParticles
greatly altered the outcome of the assay. At the higher concentration, almost all
macrophages successfully phagocytosed the BioParticles, regardless of the
experimental group. Despite a difference in the MFI of pHrodo in the MT group,
we therefore cannot conclude that MT had a notable effect on phagocytosis, as
all macrophages displayed avid phagocytic function. pHrodo is non-fluorescent at
neutral pH and therefore should not fluoresce if simply bound to the cell
surface. However, studies using this assay often include an additional control
group of cells kept at 4°C during incubation (Scott et al., 2022), as this should
largely inhibit phagocytosis, and as such is a more suitable negative control for
the assay than a FMO alone. When we repeated this assay using a lower
concentration of BioParticles, we were able to discern a subtle difference in the
frequency of macrophages which phagocytosed the BioParticles. However, in
these samples, no difference in MFI was present, leading us to conclude that
further validation of this result is required. Additionally, while the pHrodo
system allows for the measurement of phagocytosis independently of live
bacteria, which removes the confounding effect of bacterial invasion versus
phagocytosis (Lenzo et al., 2016), it is not without limitations. The assay as used
here provides an endpoint reading, meaning that it cannot detect differences in
the rate of phagocytosis, which may be important. Additionally, further
optimisation of the endpoint timing is required. One study tested the use of
different BioParticle concentrations and incubation times and reported that the
MFI of pHrodo fluorescence reached a plateau at 30-60 mins incubation,
depending on the concentration used (Lindner et al., 2020). At the 30-minute
timepoint used here, it is therefore possible that this plateau had been reached,
meaning that macrophages were saturated and differences in phagocytosis

difficult to discern.
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We then used the gentamicin protection assay with the aim of validating the
result of the pHrodo system. The advantage of this assay is that both bacterial
uptake and killing can be investigated. The killing of phagocytosed bacteria is an
important mechanism by which phagocytes such as macrophages and neutrophils
eliminate pathogens (Flannagan et al., 2009). Microbiota derived signals have
been shown to enhance the bactericidal functions of macrophages (Schulthess et
al., 2019) and neutrophils (Clarke et al., 2010), with beneficial effects on the
outcome of subsequent infections with S. typhimurium, C. rodentium, and
Staphylococcus aureus. Alterations to killing ability may therefore have a greater
impact on infection outcomes than phagocytosis alone. However, this assay
required additional optimisation. We were not able to detect live bacterial
colonies at either the uptake or killing timepoints in colonic macrophages. We
postulate that this is due to the low cell numbers obtained by FACS. We used a
commensal strain of E. coli at MOl 10, and with the low cell numbers it may not
have been enough to retrieve live bacteria. One solution could be to increase
the MOI used, for example to MOI 100, although this may have a detrimental
effect on macrophage viability (Schwan et al., 2000). A different bacterial strain
could also be used, for example a pathogenic strain of E. coli or another
pathogen such as S. typhimurium or C. rodentium, as it may be the case that
commensal strains are not phagocytosed with the same efficiency as pathogens.
As we could successfully validate the assay using larger numbers of peritoneal
macrophages, we concluded that the assay worked in principal but requires

further optimisation for colonic macrophages.

5.4.3 Metabolic phenotype as a functional readout

We lastly aimed to assess the metabolic phenotype of colonic macrophages,
which is closely linked to functional state (Heieis et al., 2023). We identified no
differences in mTOR activity or mitochondrial activity in colonic macrophages
following Hh* MT. However, these approaches were very broad, and do not rule
out the possibility that there may be more subtle differences in
immunometabolism following Hh* MT or direct infection with Hh. To test this
further, more specialised metabolic assays could be implemented. For example,
the Seahorse assay tests metabolic function by measuring extracellular
acidification rates (ECAR) and oxygen consumption rates (OCR) as readouts of

glycolysis and mitochondrial respiration, respectively (Caines et al., 2022, Scott



190

et al., 2022). Another common example is the BODIPY assay which is an indicator
of fatty acid uptake (Scott et al., 2022, Heieis et al., 2023). Additionally, several
groups have described methods for using high dimensional spectral flow
cytometry to measure the expression of various proteins associated with
different metabolic phenotypes (Ahl et al., 2020, Heieis et al., 2023), which
could provide a more complete picture of how Hh* MT or Hh colonization affect

macrophage metabolism.

One caveat of measuring metabolic output of ex vivo cells is the fact that cell
isolation methods from tissues often involve excessive processing and digestion
steps, which can cause cellular stress and alter metabolic states. As such, the
majority of work in the immunometabolism field has been carried out in vitro
(Verberk et al., 2022). We noted that, in contrast to the BMDMs, the frequency
of colonic macrophages positive for mitospy green was quite variable and <100%,
while all macrophages were positive for mitospy red in both settings. It is not
clear whether this reflects a fault in the mitospy green assay or is perhaps due
to the additional processing required to isolate macrophages from ex vivo tissue.
As techniques are becoming more refined and the field of immunometabolism is
growing, it is likely that more information about how the microbiota affects

immune cell metabolism in vivo will become available.

5.4.4 Concluding remarks

We have demonstrated that Hh colonization results in a suppression of intestinal
macrophage cytokine responses. Despite evidence in the literature that Hh
drives production of IL-10, we have shown that IL-10 production is reduced to
the same extent as production of pro-inflammatory cytokines such as TNFa. Hh
may also drive a reduction in phagocytic function, although these results remain
to be validated. While we did not detect differences in colonic macrophage
metabolism, we conclude that Hh has significant effects on macrophage
functions which may contribute to disease and infection outcomes. Whether
these effects are mediated by direct interactions with Hh, or through an indirect

mechanism, for example involving Tregs, remains to be characterised.
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6 Attenuation of disease severity by Helicobacter
hepaticus is independent of TLR2

6.1 Introduction

We have previously described effects of Hh colonization on intestinal
homeostasis and macrophage functions at steady state, and on disease outcome
in the DSS colitis model. While these findings provide insight into the effects of
Hh on the host, it remains unclear how these effects are mediated and which
cell types, bacterial products, and immune signalling pathways are involved. It is
likely that much of the crosstalk between Hh and the host involves conserved
pathways which are active between a range of bacterial species and the
mammalian immune system. Defining the mechanisms which drive this crosstalk
will therefore help to further our understanding of host-microbiota interactions,

with future implications for translational medicine (Belkaid and Harrison, 2017).

Hh is recognised directly by a range of immune cells, through both innate and
adaptive receptors. We have predominantly highlighted the effects of Hh on the
intestinal myeloid compartment, and postulate that these effects may be
mediated by direct recognition of Hh, or indirectly through the functions of
other immune cells. We know that Hh drives expansion of Tregs (Xu et al., 2018,
Kedmi et al., 2022), and have previously discussed the possibility of Treg-
mediated suppression of myeloid driven inflammation. However, it has also been
documented that Hh can directly modulate macrophage functions (Danne et al.,
2017), and a role for innate recognition in Hh mediated colitis has been
described (Boulard et al., 2010, Asquith et al., 2010). Variants of genes
associated with innate microbial recognition have been identified as risk factors
for IBD (Jostins et al., 2012), highlighting the importance of these pathways in
maintaining symbiosis with the microbiota. Similarly, TLR mediated recognition
of commensals is critical for maintenance of intestinal homeostasis and is
protective against epithelial injury in models of colitis (Rakoff-Nahoum et al.,
2004, Asquith et al., 2010).

MyD88 is an important signalling adaptor molecule which functions downstream
of TLR ligation. It has been reported that Hh-induced colitis is dependent on

expression of MyD88 on myeloid cells (Asquith et al., 2010), indicating that
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innate recognition of Hh is a key step in the pathogenesis of disease, even when
the inflammation is driven by T cells. However, TLR responses to Hh do not
cause disease in the presence of IL-10 signalling, and there is evidence that
these signals actually promote anti-inflammatory responses at steady state.
Danne et al. report one such mechanism, in which a Hh derived polysaccharide is
recognised by TLR2 and signals through MyD88 to induce IL-10 production by
macrophages (Danne et al., 2017). Despite the documented ability of TLR2 to
recognise Hh (Mandell et al., 2004, Danne et al., 2017), mice lacking this
receptor are equally as susceptible as WT mice to both T cell mediated and
innate mediated colitis induced by Hh (Boulard et al., 2010). This could indicate
a level of redundancy in the TLR system, but may also suggest that TLR2 signals

promote homeostatic, rather than inflammatory, responses to Hh.

Identification of the innate signalling pathways responding to the microbiota not
only provides information about the host’s response, but also about the bacterial
signals driving these responses. This is important for identifying mechanisms
which may be shared between microbial species. For example, many species of
flagellated bacteria have evolved to evade recognition by TLR5, including Hh
and various species found in humans, such as H. pylori and Campylobacter jejuni
(Andersen-Nissen et al., 2005). It has also been reported that Hh LPS has an
inhibitory effect on subsequent TLR4 and TLR5 responses (Sterzenbach et al.,
2007), suggesting that the presence of certain species could influence the host’s
response to other components of the microbiota. Dissecting how specific
microbes interact with the host in different contexts will be critical for
understanding how alterations to microbial composition affect disease and

therapeutic outcomes (Rosshart et al., 2019).

6.2 Aims

The aim of this chapter was to gain an understanding of the mechanisms by
which Hh affects intestinal homeostasis. | aimed to test the specific hypothesis
that TLR2 signals may contribute to the attenuating effect of Hh infection on
DSS colitis. | first attempted to validate a TLR2 antibody blockade approach in
vivo, using challenge with a TLR2 agonist. | next assessed whether the disease
protective effect of Hh on DSS colitis was dependent on recognition of Hh by
TLR2.
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6.3 Results

6.3.1 Validation of TLR2 blockade using an in vivo agonist
challenge

To block TLR2 signalling in vivo, we employed an anti-TLR2 mAb that was
reported previously to achieve this effect (Sung et al., 2019). To validate its
efficacy, we utilised the specific TLR2 agonist Pam3csk4 (Aliprantis et al., 1999)
and first performed a pilot experiment to determine the optimal dose of
Pam3csk4. There are several examples in the literature of in vivo Pam3csk4
challenges at different doses. One study challenged mice with 100ug per mouse
(Martinez et al., 2018), while others used a dose of 1mg/kg (Mersmann et al.,
2010, Murayama et al., 2019), which equates to 20ug for a mouse weighing 20g.
As we wanted to avoid a severe sickness response, we chose to test a lower dose
of 10ug per mouse, as well as a higher dose of 100ug, given by intraperitoneal
(ip) injection. Mice were left for 4 hours following Pam3csk4 treatment before
ending the experiment and harvesting serum for cytokine analysis. We observed
no sickness responses during this timeframe, and found that serum
concentrations of IL-6, TNFa, and MCP-1 increased in a dose-dependent manner
following Pam3csk4 treatment (Figure 6-1). Serum IL-10 was also increased
following treatment, although showed greater variation in response at the lower
dose. Due to the lack of sickness response at either dose, we opted to use the
higher dose of 100ug per mouse for subsequent experiments as this elicited the
greatest cytokine response and showed the least variation between animals
(Figure 6-1).
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Figure 6-1: Pam3csk4 drives increases in serum cytokine concentrations in a dose-
dependent manner

C57BL/6 mice were administered 100ug aTLR2 mAb or isotype control mAb and challenged 4d
later by ip injection of either 10ug or 100ug Pam3csk4 or PBS. Mice were culled after 4 hours and
concentrations of IL-6, TNFa, MCP-1, and IL-10 measured in the serum by CBA. Data are shown
with mean + SD and are representative of one experiment with n=2. The lower detection limits of
the assays are indicated by the dotted lines.
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To test the efficacy of the aTLR2 mAb for blocking TLR2 signalling in vivo,
cohorts of mice were first treated with either the aTLR2 mAb or an isotype
control mAb, then left for 4 days before being challenged by ip injection of
100ug Pam3csk4 and culled 4h later (Figure 6-2).

DO D4
End at 4h
’_) t t
i.p. 100ug i.p. 100ug
aTLR2 or isotype Pam3csk4 or PBS

Figure 6-2: Schematic for in vivo Pam3csk4 challenge with TLR2 blockade

C57BL/6 mice were administered 100ug aTLR2 mAb or isotype control mAb. On day 4 animals
received 100ug Pam3csk4 or PBS by i.p. injection and were culled after 4 hours.

We harvested serum for cytokine measurement and colons for analysis of cLPL
populations. In the isotype control mAb treated group, we observed significant
increases of IL-6 and MCP-1 in the serum following Pam3csk4 treatment (Figure
6-3). There was also a trend towards increased TNFa and IL-10, although these
did not reach statistical significance (Figure 6-3). In contrast, mice which
received aTLR2 mAb showed significantly reduced responsiveness to Pam3csk4
treatment, with serum IL-6 and MCP-1 responses almost completed ablated
(Figure 6-3). We also saw a similar trend of reduced production of TNFaq,
although this did not reach statistical significance (Figure 6-3). While the
cytokine response to Pam3csk4 was not completely blocked in these mice, it was
reduced to a level statistically comparable with untreated controls. These data
indicate that the tested dose of aTLR2 mAb successfully inhibits TLR2-mediated

recognition of Pam3csk4 in vivo.
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Figure 6-3: Anti-TLR2 mAb attenuates Pam3csk4 induced inflammatory cytokine production
in vivo

C57BL/6 mice were administered 100ug aTLR2 mAb or isotype control mAb and challenged 4d
later by ip injection of either 100ug Pam3csk4 or PBS. Mice were culled after 4 hours and
concentrations of IL-6, TNFa, MCP-1, and IL-10 measured in the serum by CBA. Data are shown
with mean + SD and are representative of one experiment with n=4. Statistical significance was
determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001). The
lower detection limits of the assays are indicated by the dotted lines.

In parallel, we also examined the cLPL pool for changes following Pam3csk4
challenge. Levels of most cLPL populations were unchanged following Pam3csk4
treatment (data not shown); however, colonic neutrophil infiltration was
significantly increased (Figure 6-4). As with serum cytokine levels, the colonic
neutrophil response to Pam3csk4 was highly attenuated in mice which received
aTLR2 (Figure 6-4), indicating that TLR2 blockade effectively inhibited the
response to Pam3csk4 in the colon. Together, these results show that the dose of
aTLR2 mAb used here was successful at blocking TLR2-mediated recognition of
Pam3csk4 in vivo, confirming that this strategy could be employed to test the

role of TLR2 signals in Hh-induced protection from DSS colitis.
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Figure 6-4: Anti-TLR2 mAb attenuates Pam3csk4 induced neutrophil infiltration into the
intestine in vivo

C57BL/6 mice were administered 100ug aTLR2 or isotype control then challenged 4d later by ip
injection of either 100ug Pam3csk4 or PBS and culled after 4 hours. Representative dot plots of
colonic neutrophils (A), quantification of neutrophil frequencies (B) and absolute numbers (C) are
shown. Data are shown with mean + SD and are representative of one experiment with n=4 per
experiment. Statistical significance was determined by 2-way ANOVA (significance *p< 0.05,
**p<0.01, ***p< 0.001, ****p< .0001).
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6.3.2 TLR2 is not required for Hh mediated protection against
disease severity

Due to the evidence that Hh is recognised by TLR2 and drives an anti-
inflammatory response through this pathway (Mandell et al., 2004, Danne et al.,
2017), we opted to test whether TLR2 signals were required for the disease
protective effect of Hh documented previously. We infected mice with Hh and
allowed 21 days for conditioning of the immune system before challenging all
animals with 2% DSS (Figure 6-5A). For the duration of the experiment, mice
received weekly doses of aTLR2 treatment to block recognition of Hh by TLR2.
This method was preferential to using Tlr2”- mice as it ensured that animals had
a normal relationship with their microbiota during development and did not
show genotype related differences in microbial composition - either as a result
of familial transmission or directly because of the genotype (Ubeda et al., 2012).
We then confirmed that TLR2 blockade did not affect levels of Hh colonization
(Figure 6-5B).
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Figure 6-5: Schematic for TLR2 blockade and effect of treatment on Hh colonization
C57BL/6 mice were administered 1x108 CFU Hh or PBS by oral gavage and left for 21 days to
allow bacterial colonization. On day 21 all mice were administered 2% DSS in drinking water for 4
days before being switched back to normal water for a final 4 days. Mice received 100ug aTLR2
mADb or mouse 1gG1, Kk isotype control mAb once weekly by i.p. injection (A). Hh colonization was
quantified in caecal content by gPCR of CdfB (B). Data are shown with mean + SD and pooled
from 2 independent experiments with n=5 per experiment. Statistical significance was determined
by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).
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Of the mice which received the isotype control, those infected with Hh showed
significantly reduced disease activity and DSS-induced weight loss compared to
uninfected animals, as previously described (Figure 6-6A-B). TLR2 blockade
appeared to slightly attenuate the severity of DSS symptoms, with uninfected
mice which received aTLR2 mAb showing a trend towards reduced disease
activity and weight loss compared to the isotype treated group (Figure 6-6A-B).
This was also the case for the Hh colonized animals, with those receiving aTLR2
showing a non-significant trend towards greater disease reduction than those
which received the isotype control (Figure 6-6A-B). Nevertheless, TLR2 blockade
did not abrogate the protective effect of Hh colonization, as Hh infected mice
which received aTLR2 mAb showed significantly reduced clinical symptoms
compared to uninfected aTLR2 mAb treated mice (Figure 6-6A). Of the mice in
the isotype group, those colonized with Hh showed increased colon length
compared to uninfected (Figure 6-6C), which is an indicator of reduced disease
severity (Yan et al., 2009). TLR2 blockade also resulted in an increase in colon
length and was not different between uninfected and Hh colonized mice (Figure
6-6C).

We then assessed the mid and distal colon for DSS-induced intestinal pathology.
In the uninfected mice, we observed that treatment with aTLR2 mAb slightly
reduced the severity of pathology, although not to a statistically significant level
(Figure 6-7). However, infection with Hh significantly reduced the levels of
histological inflammation, both in the isotype mAb and aTLR2 mAb-treated
groups (Figure 6-7). We observed no significant difference in the severity of
intestinal pathology between the Hh-infected mice in the different mAb
treatment groups (Figure 6-7). Together, these data indicate that aTLR2 mAb
treatment may have a slight attenuating effect on DSS-induced intestinal
pathology, but this effect is not as significant as the attenuating effect of Hh
infection. Importantly, loss of TLR2 signalling did not inhibit the ability of Hh to
protect against DSS induced disease severity.
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Figure 6-6: TLR2 blockade does not abrogate Hh-mediated attenuation of DSS disease
C57BL/6 mice were infected with 1x108 CFU Hh or PBS by oral gavage and administered 2% DSS
in drinking water. Mice received either aTLR2 mAb or isotype control mAb once weekly for
experiment duration. Following DSS administration mice were assessed daily for clinical disease
activity (A) and weight change (B). Representative pictures of colon length are shown (C — left) with
lengths quantified (C — right). Data are shown as mean + SD and pooled from 2 independent
experiments with n=5 per experiment. Statistical significance was determined by 2-way ANOVA
(significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001). In (A) the statistical significance is
shown on D7 between the PBS and Hh aTLR2 groups (represented by *) and on D8 between the
PBS and Hh isotype groups (represented by #). In (B) the statistical significance is shown on D8
between the PBS and Hh isotype groups.
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Figure 6-7: TLR2 blockade does not abrogate Hh-mediated attenuation of DSS colitis
C57BL/6 mice were infected with 1x108 CFU Hh or PBS by oral gavage and administered 2% DSS
in drinking water. Mice received either aTLR2 mAb or isotype control mAb once weekly for
experiment duration. Representative H&E staining of distal colon sections, with histological scores
shown in the top right of each image (A). Sections were scored blind for signs of histological
inflammation and the mean scores from the mid and distal colon were quantified (B). Data are
shown with mean = SD and pooled from 2 independent experiments with n=5 per experiment.
Statistical significance was determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p<
0.001, ****p< .0001).

In parallel, we assessed the cLP for immune cell populations. Following DSS
treatment, Hh colonized mice had significantly fewer CD45* leukocytes and
CD11b* myeloid cells in the cLP compared to uninfected animals, regardless of
aTLR2 mADb treatment (Figure 6-8A-C). Hh infection also significantly reduced
the number of CD64* monocyte-macrophages in the isotype mAb-treated group
(Figure 6-8D). This trend was present in the mice which received aTLR2 mAb
treatment, although not to a statistically significant level (Figure 6-8D). We then
assessed levels of colonic neutrophils in the different treatment groups. Of the
uninfected mice, those receiving aTLR2 mAb showed significantly reduced
neutrophil levels compared to those receiving the isotype control mAb (Figure
6-9). However, in both mAb treatment groups, infection with Hh resulted in a
marked reduction in neutrophil levels compared to the uninfected mice (Figure

6-9). Indeed, the Hh-infected, aTLR2 mAb-treated group showed the lowest
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levels of neutrophil infiltration, suggesting that aTLR2 mAb did not inhibit the
disease attenuating effect of Hh but instead provided an additional reductive
effect. Furthermore, aTLR2 mAb treatment significantly reduced the levels of
monocyte infiltration in uninfected mice (Figure 6-10). Hh infection also caused
a significant reduction in monocyte levels in the isotype mAb-treated group
(Figure 6-10). Of the mice which received aTLR2 mAb, Hh infection resulted in a
non-significant decrease in monocyte levels, which meant that this group
showed the lowest levels of colonic monocyte accumulation, suggesting an
additive effect of Hh infection and aTLR2 mAb treatment (Figure 6-10).

Numbers of intermediate monocyte-macrophages were reduced in both Hh
infected groups, regardless of aTLR2 mAb treatment (Figure 6-11A), whereas
mature macrophage numbers were comparable between all treatment groups
(Figure 6-11B). In Chapter 3 we observed phenotypic differences in the cLP
macrophage pool following DSS treatment which were altered with Hh
colonization. We therefore examined the expression of these markers to
determine the contribution of TLR2 signalling to this effect. As previously,
expression of the costimulatory molecule CD80 was reduced on cLP macrophages
from Hh infected mice, and this was unaffected by TLR2 blockade (Figure
6-12A). In contrast, CD86 expression by cLP macrophages was comparable across
all groups, with the exception of those isolated from the Hh infected and aTLR2
treated group, which showed increased CD86 levels (Figure 6-12B). Finally, PD-
L1 expression on cLP macrophages was substantially reduced with Hh

colonization, and this was again independent of TLR2 blockade (Figure 6-12C).
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Figure 6-8: Hh attenuates DSS-induced inflammatory leukocyte infiltration regardless of

aTLR2 treatment

C57BL/6 mice were infected with 1x108 CFU Hh or PBS by oral gavage and administered 2% DSS
in drinking water. Mice received either aTLR2 mAb or isotype control mAb once weekly for
experiment duration. Colonic LP leukocytes were isolated using enzymatic digestion and the total
isolated cells counted manually using trypan blue (A). Cells were assessed by flow cytometry and
the absolute number of CD45* (B), CD11b* (C), and CD64* (D) cells were calculated. Data are
shown with mean + SD and are pooled from 2 independent experiments with n=5 per experiment.
Statistical significance was determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p<

0.001, ****p< .0001
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Figure 6-9: Hh attenuates DSS-induced cLP neutrophil infiltration regardless of aTLR2
treatment

C57BL/6 mice were infected with 1x108 CFU Hh or PBS by oral gavage and administered 2% DSS
in drinking water. Mice received either aTLR2 mAb or isotype control mAb once weekly for
experiment duration. Representative dot plots of colonic neutrophils (A), quantification of neutrophil
frequencies (B) and absolute numbers (C) are shown. Data are shown with mean + SD and are
pooled from 2 independent experiments with n=5 per experiment. Statistical significance was
determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).
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Figure 6-10: DSS-induced cLP monocyte infiltration is attenuated by both Hh and aTLR2
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C57BL/6 mice were infected with 1x108 CFU Hh or PBS by oral gavage and administered 2% DSS

in drinking water. Mice received either aTLR2 mAb or isotype control mAb once weekly for

experiment duration. Representative dot plots of colonic monocytes, defined in bold regions (A),
quantification of monocyte frequencies (B) and absolute numbers (C) are shown. Data are shown

with mean £ SD and are pooled from 2 independent experiments with n=5 per experiment.

Statistical significance was determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p<

0.001, ****p< .0001).
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colonization regardless of aTLR2 treatment
C57BL/6 mice were infected with 1x108 CFU Hh or PBS by oral gavage and administered 2% DSS

in drinking water. Mice received either aTLR2 mAb or isotype control mAb once weekly for
experiment duration. The frequency and absolute number of colonic intermediate monocyte-

206

macrophages (A) and mature macrophages (B) are shown. Data are shown with mean + SD and
are pooled from 2 independent experiments with n=5 per experiment. Statistical significance was

determined by 2-way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).
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Figure 6-12: Hh attenuates DSS-induced expression of cLP macrophage inflammatory
markers regardless of aTLR2 treatment

C57BL/6 mice were infected with 1x108 CFU Hh or PBS by oral gavage and administered 2% DSS
in drinking water. Mice received either aTLR2 mAb or isotype control mAb once weekly for
experiment duration. Colonic macrophages were identified as CD11b*CD64*Ly6C MHCII* and
analysed for expression of CD80 (A), CD86 (B), and PD-L1 (C). Representative histograms (left)
and quantification of MFI (right) are shown. Data are shown with mean + SD and are pooled from 2
independent experiments with n=5 per experiment. Statistical significance was determined by 2-
way ANOVA (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).

Lastly, we measured levels of Calprotectin in the stool as an additional readout
of DSS-induced inflammation. We had previously observed that Hh colonization
resulted in significantly reduced faecal Calprotectin levels following DSS

treatment and we reproduced this effect again here in the isotype mAb-treated,
Hh-infected group (Figure 6-13). We also found that TLR2 blockade alone did not
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have a significant effect on Calprotectin levels, although there was a trend
towards reduced concentrations in mice receiving aTLR2 mAb, and the lowest
Calprotectin levels were found in Hh colonized, aTLR2-treated mice (Figure
6-13).
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Figure 6-13: DSS-induced faecal Calprotectin levels are reduced by Hh regardless of aTLR2
treatment

C57BL/6 mice were infected with 1x108 CFU Hh or PBS by oral gavage and administered 2% DSS
in drinking water. Mice received either aTLR2 mAb or isotype control mAb once weekly for
experiment duration. Stool was collected at experiment endpoint and the concentration of S100A8
measured by ELISA. Concentrations were normalised to total protein content measured by BCA.
Data are shown with mean + SD and are pooled from 2 independent experiments with n=5 per
experiment. Statistical significance was determined by 2-way ANOVA (significance *p< 0.05,
**p<0.01, ***p< 0.001, ****p< .0001).

Taken together, our data demonstrate that blockade of TLR2 had an attenuating
effect on the severity of DSS-induced colitis. However, Hh infection appeared to
produce a more robust attenuation of DSS disease, and this attenuation was not

inhibited by loss of TLR2 signalling.

6.4 Discussion

TLR2 is among the host innate receptors which recognise Hh, driving downstream
signalling responses following bacterial recognition. Genetic deletion of TLR2
does not affect the induction of either innate immune-mediated or T cell-
mediated colitis by Hh (Boulard et al., 2010), however, there is evidence that
recognition of Hh through TLR2 instead drives an anti-inflammatory response
(Danne et al., 2017). We have previously described a disease attenuating effect
of Hh colonization in the context of DSS colitis, as well as changes to myeloid
responses and macrophage phenotype and function following Hh infection at
steady state. In this Chapter, we aimed to determine whether these effects

involved TLR2-mediated recognition of Hh. We validated this approach by
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confirming that in vivo treatment with an aTLR2 mAb is effective at blocking
TLR2-mediated responses to Pam3csk4 in vivo. We then demonstrated that
blockade of TLR2 signalling does not abrogate the protective effect of Hh against

DSS induced disease.

6.4.1 TLR2-independent attenuation of DSS induced disease

Our results indicate that loss of TLR2 signalling does not impede the ability of Hh
to attenuate disease in the DSS colitis model. This indicates that the protection
we have described is independent of TLR2-mediated recognition of Hh and is

likely caused by a different mechanism.

While our data suggest that Hh mediated disease protection is independent of
TLR2 signalling, we do not rule out the possibility that innate recognition of Hh
drives a protective response which contributes to this effect. Indeed, TLR2
mediated recognition of Hh may drive an anti-inflammatory host response in
combination with other mechanisms, and when blocked its function may be
compensated by other pathways. A level of redundancy exists within innate host
defences, for example between the TLR and NLR pathways (Lindsay et al., 2010,
Nish and Medzhitov, 2011). There is evidence that Helicobacter muridarum, a
related murine commensal, activates both TLR2 and NOD1 responses (Chaouche-
Drider et al., 2009), while a role for NOD2 has been described in limiting Hh
colonization levels (Petnicki-Ocwieja et al., 2009), suggesting responses to Hh
may also occur through this pathway. Given that loss of MyD88, the signalling
adaptor downstream of many innate PRRs, removes the ability of Hh to induce
colitis in susceptible mice (Asquith et al., 2010), it would be interesting to test
whether loss of this adaptor abrogates the disease protective effect of Hh
described here. Use of MyD88 -/ mice could be a useful system to study the
contribution of broad innate recognition in the host’s response to Hh,
particularly as it was demonstrated that T cells do not require MyD88 expression

for their regulatory or pathogenic functions (Asquith et al., 2010).

Additionally, we postulate that Hh-mediated effects on other cell types may
have an indirect effect on the inflammatory responses of myeloid cells during
DSS colitis. CD4* T cells are known to respond to Hh infection with a variety of

responses, including the induction of Tregs and Th1/17 effectors, as well as
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developing into Tfh cells in the caecal patch (Kullberg et al., 2002, Xu et al.,
2018). We hypothesise that the Hh-induced expansion of Tregs may act to limit
local myeloid responses both at steady state and in the context of DSS colitis.
Tregs are able to suppress innate-driven immune pathology in murine colitis
models (Maloy et al., 2003), as well as inhibiting myeloid cytokine production
and costimulatory molecule expression in vitro (Taams et al., 2005, Houot et al.,
2006). Microbial species and products which attenuate DSS disease severity have
been associated with an altered balance of intestinal Tregs and Th1/Th17
effector T cells, resulting in increased Treg numbers and decreased pro-
inflammatory cytokine production (Hartog et al., 2015, Park et al., 2018, Zhang
et al., 2018). This evidence supports the hypothesis that Hh-mediated disease
attenuation may be driven by Tregs, and thus unaffected by the absence of TLR2
signalling. However, it has been suggested that TLR2 expression on Tregs may be
required for their recognition and tolerance towards the commensal species
Bacteroides fragilis (Round et al., 2011). The authors report that Tregs isolated
from Tlr2’- mice had an impaired ability to suppress effector CD4* T cell
responses towards B. fragilis and suggest that TLR2 signalling may be an
important component of Treg functions (Round et al., 2011). Contrastingly,
another report using T(r2-/- mice demonstrated that Tregs isolated from these
animals showed comparable suppression of intestinal inflammation to those
isolated from WT counterparts (Boulard et al., 2010). This suggests that in most
contexts, Treg functions are not dependent on TLR2 signalling, although this has
not been specifically studied in the context of steady state Hh infection and the

disease attenuating effect we have observed.

Studying the role of Tregs in the host’s relationship with Hh at steady state may
be challenging, as these cells are required to prevent development of colitis in
response to Hh colonization (Kullberg et al., 2002). Techniques which ablate
Tregs for a very short time, for example immediately prior to DSS treatment
onset, may be feasible to test their requirement for protection as Hh-induced
colitis can take several weeks to develop (Kullberg et al., 2002). One such
technique could be to use an anti-CD25 mAb administered in vivo, which has
been demonstrated to deplete ~70% of Tregs in peripheral blood following a
single dose (Setiady et al., 2010). Alternatively, techniques which deplete the

entire CD4 T cell compartment could be used to study the role of T cells in this
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context, as loss of Th1 and Th17 cells should alleviate Hh-induced pathology
(Morrison et al., 2015, Morrison et al., 2013). Importantly, Hh-induced colitis
develops in RAG™/- mice which lack T and B cells, and in this case is driven by
innate mechanisms (Maloy et al., 2003). However, pathology takes longer to
develop in these mice, with studies using a timepoint 8-12 weeks post infection
to assess intestinal inflammation (Maloy et al., 2003). This suggests that
depletion of CD4 T cells for a brief time period, such as immediately prior to DSS
onset and during treatment, could provide a non-specific system in which the

loss of Tregs can be studied without induction of Hh-induced colitis.

Finally, although we have demonstrated that loss of TLR2 does not remove the
protective effect of Hh in the context of DSS colitis, we have not tested whether
the blockade alters effects of Hh on the myeloid compartment at steady state.
In Chapters 4 and 5, we identified differences in macrophage and cDC
phenotypes following steady state infection with Hh, as well as a marked
reduction in the ability of macrophages to produce cytokines ex vivo. It is
currently unconfirmed whether these changes are caused by the same
mechanism driving attenuated disease severity or the result of a different
pathway. The requirement for TLR2 signalling in this context could be tested in
the future by performing TLR2 blockade of Hh colonized mice in the absence of
DSS treatment. Similarly, it would be of interest to test whether macrophage
phenotypes and functions are altered by Hh at steady state in MyD88/- mice
(Asquith et al., 2010). This could clarify whether these effects are a result of
direct innate bacterial recognition or due to an indirect mechanism, for example
Treg expansion. Regardless, it is likely that Hh is recognised and responded to by
various host cell types, and multiple mechanisms may work in conjunction to

allow chronic colonization of Hh without induction of pathology.

6.4.2 Reduced disease severity in naive animals with TLR2
blockade

Even in the absence of Hh infection, we observed a reduction in DSS disease
severity in mice treated with aTLR2, which was most notable in uninfected
animals. This difference varied in significance with different readouts of
inflammation. For example, naive mice which received TLR2 blockade showed

significantly increased colon length, as well as reduced neutrophil and monocyte
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levels, compared to naive untreated mice. In contrast, other readouts of
inflammation did not show differences, such as expression of macrophage
inflammatory markers, or only showed trends towards being different, such as
histopathology scores. These results suggest that loss of TLR2 signalling has an
alleviating effect on DSS disease, although less prominent than the protective

effect of Hh colonization.

This finding was surprising as it is in contrast to reports in the literature. It has
previously been shown that TLR2"/- mice display increased mortality and disease
severity when challenged with DSS (Rakoff-Nahoum et al., 2004, Cario et al.,
2007). This phenotype was also observed in TLR4”/- mice (Rakoff-Nahoum et al.,
2004, Shi et al., 2019), and to an even greater extent with MyD88~/- (Rakoff-
Nahoum et al., 2004). Rakoff-Nahoum et al. suggest that TLR-dependent
interactions with commensals are protective against disease as they maintain
epithelial homeostasis (Rakoff-Nahoum et al., 2004). Similarly, it has been
proposed that TLR2 signalling is critical for maintaining tight junctions in the
epithelial barrier, which helps to prevent epithelial injury (Cario et al., 2007).
However, there are studies whose results are consistent with the findings
described here. Heimesaat et al. show reduced DSS disease severity in TLR2"/-
and TLR4”- mice compared to wild-type, a phenotype which is even more
apparent in double TLR2/TLR4/- animals (Heimesaat et al., 2007). As DSS colitis
is driven by inflammatory responses targeted at the microbiota, it makes sense
that inhibiting the ability of innate cells to recognise and respond to microbes

reduces the extent of inflammation in this model.

It is also well known that the severity of DSS colitis is largely dependent on the
microbiota (Forster et al., 2022), and differences in the outcome of disease
severity in knockout mice may be due to differences in microbiota composition.
Regardless of whether differences are driven by the genotype itself, or familial
transmission (Ubeda et al., 2012), this could explain the contrasting reports seen
in the literature. A benefit of using an antibody treatment to block TLR2
signalling is that it removes confounding effects of genotype on microbiota
composition between experimental animals. Additionally, blocking signalling for
a short-term period prior to colitis onset, rather than a genetic knockout present
throughout the animal’s life, may help to maintain a normal relationship

between the host and its microbiota during development. This ensures that the
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homeostatic effects of TLR signalling described by Rakoff-Nahoum et al. and
Cario et al. are present for most of the animal’s life and could be why we do not

see increased disease severity in aTLR2 recipients.

6.4.3 Using Pam3csk4 responsiveness as a measure of TLR2
signalling

To test whether loss of TLR2 function affects the ability of Hh to modulate host
responses, we blocked TLR2 signalling for the 29-day duration in which animals
were infected with Hh. Animals received once weekly doses of 100ug aTLR2 over
the 4-week experiment. We used a clone of aTLR2 mAb which had been used in
a previous in vivo study, where they also administered 100ug per dose, but
animals received 4 doses over a 6-day period (Sung et al., 2019). As this was the
only cited use of the clone, and we administered the antibody less frequently
than Sung et al., we aimed to provide validation that the blockade was

successful in our hands.

We treated mice with aTLR2 mAb before administering Pam3csk4 in vivo and
measuring their response to the challenge. Pam3csk4 challenge drives a fever
and sickness response in mice, accompanied by early innate immune activation
and cytokine production (Murayama et al., 2019). We found that the serum
cytokine response to Pam3csk4 was significantly reduced in aTLR2 mAb recipient
animals, and these mice also displayed reduced colonic neutrophil infiltration
compared to mice which received the isotype control. We concluded that the
antibody had successfully inhibited the response to Pam3csk4 and was effective
at blocking TLR2 signalling in this context. However, it has been shown that
TLR2 signalling as a result of the Hh polysaccharide drives an altered response
compared to canonical TLR2 agonists such as Pam3csk4 (Danne et al., 2017).
Danne et al. compared genes specifically upregulated in macrophages following
stimulation with either Hh polysaccharide or Pam3csk4. They found that many of
the genes upregulated by Pam3csk4 were activated by NF-kB signalling, while Hh
polysaccharide drove induction of genes downstream of cyclic AMP response-
element binding protein (CREB) (Danne et al., 2017). This indicates that there
are differences in the signalling responses induced by each of these stimuli,
despite both signalling through TLR2. Interestingly, the response to Hh

polysaccharide was dependent on MSK1/2 (Danne et al., 2017), two kinases
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which are required for phosphorylation of CREB and function as negative
regulators of TLR signalling (Ananieva et al., 2008). While we have demonstrated
that the TLR2 blockade was effective at inhibiting the response to Pam3csk4, we
cannot rule out the possibility that the non-canonical signalling response to Hh
may not have been blocked to the same extent. However, these data support

the conclusion that the aTLR2 mAb treatment functioned as expected.

6.4.4 Concluding remarks

We report that the disease attenuating effect of Hh colonization is maintained in
the absence of TLR2 signalling, indicating that the mechanism driving the
protection is independent of TLR2. The blockade of TLR2 was validated by
challenging mice with the agonist Pam3csk4, where we observed that aTLR2
mADb treatment inhibited the response to this challenge. These data provide
insight as to how Hh may be modulating host responses and suggest that the
disease attenuating effect is mediated by a different mechanism. This
mechanism may be T cell mediated, or dependent on other innate recognition

pathways.
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7 The epithelial barrier in Helicobacter hepaticus
infection

7.1 Introduction

The epithelial barrier in the intestine is comprised of a single layer of IECs,
which separate the LP from the intestinal lumen and microbiota. IECs have many
important functions, including nutrient and water absorption, hormone
secretion, and production of antimicrobial peptides (Haber et al., 2017). They
also contribute to immune responses through the production of cytokines and
other mediators which influence both innate and adaptive immunity (Haber et
al., 2017, Peterson and Artis, 2014). IECs show distinct TLR expression based on
their anatomical location from the SI to the distal colon (Price et al., 2018),
allowing specialised responses in different niches. Furthermore, IEC expression
of MHCII allows antigen presentation to CD4* T cells, which has been shown to

alter the cytokine profile of the Th cell response (Heuberger et al., 2024).

IESCs reside at the crypt base and provide constant renewal of the epithelial
barrier. These cells give rise to all lineages of differentiated IEC, which in turn
show specialised functions (Haber et al., 2017). The majority of IECs are
absorptive enterocytes, with important functions for nutrient absorption.
Similarly, enteroendocrine cells secrete a range of hormones involved in
digestive functions (Peterson and Artis, 2014). Goblet cells produce mucins as
well as other components of the mucus layer which overlays the epithelium and
acts as a physical and biochemical barrier against microbes in the lumen (Kim
and Ho, 2010). Goblet cell frequencies increase from the small intestine to the
distal colon, correlating with bacterial load (Kim and Ho, 2010), and are reduced
in GF animals, suggesting a mechanism by which the microbiota stimulates their
differentiation (Kandori et al., 1996). Tuft cells are chemosensory cells which
are key orchestrators of type 2 immune responses (Drurey et al., 2021). Paneth
cells reside around the stem cell niche and produce various growth factors
needed for IESC survival, as well as AMPs (Sato et al., 2011). The differentiation
of IESCs is tightly regulated in homeostasis and can be perturbed during
inflammation or infection. Cytokines have been shown to alter the
differentiation process to promote the expansion of different IEC lineages. For

example, IL-10 drives stem cell proliferation, resulting in increased stem and
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progenitor cells, while IL-13 drives expansion of Tuft cells, the key IEC type

involved in type 2 immunity (Biton et al., 2018).

The effect of microbial exposure on the differentiation and function of the
epithelial barrier has been highlighted in recent years. Infection with S.
typhimurium drives an increase in enterocytes and Paneth cells, as well as
induction of IEC antimicrobial functions (Haber et al., 2017) and MHCII
upregulation (Biton et al., 2018). In contrast, the helminth H. polygyrus causes
massive changes to IESC proliferation, resulting in an immature phenotype
characterised by loss of differentiated cells and specific inhibition of Tuft cell
development (Nusse et al., 2018, Drurey et al., 2021). During C. rodentium
infection, expression of MyD88 on IECs drives AMP production and enhances
barrier functions, contributing to bacterial resistance (Friedrich et al., 2017).
IEC functions are modulated not only by pathogens, but also the microbiota at
steady state. One commensal species, Peptostreptococcus russellii, has been
described to promote epithelial barrier integrity through its production of
indoleacrylic acid, which is a tryptophan metabolite (Wlodarska et al., 2017).
Infection with this species was protective against DSS colitis, suggesting a
mechanism by which enhanced barrier function protects against DSS induced
disease (Wlodarska et al., 2017). Interestingly, the microbiota-derived SCFA
butyrate has been shown in vitro to act as a potent inhibitor of IESC proliferation
(Kaiko et al., 2016). In vivo, the stem cell niche is protected against the
inhibitory effect of butyrate on proliferation, due to uptake and metabolism of
butyrate by differentiated enterocytes at the top of the crypts (Kaiko et al.,
2016). However, microbes which reside deep within the crypts, such as Hh (Chan
et al., 2005), are in closer proximity to the IESC niche and may be more likely to

exert functional effects.

Whether Hh affects the epithelial barrier in vivo has not yet been reported. Hh
has been described to antagonise TLR responses by IECs in vitro (Sterzenbach et
al., 2007), as well as reportedly downregulating genes associated with NF-«kB
signalling (Chow and Mazmanian, 2010). Its specialised location in the epithelial
mucus layer and deep within the colonic crypts may mean that, compared to
other luminal microbes, Hh may have a greater effect on IESC function (Chan et
al., 2005). Our previous data revealed a disease attenuating effect of Hh

colonization in the context of DSS colitis. We hypothesise that this attenuation
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may be mediated in part by effects of Hh on the epithelial barrier. Interactions
with pathobiont species may act to strengthen the barrier, for example through
increased mucus secretion, or alter the composition of different IEC lineages

present, thus affecting overall function.

7.2 Aims

Here | aimed to explore the effects of Hh colonization on the epithelial barrier. |
aimed to test whether Hh alters the composition of the epithelial barrier and

whether IEC show altered responses to stimuli following Hh infection.

7.3 Results

7.3.1 Transfer of Hh™ microbiota does not alter expression of IEC
lineage genes, but alters immune related gene transcription
in the colon

Enteric bacterial and helminth infections have been described to drive changes
to epithelial differentiation and function (Haber et al., 2017, Biton et al., 2018,
Nusse et al., 2018). Here, we first aimed to determine whether colonization with
Hh drives changes to IEC-associated gene expression at steady state, which could
indicate changes to epithelial composition and function. We utilised the
microbiota transfer model for these experiments, which allowed us to study the
effects of Hh colonization in combination with the undefined microbiota of
University of Glasgow donor mice (Hh* MT, described in Chapter 3). As
previously, mice were left for 21d post Hh* MT to allow conditioning of the

environment by the new microbiota.

We first assessed the expression of different IEC lineage marker genes within
whole colon tissue by gqPCR. IESCs in the intestine can be identified based on
Lgr5 expression (Barker et al., 2007), while Goblet cells are denoted by
expression of Muc2, encoding the primary mucin they produce(Kim and Ho,
2010). Enteroendocrine cells express ChgA, which encodes the glycoprotein
Chromogranin A (Engelstoft et al., 2015). The transcription factor Math1,
encoded by Atoh1, is required for secretory lineage cell development, and is
often used to target intestinal Paneth cells (Durand et al., 2012). Although

Paneth cells are thought not to be present in the colon, populations of ‘Paneth-
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like cells’ have been described, and Atoh1 denotes secretory progenitor cells (Lo

et al., 2017, Castillo-Azofeifa et al., 2019). Dclk1 expression in the gut is

specific to Tuft cells (Drurey et al., 2021), while Villin1 is universally expressed

by epithelial cells (Pinto et al., 1999). We observed largely comparable

expression of lineage marker genes between naive and Hh* MT recipients, with

the exception of a slight upregulation of Dclk1 in the Hh* MT group (Figure 7-1).

These data suggest that Hh colonization at steady state does not drive obvious

changes to epithelial barrier composition.
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Figure 7-1: Colonic expression of epithelial lineage genes is unchanged following Hh* MT
C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) for
21-days. A section of distal colon was harvested and expression of indicated genes measured
using gPCR. Differences in gene expression were determined using the 2-22¢® method, with gene
expression normalised to the housekeeping gene Rps29 and data shown as fold change relative to
the naive group. Data are shown with mean + SD and are pooled from 4 independent experiments
with n=4 per experiment. Data were tested for normality using the Shapiro-Wilk normality test. In
cases where data were normally distributed statistical significance was determined by unpaired t
test, otherwise a Mann Whitney test was used (significance *p< 0.05, **p<0.01, ***p< 0.001, ****p<
.0001).

We next tested whether genes associated with different epithelial responses
were altered by Hh* MT. Transcription was measured in whole distal colon
tissue, so it is important to note that any changes may not be specific to IECs.
We first tested a panel of genes associated with antimicrobial responses.

Expression of Retnlb, encoding RELMB, was significantly increased in Hh* MT

recipients, while Regllly was increased in a proportion of animals (Figure 7-2A).
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RELMB plays a key role in maintaining segregation between the host and
microbiota (Propheter et al., 2017), while REGIIly has bactericidal functions and
influences mucus distribution (Loonen et al., 2014). Upregulation of these genes
suggests that the influx of new microbes stimulates an active antimicrobial
response in Hh* MT recipients. However, expression of Camp, encoding the AMP
Cathelicidin, was unchanged by Hh* MT (Figure 7-2A). We then measured
expression of various cytokine and chemokine genes. IL-25 is produced by Tuft
cells and is a key mediator of type 2 immune responses (Smith et al., 2018), and
was significantly upregulated in Hh* MT recipients (Figure 7-2B). We also
observed an increase in Ccl20 expression in Hh* MT recipients (Figure 7-2B),
which has been shown to be upregulated in IECs following TLR stimulation (Price
et al., 2018). However, IL-33, an alarmin produced by the epithelium in response
to damage (McSorley and Smyth, 2021), was unchanged by Hh* MT (Figure 7-2B).
Finally, in the Hh* MT group colonic tissue, we observed significant increases in
H2Ab1, encoding MHCII, Nos2, encoding iNOS, and MyD88 (Figure 7-2C). These
changes, while not specific to IECs, suggest an increased level of antigen
presentation and innate signalling responses in Hh* MT recipients. Nos2
expression is induced following exposure to inflammatory cytokines (Soufli et
al., 2016), indicating that increased cytokine production may be a hallmark of
Hh* MT recipients.
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Figure 7-2: MT drives transcription of epithelial response genes in the colon

C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) for
21-days. A section of distal colon was harvested, and expression of genes associated with
antimicrobial responses (A), epithelial cytokines (B), and epithelial immune responses (C) were
measured by gPCR. Differences in gene expression were determined using the 2-2¢0 method,
with gene expression normalised to the housekeeping gene Rps29 and data shown as fold change
relative to the naive group. Data are shown with mean + SD and are pooled from 3-4 independent
experiments with n=4 per experiment. Data were tested for normality using the Shapiro-Wilk
normality test. In cases where data were normally distributed statistical significance was
determined by unpaired t test, otherwise a Mann Whitney test was used (significance *p< 0.05,
**p<0.01, ***p< 0.001, ****p< .0001).

Taken together, these data suggest that while Hh* MT does not alter the cell
type composition of the epithelial barrier at steady state, it may drive changes
to functional responses. Although the data described here are obtained from
whole colon tissue, and are not specific to IECs, many of these genes are likely

to be upregulated in IECs. Later, we will aim to test whether the same changes

to gene expression are observed in IECs specifically.
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7.3.2 Using primary IEC organoids to assess epithelial phenotype
and function ex vivo

Having observed transcriptional changes in the whole colon following Hh* MT, we
next aimed to examine the epithelial compartment specifically. We opted to use
a primary IEC organoid system, in which epithelial crypts are harvested and
provided with growth factors in vitro to promote IESC growth (Sato and Clevers,
2013). In this system, IESCs proliferate to form spheroids with an enclosed
lumen. After several days, differentiated cells become present, leading to
budding of the organoid( Sato and Clevers, 2013). Organoids contain all lineages
of differentiated IEC types, resulting in a useful system to study epithelial cells
in vitro (Lukonin et al., 2020). The organoid culture process is depicted in Figure
7-3A, whereby colonic crypts are isolated and resuspended in basement
membrane extract (BME), which allows the IESCs to grow in a 3D structure (Fan
et al., 2016) (Figure 7-3A). We followed this method and observed the growth of
spheroid structures until around day 4 post seeding in BME (Figure 7-3B). Around
day 4-5, we observed budding of organoids, and found that the buds were highly
proliferative as evidenced by Ki67 expression (Figure 7-3C). However, as the
organoids are 3D, only one focal plane is visible and other areas of the organoid
also expressed Ki6é7, indicating the presence of proliferating IESCs throughout

the organoid structure (data not shown).
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Figure 7-3: Establishment of primary murine colonic epithelial organoids

Schematic depicting isolation of epithelial crypts and growth of 3D organoids (A). Brightfield images
of spheroids at day 4 post-seeding are shown with magnification of x2 (left) and x4 (right) (B). Day
5 organoids were fixed in paraformaldehyde and stained with an antibody against Ki67, before
staining with a fluorescent secondary antibody and DAPI nuclear stain. Image was acquired using
a Nikon A1-R confocal microscope at x20 magnification (C).

Initially, we considered using the organoids as a co-culture system to study
interactions between Hh and the epithelium in vitro. However, unlike immune
cells, epithelial cells are highly polarised, with expression of various receptors
localised to specific sides of the cell (Yu and Gao, 2015). Indeed, it has been
shown that TLR ligands elicit different effects when administered to opposite
sides of the epithelial cell surface (Stanifer et al., 2020). In vivo, the basolateral
surface faces towards the intestinal tissue, and may be exposed to immune

signals from the LP, while the apical side is exposed to the intestinal lumen, in
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closer contact with the microbiota (Co et al., 2021). In traditional organoids, the
apical surface faces inwards to the centre of the organoid, while the basolateral
side faces outwards and is exposed to the BME and media (Co et al., 2021). This
presents a challenge for the use of organoids in co-cultures with microbes, as
the surface of the cells which would interact with the microbe in vivo is

enclosed and inaccessible in an organoid (Puschhof et al., 2021).

Several methods of co-culture have been reported to overcome this challenge
(Puschhof et al., 2021). One method involves the microinjection of microbes into
the organoid centre, which is technically challenging (Williamson et al., 2018).
The most commonly used method is to convert a 3D organoid culture into a 2D
monolayer, in which the apical surface faces upwards, allowing microbes to be
applied on top (Moon et al., 2014, Roodsant et al., 2020). This method has been
employed successfully to study interactions between H. pylori and human gastric
epithelium (Schlaermann et al., 2016). However, in our hands, we struggled to
achieve viability in 2D monolayers and were not able to produce confluent
monolayers for co-culture studies (data not shown). Furthermore, the low
oxygen concentrations required for Hh growth presented an additional challenge
for optimisation of a co-culture system (Fox et al., 1994). We therefore opted to
use the organoid system to study IEC responses ex vivo following Hh colonization
in vivo. There is evidence that epithelial stem cells retain memory of prior
injury, resulting in altered responses upon secondary challenge (Naik et al.,
2017). In the gut, infection with intestinal helminths has been shown to drive
powerful changes to IESC proliferation, and these changes are maintained in
organoid cultures derived from infected mice (Nusse et al., 2018, Drurey et al.,
2021). We hypothesised that interactions with the microbiota in vivo may drive
changes to the epithelial stem cell niche which could result in altered responses

to stimulation ex vivo.

We grew primary IEC organoids derived from naive and Hh* MT recipient mice
and tested their responses to various stimuli in vitro. First, we challenged
organoids with IFNy, which produces an inflammatory response in IECs and
specifically drives upregulation of MHCII and antigen presentation machinery
(Heuberger et al., 2024). As expected, we observed significant upregulation of
H2Ab1 and Nos2 expression in IEC organoids stimulated with IFNy, but no

differences were observed in the response between naive-derived and Hh* MT
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recipient-derived organoids (Figure 7-4A). Next, we challenged the IEC organoids
with the TLR2 agonist Pam3csk4, which has been shown to drive inflammatory
chemokine production by IECs (Price et al., 2018). We found that IEC organoids
from both naive and Hh* MT animals produced comparable levels of CXCL1 and
CXCL2 in response to Pam3csk4 (Figure 7-4B). Finally, we stimulated the IEC
organoids with IL-22, which elicits an antimicrobial response in IECs (Ngo et al.,
2018). Transcription of genes encoding the AMPs REGIIIB and REGIIly was
significantly increased in response to IL-22, however, again no difference was
observed between IEC organoids from both naive and Hh* MT animals (Figure
7-4C). Overall, these data indicate that organoids derived from Hh* MT
recipients show comparable responsiveness to naive controls. This suggests that
Hh* MT may not drive changes to epithelial responses in vivo, or that any
changes may not be maintained for an extended period of time in the absence of
Hh stimulation.
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Figure 7-4: Primary IEC organoids derived from Hh* MT recipients show comparable
responses to stimulation as those from naive animals

C57BL/6 littermate cohorts were left untreated (Naive) or colonized with Hh* microbiota (MT) for
21-days. Colonic crypts were isolated and seeded in BME to allow growth of organoids. After 3
passages, organoids were stimulated with 20ng/mL IFNy for 6 hours (A), 1ug/mL Pam3csk4 for 16
hours (B), or 20ng/mL IL-22 for 6 hours (C). In (A) and (C) the expression of indicated genes was
measured using gPCR. Differences in gene expression were determined using the 2-42¢® method,
with gene expression normalised to the housekeeping gene Rps29 and data shown as fold change
relative to the naive unstimulated group. In (B) the concentration of indicated chemokines in culture
supernatants was measured by ELISA. Data are shown with mean + SD and are pooled from 2
independent experiments with n=2 per experiment. Data points are average of 3 technical
replicates per biological sample. Statistical significance was determined by 2-way ANOVA
(significance *p< 0.05, **p<0.01, ***p< 0.001, ****p< .0001).

7.3.3 Bulk RNA sequencing of epithelial crypts reveals limited
changes following Hh colonization

The ex vivo organoid stimulation experiments suggested that Hh* MT does not

drive long-lasting changes to epithelial responses. However, it remained possible
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that Hh* MT could modulate IEC functions in vivo, and that these changes were
simply not maintained in the ex vivo organoid system. We therefore chose next
to examine IEC gene expression using a transcriptomics approach. For these
experiments, we infected mice with Hh directly for 21 days before colonic crypts
were isolated (Fan et al., 2016) to examine the specific effects of Hh on IECs.
RNA was extracted from IEC crypts and analysed by bulk RNA sequencing, and
data analysis was performed by John Cole using Searchlight (Cole et al., 2021)
(Figure 7-5).

Uninfected
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Figure 7-5: Schematic for bulk RNA sequencing of colonic epithelial crypts

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 21-
days post-infection. Colonic crypts were isolated, and RNA extracted before being sequenced by
Novogene using the lllumina platform. Data analysis was performed by John Cole using
Searchlight.

First, a principal component analysis (PCA) was performed to provide an
indication of sample similarity. PCA uses all gene expression values to determine
the main variables (called principal components) which contribute to variation
within a dataset. PC1 is the principal component which explains the most
variation, followed by PC2. However, we did not observe clear separation of
sample groups along either PC1 or PC2 (Figure 7-6). These data suggest that
there may be a high level of similarity between the sample groups, indicating
that Hh colonization may not drive substantial changes to epithelial gene

expression.
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Figure 7-6: Colonic IEC crypts from uninfected and Hh colonized mice do not segregate
clearly based on gene expression

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 21-
days post-infection. Colonic IEC crypts were isolated and RNA was analysed using bulk RNA
sequencing with downstream analyses performed using Searchlight. A principal component
?naar:)ésizs. (PCA) was performed showing variation between samples based on principal components
Next, the uninfected and Hh colonized groups were analysed for differentially
expressed genes (DEGs). Initially, the threshold for significance was set as
adjusted p-value (p.adj) < 0.05 and absolute log2fold > 1, however, this returned
no significant DEGs (data not shown). We next opted to set the threshold for
significance to p.adj < 0.1 and absolute log2fold > 0, with the idea that this less
stringent threshold would return a higher number of DEGs. Despite this, only 6
genes were identified as significantly different between the uninfected and Hh
colonized groups (Figure 7-7). A volcano plot was generated to show the
relationship between p-value and fold change for each gene, with significantly
upregulated genes shown in red, significantly downregulated genes shown in
blue, and non-significant genes in grey (Figure 7-7). A heatmap was then
generated displaying unsupervised hierarchical clustering of DEG expression.
Separation between the two sample groups could be visualised based on
expression of the 6 significant DEGs (Figure 7-8). Among the DEGs were Igha
(encoding the immunoglobulin alpha chain), Igkc (encoding immunoglobulin
kappa constant region), and Ighg2b (encoding immunoglobulin gamma 2B
constant region), all of which were upregulated in the Hh colonised IEC crypts
(Figure 7-8). The presence of immunoglobulin genes likely indicates sample

contamination with B cells, although immunoglobulin gene expression has been
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described in epithelial cancer cells(Chen et al., 2009). Increased B cell
contaminants could reflect an expansion of B cells following Hh infection, which
stands to reason given that Hh induces strong antibody responses (Whary et al.,
1998).

The remaining 3 DEGs were Ceacam2 (encoding carcinoembryonic antigen-
related cell adhesion molecule 2) which was upregulated in Hh colonised IEC
crypts; and Per2 (encoding period circadian protein homolog 2) and Cry1
(encoding cryptochrome-1), which were both downregulated in Hh colonised IEC
crypts (Figure 7-8). Gene set enrichment analysis (GSEA) was performed to gain
understanding of potential biological pathways influenced by the DEGs. Among
the enriched pathways, several related to circadian rhythm were identified
(Figure 7-9). This appears to be due to the presence of Per2 and Cry1, which
encode proteins with key roles in regulation of the circadian clock (Smyllie et
al., 2022).
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Figure 7-7: Differential gene expression analysis identifies limited changes in colonic IEC
following Hh colonization

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 21-
days post-infection. Colonic IEC crypt RNA was analysed using bulk RNA sequencing with
downstream analyses using Searchlight. Differential gene expression was analysed using the
DESeqg2 package. A volcano plot is shown depicting fold change in logz and p-value in -log1o
transformation. Significantly differential genes were defined as p.adj < 0.1, absolute log2fold > 0
and are shown in red if upregulated or blue if downregulated. A positive fold change indicates
higher in Hh than PBS.
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Figure 7-8: Differentially expressed genes in colonic IEC following Hh colonization

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 21-
days post-infection. Colonic IEC crypt RNA was analysed using bulk RNA sequencing with
downstream analyses performed using Searchlight. Differential gene expression was analysed
using the DESeq2 package. A hierarchically clustered heatmap is shown displaying significantly
differentially expressed genes (p.adj < 0.1, absolute log2fold > 0) between the Hh and PBS groups.
The blue bar above the heatmap (left) indicates the PBS samples while the red bar (right) indicates
the Hh samples. Expression levels have been row scaled into z-scores.
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Figure 7-9: Hh colonization drives changes to genes associated with circadian rhythm in
colonic IEC

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 21-
days post-infection. Colonic IEC crypt RNA was analysed using bulk RNA sequencing with
downstream analyses performed using Searchlight. Differential gene expression was analysed
using the DESeq2 package. A summary bar chart is shown of the 10 most enriched gene sets from
the significantly differentially expressed genes (p.adj < 0.1, absolute log2fold > 0) between the Hh
and PBS groups. The number of significantly differentially expressed genes within each gene set is
annotated. Enrichment analysis was performed using Hypergeometric Gene Set Enrichment on the
gene database STRING11.5.
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Finally, in Figure 7-10, the top 10 upregulated and downregulated DEGs in IEC
from Hh colonized mice are shown based on p-value (Figure 7-10A) and fold
change (Figure 7-10B). Among the most downregulated genes based on fold
change were several genes encoding alpha defensins, which are a family of AMPs
(Defa20, Defa22, Defa30, Defa24, Defa21) (Figure 7-10B). However, although
these genes were among the most downregulated by fold change, the p.adj
values were all >0.999, so it is difficult to conclude whether this represents a
meaningful change. Interestingly, based on p-value, among the most
downregulated genes in IEC crypts from Hh colonised mice was Klf10, which
encodes Kruppel-like factor 10. This protein acts as a transcriptional regulator of
TGFB and its deficiency has been associated with colitis in mice(Papadakis et al.,
2015). Again, it is difficult to postulate whether Hh may drive changes to this

pathway as the p.adj value was > 0.4.
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A
Most upregulated by p value Most downregulated by p value
Gene | log2fold p p.adj Gene | log2fold p p.adj
IGHA 097 2782385e-07 0.002795601 PER2 | -052 1.051757e-09 2.113506e-05
IGHG2B | 435 9.285031e-07 0006219423 CRY1 | -034 8236112e-06 3.310093e-02
IGKC 133  2783079e-06 0.013981492 BCL6 | -053 4.078925e-05 1.116489¢-01
CEACAM2 | 053 2629959e-05 0.088081713 RPL38 | -030 4564185¢-05 1.116489¢-01
NR1D2 | 031 5000447e-05 0.111648866 GAPDH| -234 9185169e-05 1.677963e-01
NR1D1 063 7.023705e-05 0.141141357 LMNB2 | -015  1.437804e-04 2.222513e-01
GM47640 | 082  1.376626e-04 0222251259 RORC | -033 2395180e-04 3.208743¢-01
GM4468 | 338 2079878e-04 0298536824 KLF10 | -047 3.423626e-04 4.299861e-01
LAX1 184  5488251e-04 0.496826762 RPL37 | -024 4342332e-04 4.603728e-01
IL2RB 072 6.468665e-04 0496826762 SAMD1| -020 4.353452e-04 4.603728e-01
B
Most upregulated by log2fold Most downregulated by log2fold
Gene log2fold p p.adj Gene |log2fold p p.adj
IGHG28B 435 928503107 0.006219423 DEFA20 | -561 005967251 0.9996458
GM4468 338  2079878e-04 0298536824 DEFA22 | 535 007221749 09996458
5930412G12RIK | 319  7.169931e-04 0496826762 DEFA30 | -524 007846634 09996458
AC126937.1 316  1.322223¢-03 0670724872 AY761184 | -517  0.08284867 0.9996458
NUTM1 316  3.891284e-03 0.809856711 DEFA24 | -453 010479728 09996458
ZFP648 289  3861231e-03 0.809856711 GM7849 | -450 013170158 09996458
4930405022RIK| 288  4759183¢-03 0885516585 DEFA21 | -431 014676747 09996458
GM38509 287  2582240e-03 0.786213921 GM14851 | -395 016425914 09996458
GM6420 280 2417761e-02 0999645792 FAM20A | -341 024755998 09996458
TMPRSS3 278  4590757e-03 0.869813057 GM24289 | -336  0.00920229 09879621

Figure 7-10: Changes to epithelial gene expression as a result of Hh colonization are largely

non-significant

C57BL/6 littermates were administered 1x108 CFU Hh or given PBS by oral gavage and left for 21-
days post-infection. Colonic IEC crypt RNA was analysed using bulk RNA sequencing with

downstream analyses performed using Searchlight. Differential gene expression was analysed

using the DESeq2 package. Tables showing the top 10 upregulated and downregulated genes by

p-value (A) and log2fold change (B). Upregulated genes are higher and downregulated genes

lower in Hh than

PBS.

In conclusion, these data suggest that Hh colonization drives very minimal

changes to colonic epithelial gene expression at steady state. The transcriptional

changes identified in Figure 7-2 were not recapitulated in the epithelial bulk

RNA sequencing dataset. This may be because they were not the result of

epithelial gene expression, or because specific Hh infection may not drive the

same changes as MT.
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7.4 Discussion

We have previously described a protective effect of Hh colonization in the
context of DSS colitis. Here, we demonstrate that, at steady state, Hh drives
minimal changes to primary colonic IEC gene expression. We also tested IESC-
derived organoids for long-term changes to responsiveness to several stimuli but
found that organoids from Hh-infected mice showed comparable functions to

those from naive animals.

7.4.1 Similarity between naive and Hh colonized epithelium at
steady state

Our results suggest that Hh colonization has minimal effects on colonic epithelial
phenotype at steady state. This indicates that epithelial changes may not
contribute to the protection against DSS induced disease which we have
previously described. We initially analysed whole colon tissue for IEC-related
gene expression and found minimal differences in transcription of epithelial
lineage genes, aside from a slight increase in expression of Dclk1. This suggests
that Hh colonization has little impact on the differentiation of IEC, with the
exception of potentially driving a slight expansion of Tuft cells. Tuft cells are
associated with type 2 immune responses (Drurey et al., 2021), which are not
generally induced following Hh infection (Kullberg et al., 2002, Xu et al., 2018),
and it requires further validation to confirm whether increased Dclk1 expression
represents a meaningful increase in Tuft cell numbers. While we observed
upregulation of genes associated with antimicrobial and epithelial defence
responses in whole colon tissue, such as Retnlb, Ccl20, and Nos2, these changes
were not recapitulated in a bulk RNA sequencing dataset specific to IECs. This
could suggest that the transcriptional changes we initially observed were the
result of other cell types in the colon, rather than IECs. In previous chapters we
identified Hh-driven changes to colonic myeloid cell recruitment, phenotype and
function, so the altered colonic gene transcription observed here could be the
result of changes to the myeloid compartment. For example, iNOS (encoded by
Nos2) is upregulated in intestinal monocytes during acute infection (Grainger et
al., 2013). The upregulation we observed in whole colon could therefore be due
to increased monocyte numbers following Hh colonization, as described in

Chapter 4. In future, single-cell RNA sequencing could be performed on total
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cells isolated from the colon, thus allowing the identification of specific cell

types which are transcriptionally altered (Kolodziejczyk et al., 2015).

Surprisingly, bulk RNA sequencing of colonic IEC crypts revealed very few
differences in epithelial gene expression following Hh colonization. While this
may reflect an absence of Hh-induced changes to epithelial phenotype at steady
state, there are also notable caveats to the approaches used here. We used a
single method to isolate colonic IEC crypts (Fan et al., 2016) and have not yet
validated whether the isolated crypts contained representative proportions of all
IEC types found in vivo. Single-cell RNA sequencing has been used successfully to
interrogate the intestinal epithelium and identify individual clusters of IECs
within FACS-sorted populations (Haber et al., 2017). This approach could be used
here to validate the presence of diverse IECs within the isolated crypt samples
and would allow for comparison with published datasets to test that the
proportions of isolated cell types are representative. This method would also
enable the identification of individual cell clusters showing transcriptional
differences, if any, to establish which cells are specifically affected by Hh
colonization. However, another reason for the observed lack of transcriptional
differences could be that not all colonic IEC crypts are equally colonized with
Hh. Colonization levels are likely to vary throughout the large intestine (Chan et
al., 2005), and changes to epithelial gene expression may only be present in
cells with close proximity to Hh. Other methodologies which allow for spatial
analysis in combination with transcriptomics could be a useful approach to
address this caveat. ‘Spatial host-microbiome sequencing’ has recently been
described (Lotstedt et al., 2023) and allows for sequencing of host transcripts in
addition to capturing tissue histology and bacterial 16S sequencing. Techniques
such as this could enable the interrogation of IEC gene expression relative to the
level of Hh colonization, which may reveal Hh-induced changes to IEC

phenotypes in specific areas of the intestine.

While we did not detect changes to epithelial phenotype at steady state, it does
not exclude the possibility that Hh may drive altered responses under
inflammatory conditions. There may be a level of epigenetic changes which
occur following interactions with microbes, which could result in altered
responses to stimulation but is not obvious under resting conditions. Epigenetic

changes to epithelial stem cells (SCs) have been described in the context of
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sterile injury, in which skin SCs retain memory of insult and produce an
enhanced wound repair response upon secondary challenge (Naik et al., 2017).
Our use of the organoid system attempted to address this, by isolating IESCs
from infected mice and analysing their response to various inflammatory stimuli.
We observed no differences in the responsiveness of organoids derived from Hh-
colonized animals to those derived from naive counterparts, suggesting that Hh
may not drive long-lasting changes to epithelial barrier function. However, the
organoid system requires IESC growth in vitro for several passages before use, to
ensure the viability and purity of the organoid culture. This results in ~3 weeks
of IESC growth in vitro prior to stimulation. It is possible that any changes as a
result of exposure to Hh in vivo may have been lost during this period and could
explain the comparable responses between naive and Hh infection derived
organoids. An ex vivo organoid approach may therefore not be the most suitable
system to study Hh-induced changes to the epithelium. However, using in vitro
systems to study the relationship between Hh and IECs is technically challenging,
due partly to the microaerophilic requirements of the bacteria (Ward et al.,
1994), and the enclosed nature of intestinal organoids (Puschhof et al., 2021).
While we were unable to optimise a 2D IEC monolayer system, this may remain
the most suitable method to study primary IEC-microbe interactions in vitro
(Moon et al., 2014). To account for the different oxygen requirements of Hh and
host IECs, an Ussing chamber system could be used to provide specific
environments for each component of the co-culture (Clarke, 2009).
Alternatively, rather than culturing live Hh with IECs, another option could be to
isolate Hh-secreted metabolites or products which could be administered to IEC
organoids or monolayers in vitro. This would enable examination of the effects
of Hh on IEC functions without the technical limitations of using live bacteria.
This approach has been used successfully to study a Hh-derived polysaccharide
isolated from bacterial culture supernatants and its effect on macrophages
(Danne et al., 2017), and could be utilised here to study effects on the epithelial

compartment.

Finally, how IECs may remain refractory to Hh induced changes, while immune
cells in the LP show clear differences in phenotype and function, is not yet
obvious. From the literature, it is clear that the microbiota plays a key role in

shaping epithelial gene expression, as treatment with antibiotics drives notable
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changes to colonic IEC transcription (Reikvam et al., 2011). Reikvam et al.
identified H2Ab1, RegllIB, and Retnlb among significantly downregulated genes
following antibiotics treatment (Reikvam et al., 2011). This suggests that the
microbiota actively stimulates antimicrobial responses in IECs, as well as
potentially driving antigen presentation. Many commensal species have been
shown to alter epithelial functions, typically strengthening the barrier through
stimulation of mucus production or tight junction protein expression (Plovier et
al., 2017, Wlodarska et al., 2017, Martin et al., 2019). Despite this evidence, Hh
appears not to drive obvious changes to colonic IEC functions. However, the
primary site of Hh colonization is the caecal mucosa (Chan et al., 2005), and it
may be the case that the colonic epithelium is less affected due to the lower
levels of colonization in this tissue. Indeed, in the caecal mucosa, Hh has been
shown to be the dominant community member (Kuehl et al., 2005). Our work has
focussed on the colon as the location of pathology in the DSS model (Wirtz et
al., 2007), but for future study of Hh mediated effects on the epithelium it may
be useful to focus on the caecum. Nonetheless, we have documented various
changes to colonic myeloid phenotypes and functions following Hh colonization,
and it is interesting that these changes occur while the epithelium remains
largely unaffected. The lack of colonic epithelial response to Hh likely reflects
the need for the epithelium to tolerate repeated exposure to commensal
microbes on the luminal side, while maintaining ability to respond to pathogens
which invade the tissue. This requirement is partially achieved through the
polarisation of IECs, including the asymmetric expression of TLRs and other
receptors to distinct sides of the cell (Stanifer et al., 2020). As such, the
response to stimulation varies greatly at each cell surface, with the luminal side
exposed to the microbiota showing reduced responsiveness (Stanifer et al.,
2020). It appears that the intestinal epithelium has evolved to withstand
exposure to the microbiota and is tightly regulated to ensure maintenance of
homeostasis, which could explain why we have not observed significant changes
to the IEC compartment following Hh colonization.

7.4.2 Concluding remarks

We report that the colonic epithelium shows few transcriptional changes as a
result of steady state Hh colonization. Similarly, IESCs isolated from infected

mice and grown in organoids showed comparable responses to stimulation to
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those from naive animals. These data suggest that the intestinal epithelium is
largely refractory to the effects of Hh in vivo, despite the documented effects of
this microbe on intestinal immune cells. This likely represents a mechanism by
which the epithelial barrier tolerates exposure to the microbiota to maintain
homeostasis in the gut. Overall, these approaches and results were unable to
provide evidence that the disease attenuating effect of Hh colonization involves
alterations in the IEC barrier, suggesting that effects on other cell types may be

responsible.
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8 Final Discussion

Hh is an exemplar pathobiont species which drives inflammatory disease in the
absence of immune regulation. However, in normal hosts, the induction of avid
regulatory responses allows the host to tolerate chronic Hh infection without
pathology (Cahill et al., 1997). The effects of Hh colonization on immune
competent hosts are incompletely understood. Previous literature has described
mechanisms whereby Hh drives Treg induction (Kullberg et al., 2002, Xu et al.,
2018, Kedmi et al., 2022) and an anti-inflammatory macrophage phenotype
(Danne et al., 2017), but the consequences of these changes for subsequent
immune function were previously unexplored. Here, we aimed to determine
whether infection with Hh results in an altered response during an inflammatory
challenge. We then sought to characterise the effects of Hh on the intestinal
immune system at steady state, focussing on myeloid populations which have not

yet been studied in depth in the context of Hh colonization.

8.1 Hh primes intestinal immune responses, driving
changes to homeostasis and disease outcomes

8.1.1 Homeostatic immunity

The immune system is constantly responding to microbe-derived signals, leading
to the induction of homeostatic immune responses (Belkaid and Harrison, 2017).
The outcome of these responses for host physiology and immune function are
only beginning to be explored. It is clear that infection with commensal species,
such as intestinal Bacteroides fragilis or Staphylococcus epidermis in the skin,
drives tonic immune responses which occur at steady state but can alter the
outcome in a disease setting (Mazmanian et al., 2005, Mazmanian et al., 2008,
Naik et al., 2015). The induction of a wide range of responses following Hh
colonization suggests that Hh may be another candidate species driving
homeostatic immunity, which could alter disease outcomes (Whary et al., 1998,
Kullberg et al., 2002, Buonocore et al., 2010, Danne et al., 2017).

In Chapter 4 we reported that, at steady state, Hh colonization drives increases
to monocyte and neutrophil infiltration to the colon. We also identified Hh-

induced changes to colonic proinflammatory cytokine transcription, including an
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early Ifny response which was later followed by elevated levels of Tnfa and
Il117a. Importantly, these responses were not accompanied by pathology,
indicating that Hh indeed drives homeostatic immune responses in the colon at
steady state. These findings are in accordance with reports that the microbiota
drives steady state myelopoiesis (Balmer et al., 2014a, Khosravi et al., 2014, Yan
et al., 2022), and stimulates monocyte recruitment to the colon in the absence
of inflammation (Bain et al., 2014, Kang et al., 2020). Our data suggest that Hh
may induce similar responses. However, it is currently unclear whether the
increased myeloid infiltration we observed is representative of changes to BM
myelopoiesis. This is something which should be explored in the future through
analysis of BM precursors, monocytes and neutrophils. Microbiota-induced
myelopoiesis is dependent on PRRs and their downstream signalling components,
including NOD1 (Clarke et al., 2010) and MyD88 (Balmer et al., 2014a).
Stimulation of tonic myeloid infiltration by Hh is likely to occur through a similar
innate recognition pathway and probably represents a shared mechanism

common to other bacterial species.

SPF laboratory mice possess a microbiota which differs substantially to that of
wild mice, particularly showing a reduction in microbial diversity (Rosshart et
al., 2017, Rosshart et al., 2019). Wild mice show differences in steady state
immune populations compared to laboratory mice, including increases in
effector T cell numbers across various tissues (Beura et al., 2016, Abolins et al.,
2017). They also show increased expression of genes associated with immune
activity in blood, including chemokines such as Ccr2 and cytokines such as /{18
(Rosshart et al., 2019). These studies further consolidate the idea that a diverse
microbiota stimulates increased immune activity at steady state. Our data is in
line with this and suggests that Hh is a species which contributes to this effect.
Despite this, we observed increased myeloid infiltration to the colon but not the
SI following Hh colonization, indicating that the myeloid response was specific to
the site of infection, suggesting that Hh mainly affects local innate immune set
points. However, whether Hh drives wider changes to systemic immune
populations, such as in the BM or liver, remains to be explored. Hh-specific
antibodies are found in the serum following infection (Whary et al., 1998,
Kullberg et al., 1998), highlighting that Hh can stimulate systemic immune

responses. Interestingly, microbiota-specific IgG has been proposed to have a
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protective effect against systemic S. typhimurium infection (Zeng et al., 2016).
Likewise, microbiota-derived metabolites can enter the bloodstream and drive
functional changes to immune populations at distal sites, thus increasing
protection against bacterial infections (Clarke et al., 2010). Determining
whether Hh drives similar effects will be important for understanding how

colonization might impact the outcome of different disease challenges.

In Chapter 4, we described increases in colonic cytokine transcription following
Hh colonization. However, in Chapter 5, we stimulated colonic macrophages ex
vivo and found that macrophages from infected mice showed suppressed
cytokine production compared to those from naive mice. These results present
an interesting contrast and suggest that Hh has distinct functional effects on
different immune cells. A similar phenomenon was described by Abolins et al.,
who reported that splenocytes from wild mice showed greatly reduced cytokine
production when stimulated with PAMPs ex vivo, as compared to laboratory mice
(Abolins et al., 2017). Similarly, Rosshart et al. used a system in which
laboratory mouse embryos are implanted into wild mice to produce laboratory
strain mice with a wild mouse-like microbiota. They then took genetically
identical mice colonized with either a standard SPF microbiota or the ‘wild-like’
microbiota and challenged them with influenza infection. They found that those
with a wild-like microbiota had reduced levels of TNFa, IL-6, and other
inflammatory mediators in the lung after infection. Furthermore, those with the
wild microbiota had a survival advantage over their standard SPF laboratory
counterparts, which they reasoned may be due to the reduction in hyper-active
cytokine production (Rosshart et al., 2017). Our data suggests that Hh may have
a limiting effect on the inflammatory responses of some cell types, such as
macrophages, while simultaneously increasing steady state expression of
inflammatory cytokines in other cell types. We hypothesise that the source of
increased cytokine transcription could instead be lymphoid cells, including ILCs
and Th1/Th17 effectors. Studies which blocked IL-10 signalling in the context of
Hh infection have demonstrated that Hh drives IFNy, IL-18, TNFa, IL-22, and IL-
17A production by these cell types in the absence of immune regulation
(Kullberg et al., 2002, Buonocore et al., 2010, Morrison et al., 2013), suggesting
that they may also be the source of these cytokines during steady state Hh

infection. This could be tested using flow cytometry to identify different cell



241

types and measuring intracellular cytokine production. Nonetheless, it has been
proposed that while the microbiota stimulates homeostatic immunity at steady
state, it also functions to manage the threshold for immune activation (Ansaldo
et al., 2021). This may serve to prevent unnecessary inflammatory responses
targeting the microbiota but likely also affects how the immune system responds
to other challenges. The balance between microbiota-induced effector responses
and regulatory, immune suppressive responses therefore appears to calibrate
host immune function and disease outcome, to an extent. Our data, along with
the work of others describing Hh-specific Treg responses, supports the idea that
Hh contributes to microbiota-mediated calibration of immune functions at
steady state. A summary of Hh-induced changes to the colonic immune system at

steady state is depicted in Figure 8-1.
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Figure 8-1: Summary of Hh-induced changes to homeostatic intestinal immunity

Hh colonization drives increased Treg expansion, as well as increased infiltration of neutrophils and
monocytes to the colon. Macrophages and cDCs show reduced expression of costimulatory CD86,
while macrophages also show reduced CD11c expression. Macrophages show suppressed
cytokine production ex vivo, while the total tissue transcription of Ifny, Tnfa, l/17a increases. These
changes are not accompanied by pathology. This figure was created using BioRender.com.
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8.1.2 Effects of Hh on disease outcomes

In Chapter 3, we demonstrated that mice colonized with Hh show attenuated

disease severity when challenged with DSS to induce acute colitis. DSS-induced
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weight loss and clinical symptoms were reduced in Hh infected animals, along
with colonic inflammatory infiltrate. Interestingly, the extent of DSS-induced
histopathology showed considerable variation within the Hh infected group, but
overall, the infected mice had significantly reduced histology scores. It was
recently reported that a large cohort of C57BL/6 mice bred and maintained in
the same SPF facility showed highly variable disease levels when treated with
DSS (Forster et al., 2022). Microbiota sequencing analyses identified specific
microbes whose relative abundance correlated with either attenuated or
worsened DSS-disease (Forster et al., 2022). They further showed that mono-
colonization of GF mice with these individual species could replicate DSS disease
outcomes, although importantly none of these animals were colonized with Hh
(Forster et al., 2022). This corroborates other studies describing how the
microbiota can impact outcomes in DSS colitis (Brinkman et al., 2013), including
the identification of bacterial species which increase the severity of DSS induced
disease (Zhang et al., 2018, Park et al., 2018). Hh appears to be another
member of the microbiota with the capacity to alter the outcome of DSS colitis,
acting as a disease-attenuating factor. However, the variation of DSS disease
severity within our cohorts of Hh-infected mice suggests that other community
members could also be contributing. An important next step will be to perform
16S sequencing to examine the microbial composition of the animals used in our
study, with the aim of determining whether other species known to impact DSS
severity are present. Furthermore, microbes have the ability to modulate
microbiota composition and impact the colonization of other species (Kuehl et
al., 2005, Lai et al., 2020). It will be interesting to explore whether Hh drives
changes to microbial communities which could potentially cause knock-on
effects to host immunity and disease outcomes, particularly as there is already
evidence that Hh can modulate microbial community structure in the caecum
(Kuehl et al., 2005).

The extent of pathology induced by DSS is likely impacted by the effects of Hh
colonization on steady state immune functions. DSS colitis is an immune-
mediated disease, driven primarily by innate myeloid cells (Stevceva et al.,
2001). Any alterations to neutrophil or monocyte functions would therefore be
expected to impact disease outcome. The results presented in Chapter 4 showed

that macrophages and cDCs from infected animals expressed lower levels of the
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costimulatory molecule CD86, which is involved in T cell activation (Park et al.,
2023). Similarly, in Chapter 5, we observed that macrophages from Hh colonized
mice showed suppressed ex vivo cytokine production. These results suggest that
Hh may have a limiting effect on innate inflammatory responses, although
further work is required to test this hypothesis. Functional testing of neutrophils
and monocytes from infected mice could reveal whether Hh has an intrinsic
effect on the functions of these cells. Microbiota-derived signals have been
shown to impact the functions of BM neutrophils (Clarke et al., 2010, Balmer et
al., 2014a), as well as stimulating BM monocyte development and promoting
protection against systemic bacterial infection (Khosravi et al., 2014). It is
therefore possible that Hh-derived signals modulate the functions of these cells
to prevent excessive inflammatory responses, which could impact the
inflammation induced by DSS. Another possibility is that Hh drives changes to the
local environment in the colon, for example by mediating cytokine production,
which then has an indirect effect on infiltrating immune cells which are
recruited to the tissue following DSS treatment. Potential mechanisms driving

the disease attenuation in this model are discussed further in Section 8.1.3.

The homeostatic increase in colonic neutrophil and monocyte infiltration
observed in Chapter 4 is somewhat contradictory to the reduced inflammatory
infiltrate triggered by DSS in infected animals. We postulate that Hh drives a low
level of immune activity at steady state, and that the constant interactions
between the bacteria and host have functional effects on local immune cells
which impact inflammatory responses. This is not dissimilar to the results
presented in wild microbiota studies. A diverse, wild-like microbiota promoted
reduced inflammatory responses following influenza infection (Rosshart et al.,
2017), while simultaneously appearing to drive increased immune activation at
steady state (Beura et al., 2016, Abolins et al., 2017, Rosshart et al., 2019).
Thus far, we have examined the effect of Hh on inflammatory disease in the
colon. In the future it will be important to explore whether Hh colonization
impacts outcomes in other contexts throughout the body, such as pathogenic
infections. Our results in Chapter 5 suggest that the phagocytic function of
colonic macrophages may be slightly reduced in infected mice, although they
still exhibited phagocytic activity. These data require further validation,

however, if this is the case, this could be a disadvantage in the context of
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bacterial infection. Microbiota-derived metabolites have been described to
increase the bactericidal functions of macrophages (Chang et al., 2014,
Schulthess et al., 2019), so it would be surprising for Hh to have the opposite
effect. However, we did not obtain data on the killing functions of macrophages,
and this could be independent from the effect we observed on phagocytosis.
Similarly, reduced cytokine production by macrophages may be beneficial in the
context of inflammatory disease, but unfavourable in a different context where
inflammation is required for pathogen clearance. Gaining a more complete
understanding of how Hh affects different immune functions will be essential for

determining how colonization might impact diverse disease situations.

8.1.3 Proposed mechanisms of Hh-mediated disease attenuation

We postulate that Hh-induced attenuation of DSS disease severity is mediated by
a combination of direct and indirect bacterial effects on innate immune
functions. The induction of Hh-specific Tregs has been characterised in detail
(Kullberg et al., 2002, Xu et al., 2018, Kedmi et al., 2022), and these cells are
indispensable for maintaining tolerance to Hh. We propose that the Hh-mediated
expansion of Tregs may act to limit local myeloid responses, including
suppressing cytokine production as described in Chapter 5. This would represent
an indirect mechanism by which Hh modulates innate immune functions and is in
accordance with the understanding that Tregs can suppress innate-driven
pathology (Maloy et al., 2003), and limit the responses of monocytes and cDCs
to stimulation with PAMPs (Taams et al., 2005, Houot et al., 2006). A recent
study exploring the spatial localisation of immune responses in Hh infection
found that Hh-specific Tregs co-localise with CD206* macrophages in the colonic
LP at steady state (Gu et al., 2024). These close interactions are likely to impact
colonic macrophage functions and may drive the altered cytokine production we
reported in Chapter 5. Whether Hh-specific Tregs directly interact with
infiltrating monocytes and neutrophils in an inflammatory setting has not yet
been reported, although Treg-mediated inhibition of neutrophil and monocyte
functions has been described (Lewkowicz et al., 2006, Taams et al., 2005).
There is also evidence that manipulation of the microbiota, either through
colonization with specific species or modulation with treatments, can alter the
balance of Th1/Th17 and Treg cells in the intestine (Hartog et al., 2015, Park et
al., 2018, Zhang et al., 2018). These changes to intestinal T cell proportions
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were associated with attenuated DSS colitis, suggesting that a similar mechanism
could drive the disease protection described here. It seems likely that microbes
which drive expansion of Tregs to promote tolerance to their own colonization
can alter the balance to increase immune regulation, which then limits the
extent of inflammation following DSS challenge. However, this is a fine balance,
as the intestinal immune system must remain able to respond to pathogens.
Microbes which promote immune-regulatory effects may therefore be protective
in the context of inflammatory disease but could be detrimental in a setting
where inflammatory responses are required for pathogen clearance. It would
therefore be interesting to determine how Hh alters the outcome of a co-

infection with a pathogen.

One remaining question concerns how the inflammatory environment during DSS
colitis impacts the phenotype and function of Hh-specific Tregs. Commensal
antigens preferentially drive Treg expansion at steady state, but it has been
proposed that during inflammation this process is circumvented(Hand et al.,
2012). Infection with the intestinal parasite Toxoplasma gondii was shown to
cause bystander activation of commensal-specific T cells, which showed a Th1
phenotype and produced IFNy (Hand et al., 2012). A similar phenomenon has
been reported for Hh-specific T cells during pathogenic infection. While Hh
mostly drives induction of RORyt*Foxp3* Tregs at steady state, co-infection with
C. rodentium results in the expansion of Hh-specific RORyt*Foxp3- Th17 and
Tbet* Th1 effectors (Xu et al., 2018). The authors also tested the fate of Hh-
specific T cells during DSS colitis and, interestingly, did not observe deviation
from the Treg phenotype induced at steady state (Xu et al., 2018). It is worth
noting that DSS treatment was commenced on day 2 following Hh infection (Xu
et al., 2018). This likely explains why the authors did not document the same
attenuation of DSS disease severity which we report, as our data in Chapter 3
indicate that this protection is not present immediately after infection.
Regardless, this indicates that Hh-specific T cells retain their Treg phenotype

during colitis, although this requires validation in our own system.

Another potential mechanism driving attenuated disease is the direct modulation
of innate immune function by Hh and its products. We aimed to explore this idea
in Chapter 6, by testing the requirement for TLR2 in Hh-mediated disease
protection. TLR2 has been described as the primary TLR which responds to Hh
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(Mandell et al., 2004), but is not required for induction of Hh-induced colitis
(Boulard et al., 2010). Instead, it has been proposed that TLR2 signalling drives
an anti-inflammatory response in macrophages following Hh colonization (Danne
et al., 2017), which we hypothesised may act to limit local inflammatory
responses and drive the attenuation of disease severity documented in Chapter
3. However, upon using an antibody to block TLR2 signalling, we found that this
had no impact on the ability of Hh to attenuate DSS colitis. This suggests that
any anti-inflammatory effects of Hh mediated through TLR2 may be largely
redundant in this context. This does not rule out the possibility that TLR2
signalling contributes to maintenance of tolerance to Hh at steady state.
Similarly, other PRRs may be directly influenced by Hh and play a role in driving
the disease protection described here. The pan-TLR signalling adaptor molecule
MyD88 is required for the induction of colitis following Hh infection in
susceptible hosts (Asquith et al., 2010). It would be interesting to determine
whether this molecule is also required for the induction of protective responses
to Hh. Testing the ability of Hh to attenuate DSS colitis in Myd88/- hosts could
be a useful system to study this in the future. However, it has been reported
that loss of MyD88 worsens the severity of DSS induced disease (Araki et al.,
2005), which could make it difficult to interpret the results. Finally, exploring
bacterial products which drive different host responses could be another avenue
for determining whether Hh drives direct functional effects on innate immune
cells. Characterisation of additional products, metabolites and virulence factors
could provide insight into pathways through which host immunity is impacted by
Hh and the broader microbiota (Fox et al., 2011). This would also allow for the
generation of mutant bacterial strains lacking key factors (Sterzenbach et al.,
2008), which could be used to interrogate the role of those factors in conferring

protection against DSS disease severity.

A summary of the proposed mechanisms through which Hh affects the outcome

of DSS colitis is shown in Figure 8-2.
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Figure 8-2: Proposed mechanisms of Hh-mediated disease attenuation

We propose that Hh-mediated attenuation of DSS colitis is mediated through a combination of
direct and indirect mechanisms. Hh induces expansion of Hh-specific Tregs which we propose may
act on local innate immune cells to indirectly suppress inflammatory responses and allow persistent
colonization. Hh may also directly modulate innate immune functions through PRR-mediated
recognition of Hh-derived PAMPs, leading to downregulated inflammatory responses. Both of these
mechanisms could result in reduced inflammation and pathology following DSS treatment. This
figure was created using BioRender.com.

8.2 Pathobionts in human health and disease

Finally, it is important to consider the potential consequences of this work for
human health and disease. The human microbiota is far more diverse than that
of a laboratory mouse, indicating that there may be a greater level of
microbiota-driven immune modulation. As such, reconstitution of laboratory
mice with a wild-like microbiota can recapitulate human immune traits and
responses (Beura et al., 2016, Rosshart et al., 2019). While Hh appears to prime
murine immune responses at steady state and reduce the extent of inflammatory
disease, similar species may provide this function in humans. Although Hh does
not colonize the human Gl tract, other pathobiont species may occupy similar
niches in humans. The most notable example is the related species Helicobacter
pylori, which colonizes the gastric mucosa and drives disease in some individuals
(Malfertheiner et al., 2023). Importantly, H. pylori has been described to exert

disease-protective effects in certain contexts, such as reportedly reducing the



248

severity of Barrett’s oesophagus (Erdss et al., 2018). Many species found in
humans, including Bacteroides fragilis, have the capacity to act both as a
commensal or an opportunistic pathogen, depending on the context (Patrick,
2022). Another relevant species is Escherichia coli. While most E. coli strains
present in humans behave as commensals, there are some rare types which act
as pathogens and are associated with gastroenteritis (Eltai et al., 2020) and IBD
(Martinez-Medina and Garcia-Gil, 2014). Despite this, commensal E. coli strains
have been shown to promote epithelial barrier integrity, thus protecting the host
against pathogen invasion and providing disease-protective effects (Alvarez et
al., 2019). These context-dependent outcomes of infection resemble the
situation with murine Hh, although these species interact with the immune
system in distinct ways. It is likely that some or all of the mechanisms through
which Hh modulates host immunity are conserved between other bacterial
species, although there is currently no documented microbe in humans which is
equivalent to Hh. However, gaining understanding of the mechanisms by which
Hh modulates host immunity will hopefully provide new insight into how the

human microbiota may impact disease outcomes.

In conclusion, the microbiota stimulates homeostatic immune responses which
lead to an increased level of immune activity at steady state (Ansaldo et al.,
2021). Simultaneously, our data and the work of others supports the idea that
the microbiota limits the inflammatory responses of local immune cells. A better
understanding of these interactions will be crucial for dissecting the role of the
microbiota in human disease. This will be particularly important for the
development of microbiota-targeted therapeutics and the use of microbiota
biomarkers for disease stratification. As laboratory mice are reported to possess
an immature immune system (Beura et al., 2016), Hh may be an example of a
‘keystone’ species which stimulates immune maturation through driving
increased myeloid infiltration and T cell expansion, modulating cytokine
production, and setting the threshold for inflammatory responses (Ansaldo et al.,
2021). Similar species are likely to have these effects on the human immune
system. Understanding these effects and accounting for them in animal studies
may help to provide better models for human disease which more accurately

recapitulate human responses (Rosshart et al., 2019).
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8.3 Concluding remarks

In this thesis, we explored the effects of the pathobiont Hh on intestinal immune
functions at steady state and in the context of inflammatory disease. We
demonstrate that Hh colonization protects against disease severity in the DSS
colitis model, while also driving homeostatic immune responses in the colon at
steady state. Future experiments should focus on elucidating the mechanisms
resulting in attenuated disease. This should include deeper phenotypic and
functional characterisation of Hh-specific T cells, as well as exploring how these
cells interact with intestinal myeloid cells. Strategies to deplete T cells prior to
DSS administration, for example using an anti-CD4 antibody to deplete all Th
cells (Laky and Kruisbeek, 2016) or an anti-CD25 antibody to deplete Tregs
(Setiady et al., 2010), could be useful to determine whether these cells are
required for the disease-attenuating effect we have observed. It will also be
important to perform microbiome sequencing, to determine whether Hh drives
changes to microbiota composition which may contribute to altered disease
outcomes. Finally, the Hh colonization and virulence factors which are required
to mediate this disease protective effect remain to be explored and may provide
parallels with species present in humans. As our understanding of host-
microbiota interactions grows, Hh infection will continue to provide a valuable
tool for studying host-pathobiont interactions in vivo. Future studies using this
model will hopefully help to define mechanisms of microbiota-mediated immune

modulation which are relevant for human health and disease.
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