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ABSTRACT

T helper 17 cells, characterised by interleukin-17 production, are crucial to appropriate mucosal
immunity but, when dysregulated, are known causative agents of a multitude of inflammatory
disorders. Thus, Th17 cell regulation is highly relevant to human health. However, the design and
development of therapies targeted at the modulation of Th17 cell responses is impeded by gaps in the
available understanding of the control of Th17 cell function and fates and a paucity of experimental
systems appropriate for the comprehensive study of mucosal immune responses. Here, | took multiple
interconnected approaches to begin to address some of the outstanding questions regarding mucosal
Th17 cell regulation including the extent to which CD4 T cell subsets of the mucosal compartment
transdifferentiate into one another, the role of costimulation and transcriptional networks in the
control of these processes, and the effects of Th17 cell plasticity on memory formation. Throughout
this thesis | have shown that Th17 cells do not maintain their characteristic cytokine profile but instead
readily transdifferentiate into both suppressive Treg and proinflammatory Th1-like cells. By assessing
the transcriptional regulation of Th17 cell function using animal models | show that three key lineage-
defining transcription factor networks are integrated to control Th1l-like exTh17 cell differentiation.
Through characterisation of these models | show that Th17 cell effector functions, as well as
development, are supported by the transcription factors RORyt and RORa. Conversely, T-bet
expression within Th17 cells was found to be indispensable for complete loss of Th17 cell-associated
functions but, strikingly, not for the acquisition of Th1 cell characteristics. Furthermore, | show that
these novel models enable segmentation of exTh17 cell differentiation into better-defined stages,
thus aiding detailed studies of this process. Moreover, | present initial characterisation of an exciting
new experimental model that enables the identification and long-term tracking of CD4 T cells
responding to mucosal infections, including memory T cells. Collectively these data reveal new insight
into transcriptional control of Th17 cell differentiation and establish a robust experimental platform

for investigating Th17 cell fate and memory formation.
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CHAPTER 1: INTRODUCTION

1.1 THE IMMUNE SYSTEM

The human body is constantly exposed to a barrage of environmental antigens and must mount
appropriate responses — tolerance against harmless triggers and protection from pathogens and
noxious stimuli. The immune system evolved to recognise and respond to threats or damage to the
body through multiple layers of protection. Cells of the innate immune system mount rapid but broad
responses following direct sensing of pathogens or indirect recognition of the damage caused by their
invasion. Adaptive immune responses, on the other hand, take days to develop but are highly specific
to and effective against certain antigens. The innate and adaptive immune systems carry out their
functions in cooperation with stromal cells. Barrier site epithelial cells exposed to environmental
antigens play an especially important role in the recognition of both innocuous and pathogenic

microbes, and the activation of immune responses.

1.1.1 Innate immunity

Maintenance of homeostasis requires rapid reactions to any signs of danger. The innate immune
system comprises myeloid and lymphoid cells that share the ability to recognise conserved pathogen-
or danger-associated molecular patterns (PAMPs and DAMPs). PAMP and DAMP recognition trigger
rapid activation of innate immune functions that aim to eliminate or, should this fail, contain the
threat. Innate immune cells include granulocytes (eosinophils, basophils, neutrophils and mast cells),
dendritic cells (DCs) and macrophages (Janeway & Medzhitov, 2002). Further immune cell
populations, such as innate lymphoid cells (ILCs), were more recently described as crucial parts of the
innate immune system. ILCs are subdivided into three main groups based on their effector functions
upon activation. These ILC subsets are group 1 ILCs (ILC1s) that include natural killer (NK) cells, group

2 ILCs (ILC2s) and group 3 ILCs (ILC3s) that include lymphoid tissue inducer (Lti)-like cells. ILCs are



especially important in barrier site immune responses and are enriched at these locations (Aparicio-

Domingo et al., 2015; Campbell et al., 2019; Hepworth et al., 2015; Satoh-Takayama et al., 2008).

Innate sensing of danger relies on evolutionarily conserved germline-encoded pattern recognition
receptors (PRRs) that trigger broad and potent responses upon activation (Janeway & Medzhitov,
2002). A multitude of PRRs with diverse functions exist reflecting the wide range of threats organisms
must be able to recognise. Viral infection is detected primarily by PRRs that recognise viral genetic
material such as double-stranded ribonucleic acid (dsRNA) in the cytoplasm (Clemens & Elia, 1997,
Sun et al., 2013). The resulting signalling cascades drive anti-viral cytokine expression in a nuclear
factor-kB and mitogen-activated protein kinase pathway-dependent manner (Williams, 1999). A
further defence mechanism triggered by viral RNA sensing is the PRR signalling-mediated apoptosis of
infected host cells (Kumar & Carmichael, 1998). The most-studied cytosolic PRRs are the nucleotide-
binding and oligomerisation domain (NOD) like receptors (NLRs). NLRs respond to intracellular stress
and cytosolic PAMPs resulting in the formation of inflammasomes and the eventual secretion of pro-
inflammatory cytokines interleukin (IL)-1p and IL-18 (Broz & Dixit, 2016; Lamkanfi & Dixit, 2014). NLR
signalling can further drive pyroptosis, a form of inflammatory cell death (Jorgensen et al., 2017).
Membrane-bound PRRs are responsible for detecting PAMPs and DAMPs within the extracellular
space, when expressed at the cell surface, or intracellular compartments such as the ER and
lysosomes, when internalised (Latz et al., 2004). The most widely studied members of this group are
the Toll-like receptors (TLRs). TLRs were first described in Drosophila melanogaster (fruit flies) and
shown to be protective against fungal infections (Lemaitre et al., 1996). Vertebrates possess a range
of TLRs that recognise further PAMPs and DAMPs including bacterial products such as
lipopolysaccharide, cell wall components, flagellin and microbial genetic material (Ahmad-Nejad et al.,
2002; Latz et al., 2004; Matsumoto et al., 2003; Poltorak et al., 1998). TLRs possess a Toll/Interleukin-
1 receptor domain (Akira & Takeda, 2004) that is responsible for driving TLR signalling following
activation through the recruitment of adaptor proteins (Horng et al., 2002; Yamamoto et al., 2002).

Especially important in the integration of TLR-derived signals and downstream expression of pro-



inflammatory cytokines is the myeloid differentiation primary response protein MyD88 (Adachi et al.,

1998).

The inflammatory response induced by the innate immune system is, on occasion, successful in
eliminating the cause of activation. However, most often innate immune activation serves to contain
the source of danger and activate or modulate specialised adaptive immune responses (Fearon &

Locksley, 1996).

1.1.2 Adaptive immunity

Unlike innate immune cells, cells of the adaptive immune system each express a single antigen
receptor assembled from rearranged gene segments to give highly specific recognition at the
individual cell level but broad coverage when considered at the population level. B cells are marked
by B cell receptor (BCR) and T cells by T cell receptor (TCR) expression. Unlike PRRs, these antigen
receptors are not able to inherently sense the nature of the threat facing the organism. Therefore, the
adaptive immune system relies on innate immune cell-derived signals to communicate the context of
activation (Jain & Pasare, 2017). DCs activated by PRR signalling are uniquely adapted to interact with
naive adaptive immune cells within secondary lymphoid tissues (2LT) such as lymph nodes, the spleen
and mucosal associated lymphoid tissues (MALTs). DCs provide a number of specialised signals to aid
T and B lymphocyte activation and function, making them highly efficient antigen presenting cells
(APCs) (Cabeza-Cabrerizo et al., 2021; Schnare et al., 2001). These functions are briefly outlined in the

context of T cell activation below.

BCRs are membrane-bound immunoglobulins (Igs) but, following B cell activation, can also be secreted
as antibodies. Both BCRs and secreted antibodies are comprised of variable and constant regions,
responsible for antigen binding and effector functions, respectively. BCRs and antibodies recognise
intact antigens and distinct Ig isotypes acquire functional properties through differences in their
constant regions. Naive B cells express IgM and IgD but upon activation can undergo class switching

to express one of IgG, IgE or IgA. Class switching is mediated by signals derived from both innate and



adaptive immune cells (Cyster & Allen, 2019). Secretory IgA (slgA — a dimeric form of IgA) is especially
important in the mucosa where it is transported into lumen to aid the maintenance of symbiosis with
microbes of the commensal flora (Lycke & Bemark, 2017). The generation of the variable region shares

similarities with the assembly of TCR and is outlined later.

1.2 T LYMPHOCYTES

TCRs are structurally similar to BCRs but do not exist in a secreted form. In addition, TCRs are unable
to recognise intact antigens. Instead, they are specific for antigenic peptide(p):major
histocompatibility complex (MHC) complexes presented by APCs and other host cells (Doherty &
Zinkernagel, 1975; Madrenas et al., 1997). T cells are subdivided into populations based on the type
of TCR expressed. Cells carrying TCRa and B chains (af T cells) are the most common, however, T cells
with TCRy and 6 chains (y8 T cells) also play important roles in the maintenance of homeostasis at
barrier sites. Unlike most ap T cells, y&6 T cells do not recognise conventional p:MHC complexes.
Similarly, unconventional af T cell TCRs bind alternative ligands (Godfrey et al., 2015). The processes

described below are mostly specific to conventional af T cells.

1.2.1 Antigen receptor diversity

B and T cells must be able to recognise not only conserved but also novel antigens, a process that
cannot be supported by germline encoded receptors. Instead, variable (V), joining (J) and in some
cases diversity (D) regions within BCR and TCR genes undergo random deletions, insertions and
binding during B and T lymphocyte development to generate unique antigen receptors. The result of
V(D)J recombination is the creation of highly diverse sequences encoding receptors that show the
highest variability within regions responsible for determining complementarity to antigens or p:MHC
complexes. Both TCR and BCR gene recombination rely on the function of the recombination activating
genes RAG1 and RAG2 (Briney et al.,, 2019; McBlane et al., 1995; Schatz et al., 1989). A crucial

difference between T and B cells is that BCR sequences are further modulated during B cell activation.



This process, termed somatic hypermutation, serves to increase the quality of B cell responses through

antibody affinity maturation (Dudley et al., 2005).

1.2.2 T cell activation

TCR-p:MHC binding relies on the co-receptors CD4 and CD8. These two TCR co-receptors also
determine whether T cells are able to recognise peptide presented by class | or class 1| MHC (MHCI,
MHCII). CD4 and CDS8 are selected during T cell development and mature T cells do not co-express
these two markers (Kruisbeek et al., 1985; Teh et al., 1988). In addition to determining MHC-
specificity, TCR co-receptors further aid TCR ligation-induced signal transduction. This is essential as
TCR chains do not possess large functional constant regions. In fact, TCR signalling relies on the
formation of TCR complexes that further include CD3. Co-receptor intracellular domains serve as
scaffolds and docking sites for cytosolic signal transducers, thus facilitating a signalling cascade that
results in T cell activation or, in the case of previously activated T cells, effector functions (Hwang et
al., 2020; Wucherpfennig et al., 2010). CD8 T cell activation results in the generation of cytotoxic T
lymphocytes that perform important roles in the MHCI-mediated recognition and elimination of cells
showing signs of infection or those that have undergone malignant transformations (Russell & Ley,
2002). Activated CD4 T cells, on the other hand, exert their effects primarily by tuning the responses
of other immune and stromal cells, thus modulating their microenvironments. CD4 T cells exist in
multiple subsets, each one adapted to the challenge leading to its activation (Raphael et al., 2015).

Importantly, TCR ligation alone is not sufficient for the formation of effector T cell responses.

1.2.3 Costimulatory signals

In addition to TCR ligation, T cell activation requires two further types of APC-derived signals —
costimulation and cytokine secretion. Costimulatory signals are required to stabilise the interaction
between APCs and adaptive immune cells. Furthermore, costimulation plays important roles in
modulating T cell function (Jenkins & Schwartz, 1987). The key groups of costimulatory receptors and

ligands are the B7-CD28 superfamily and the tumour necrosis factor receptor superfamily (TNFRSF).



CD28 binds to CD80 and CD86. CD28 signalling is required early in the response and is crucial to T cell
survival, proliferation and differentiation (Gmunder & Lesslauer, 1984; Harding et al., 1992; Srinivasan
et al., 2001). Conversely, the activity of a further B7-CD28 superfamily member cytotoxic lymphocyte-
associated antigen-4 (CTLA-4) inhibits T cell proliferation and activation. CTLA-4 carries out this
function via two mechanisms. First, competition for ligand binding with CD28 in a process that is
crucial to preventing inappropriate proinflammatory T cell responses (Karandikar et al., 1996). Second,
CTLA-4-bearing cells were shown to capture, remove and degrade CD80 and CD86 in a CTLA-4 binding-
mediated process, thus altering the ability of APCs to provide key costimulatory signals (Qureshi et al.,

2011).

The TNFRSF contribute to a broad array of immunological processes including the regulation of CD4 T
cell function. OX40 is a key TNFRSF member that, unlike CD28, is expressed on activated T cells only
several days after TCR ligation and has important roles in supporting clonal expansion and survival
(Gramaglia et al., 1998; Paterson et al., 1987). Previous work has shown that interaction of OX40 with
its ligand (OX40L) is strongly linked to proinflammatory effector responses (Gajdasik et al., 2020;
Gaspal et al., 2011; Withers et al., 2011). Importantly, others have shown that the 0X40:0X40L
pathway can also modulate suppressive regulatory T (Treg) cell function but this was found to be
context-specific. While OX40 activated intestinal Treg cells, it blocked intratumoural suppressive

function (Griseri et al., 2010; Piconese et al., 2008).

In summary, integration of opposing and diverse costimulatory signals is a central aspect of immune
regulation. Importantly, this function is not restricted to CD4 T cell priming but can also regulate

effector and memory responses upon TCR reactivation (Withers et al., 2011).

1.2.4 T cell memory

Following the initial T cell response and pathogen clearance the T cell pool contracts through apoptosis
of unneeded effector cells. However, a small population of long-lived cells remains and forms the

memory T cell pool. The exact mechanisms driving memory cell formation and maintenance are not



known but TCR repertoire, binding avidity to cognate p:MHC complexes and the availability of

costimulation play important roles (Kim et al., 2013; Moon et al., 2007; Withers et al., 2011).

Memory T cells are not a homogeneous population but form phenotypically and functionally distinct
subsets. Broadly, they can be categorised as central memory T (Tcm) cells, effector memory T (Tem)
cells and tissue resident memory T (Trm) cells (Kumar et al., 2018). Landmark studies by Pepper and
colleagues showed that Tcm and Tem cells develop independently following invasion by an
intracellular pathogen (Pepper et al., 2010; Pepper et al., 2011). Tcm cells recirculate through 2LT and
express markers including the chemokine receptors CCR7, CXCR5 and CD62L that enable this migration
pattern. Upon reactivation Tcm proliferate and give rise to the other populations, including effector
cells, T follicular helper (Tfh) cells and more Tcm cells (Pepper et al., 2011). Tem cells are thought to
arise from committed effector cells and recirculate through nonlymphoid tissues(Pepper & Jenkins,
2011; Pepper et al.,, 2011). Conversely, Trm cells, the most recently described memory T cell
population, are retained in nonlymphoid tissues and play important roles in barrier immunity. Trm
cells arise from the local persistence of effector cells and their retention is mediated by the expression
of adhesion molecules such as CD69 and CD103 (Amezcua Vesely et al., 2019; Mueller & Mackay,
2016). Both Tem and Trm cells are capable of generating rapid effector responses following antigen
reencounter and were therefore thought of as sentinels that rapidly coordinate responses aimed at
pathogen expulsion. Indeed, Tem cells generated following Listeria monocytogenes infection were
reported to give rise to large numbers of effector cells but showed only a very limited ability to
produce Tcm and Tfh (Pepper et al., 2011). However, Trm cell functions were recently linked to the
Tcm cell arm of the response suggesting that Trm cells are not limited to the generation of effector
responses (Fonseca et al., 2020). Interest in CD4 T cell memory, especially tissue resident memory,
has been increasing, however, the majority of our understanding of Trm cells comes from studies of

CD8 T cell biology (Schenkel & Masopust, 2014).



1.2.5 CDAT cells responses

Antigen presentation and the provision of costimulatory signals are indispensable for CD4 T cell

activation. However, a third signal arising from cytokine receptors is required for the differentiation

of distinct CD4 T cell subsets. Cytokine receptor activation in naive CD4 T cells triggers a signalling
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Figure 1.1. CD4 T cells differentiate into distinct subsets following activation through
modular acquisition of effector functions. Images generated with BioRender.com.
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cascade that results in the expression of lineage-defining ‘master’ transcription factors (TFs). Activated

CD4 T cells are grouped based on their functional properties. The 5 best-defined and broadly accepted

subsets (Figl.1) are briefly described below.



1.2.4.1 T helper cells

CDAT cells possessing distinct effector profiles are adapted to the orchestration of immune responses
to distinct classes of pathogens. Interferon y (IFNy) and IL-12 induce expression of the TF T-box
expressed in T cells (T-bet) and drive T helper 1 (Th1) cell differentiation (Szabo et al., 2000). Th1 cells
are induced in response to intracellular bacterial infections and produce high levels of the cytokines
IFNy and tumour necrosis factor-a (TNFa). These molecules activate phagocytes enabling
macrophage-mediated killing of the pathogen (Bogdan et al., 1990; Mosmann et al., 1986). In contrast,
T helper 2 (Th2) cells are crucial to immune responses targeting multicellular parasites such as
helminths. Th2 cells differentiate in the presence of IL-4 and IL-2 and express the TF GATA3 (Zheng &
Flavell, 1997). Th2 cells secrete high levels of the cytokines IL-4, IL-5 and IL-13 and promote eosinophil
activation as well as the production of IgA and IgE to aid parasite neutralisation and expulsion

(Coffman & Carty, 1986; Mosmann et al., 1986).

Finally, T helper 17 (Th17) cells produce IL-17 family cytokines and IL-22 (Harrington et al., 2005; Liang
et al., 2006) and are crucial in the response to extracellular bacteria and fungi (lvanov et al., 2009;
Okada et al., 2015). Th17 cells are enriched in mucosal surfaces and play a central role in the
maintenance of mucosal barriers. Th17 cell induction and transcriptional regulation is discussed in

detail later.

1.2.4.2 Tth cells

Tfh cells are dependent on the TF B cell lymphoma 6 (Bcl6) and differentiate in the presence of APC-
derived IL-6 and IL-21 (Nurieva et al., 2009). Tfh cells, required for the generation of humoral immune
responses, act on antigen-specific B cells where they induce context-appropriate class switching and
support high-affinity antibody generation. Distinct antibody isotypes interact with varied effector
molecules. Therefore, Tfh cells are important in ensuring that the antibody response is not only highly
specific but also triggers effector functions best adapted to the elimination of pathogens and other

sources of antigens (Reinhardt et al., 2009).



1.2.4.3 Treg cells

Recognition of self-antigen or inappropriate inflammation following environmental signals has the
potential to cause profound tissue damage. Treg cells are critical regulators of the immune system.
Two Treg cell populations are defined based on their developmental origin. Natural thymic Treg are
generated in the thymus while induced peripheral (p)Treg cells differentiate from naive T cells in the
periphery (Chen et al., 2003; Fu et al., 2004). Both cell groups produce transforming growth factor 8
(TGFB), IL-10 and further effector molecules. Peripherally generated pTreg cells rely on TGFp signalling
that drives expression of the Forkhead box protein P3 (FoxP3). FoxP3 underpins Treg cell suppressive
function (Fu et al., 2004). Suppression of effector T cells occurs through T cell cytokine receptor

signalling-mediated effects and modulation of APC function.

1.3 THE MUCOSAL BARRIERS

The mucosal barriers that line the inner surfaces of the body face unique challenges. As the main
interfaces with the environment, they face constant exposure to a barrage of both innocuous and
potentially harmful antigens. Even though commensal bacteria, dietary and other environmental
antigens are foreign to the body they must be tolerated in order to avoid inappropriate inflammation.
On the other hand, mucosal surfaces are the main points of pathogen entry necessitating robust but
well-controlled inflammatory responses. This dual requirement makes mucosal surfaces key sites of
immune regulation. The mucosa contains a vast and specialised compartment of the immune system
termed the mucosal immune system. Several interconnected layers protection mediate resistance to
and expulsion of pathogens. Physical barriers are aimed at preventing pathogen entry. However, given
that permeability must be maintained to enable nutrient, gas and water uptake, further defence
mechanisms are required. Chemical barriers, along with the immune system, work to control both
commensal and pathogenic microorganisms. Of all mucosal surfaces the intestine harbours the largest

number of immune cells and is the most well-understood compartment.
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The intestinal mucosa is comprised of a single layer of epithelium, underlying loose connective tissue
termed lamina propria and a thin layer of smooth muscle. The epithelium and lamina propria are
separated by a thin basement membrane and both contain large numbers of innate and adaptive
immune cells. Despite their intimate interactions, the intraepithelial and lamina propria layers form

two distinct immunological compartments (Mowat & Agace, 2014).

1.3.1 Physical and chemical barriers

The intestinal epithelium contains enterocytes, goblet cells, Paneth cells, tuft cells, microfold cells (M
cells), enteroendocrine cells and intestinal epithelial stem cells (IESCs) joined by tight junctions.
Intestinal epithelial cells (IECs) exhibit both diverse and overlapping functions and have important

roles in interfacing with mucosal immune cells (Peterson & Artis, 2014).

1.3.1.1 Enterocytes

Enterocytes are polarised cells with an apical surface exposed to the intestinal lumen and basal surface
attached to the basement membrane. This cell type makes up the majority of IECs and is found
throughout the intestine. It has long been established that the primary function of enterocytes is
nutrient and water uptake from the intestinal lumen along with the production of enzymes to aid
nutrient breakdown (Henning, 1985). Importantly, however, it is now clear that enterocytes also help
maintain mucosal homeostasis through the secretion of antimicrobial peptides (AMPs) and
interactions with mucosal immune cells. AMPs serve as a chemical barrier to microbes, including
commensal and pathogenic bacteria. Paneth cells, discussed later, are highly efficient producers of a
wide range of secreted AMPs but enterocytes can also produce a limited number in a TLR-dependent
manner (Cash et al., 2006; Vaishnava et al., 2008). In addition to secretion of AMPs into the lumen,
TLR activation also drives the production of cytokines and chemokines that modulate immune cell

function in the surrounding area (Abreu, 2010).
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The intestinal epithelium resides in an abrasive environment resulting in the rapid loss of enterocytes.
In addition, enterocyte invasion, a common form of pathogen entry, results in expulsion of the
infected cell. This process, called enterocyte sloughing, is a key defence mechanism that not only
maintains epithelial integrity but also signals the presence of pathogens to nearby IECs and immune
cells (Knodler et al., 2014; Rauch et al., 2017; Sellin et al., 2014). Rapid loss of IECs necessitates their
constant replacement, making the intestinal epithelium the tissue with the highest rate of cell

turnover.

1.3.1.2 Intestinal epithelial stem cells

The intestinal epithelium is renewed by pluripotent IESCs found at the base of intestinal crypts,
invaginations present throughout the intestine. IESC proliferation and IEC maturation are dependent
on the Wingless-Int (Wnt)/B-catenin pathway with the Wnt target leucine-rich repeat-containing G-
protein coupled receptor 5 (Lgr5) marking a population of IESCs tasked with homeostatic proliferation.
Interestingly, a distinct IESC population expressing the Wnt-independent Bmil but not Lgr5 appears

more important in tissue regeneration following injury (Barker et al., 2007; Yan et al., 2012).

Given the profound effect pathogens and a proinflammatory environment have on the intestinal
epithelium it is crucial that mucosal cytokine signalling is integrated into IESC function. The cytokines
IL-6 and IL-22 have been shown promote IESC survival and proliferation, driving epithelial regeneration
following tissue injury (Aparicio-Domingo et al., 2015; Grivennikov et al., 2009; Hanash et al., 2012;
Lindemans et al., 2015). IL-6/IL-22-mediated epithelial repair relies on the activation of the TF signal
transducer of activation 3 (STAT3) and can also contribute to carcinogenesis when not regulated
(Grivennikov & Karin, 2010), necessitating negative control mechanisms. The Thl cell-associated
cytokines IFNy and TNFa synergise to drive increased expression of the Wnt and B-catenin inhibitors
Dickkopf WNT signalling pathway inhibitor 1 and guanylate-binding protein 1, respectively, thus

reducing the rate of IEC renewal (Capaldo et al., 2012; Nava et al., 2010).
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1.3.1.3 Goblet cells

The intestinal epithelium contains a range of specialised secretory cells that are dedicated to
producing mucus, AMPs and hormones. Goblet cells are the main sources of mucus and are present
throughout the intestine, albeit not with an even distribution. Cell numbers show a gradual increase
throughout the intestine with the highest frequency found in the distal colon. As a result, mucus
composition also varies. The small intestine is lined by one loose layer while in the large intestine
mucus forms a viscosity gradient resulting in two layers. These are a tightly packed inner layer closer
to the epithelium and filling intestinal crypts, and a looser outer layer similar to that of the small
intestine (Johansson et al., 2008). Bacteria are normally excluded from the inner mucus layer making
it an effective barrier between the epithelium and most microbes (Johansson et al., 2008; van der

Waaij et al., 2005).

The main building blocks of mucus are heavily glycosylated mucins with mucin 2 playing a crucial role
in the separation of large intestinal epithelium and luminal microbes (Johansson et al., 2008). Mucin
secretion by goblet cells is constitutive but can be tuned in response to the presence of both
commensals and pathogens. In fact, lack of colonisation by commensal microbes in germ-free mice
was shown to impair resistance to colitis in animal models partly through reduction of goblet cell
numbers and abnormal mucus thickness and porosity (Johansson et al., 2015; Kitajima et al., 2001).
Triggers of alterations in goblet cell function include cytokines and direct PRR-mediated recognition
of PAMPs. Immune cell-derived cytokines, such as IL-13, augment mucin production and secretion to
aid pathogen and parasite clearance (Campbell et al., 2019). In addition, mucin secretion is responsive
to the ligation of multiple TLRs present within goblet cells. Compound exocytosis, the rapid release of
large amounts of mucin 2 containing granules, is thought to be a key intestinal crypt defence
mechanism coordinated by specialised ‘sentinel’ goblet cells in response to pathogen invasion
(Birchenough et al., 2016). Cytokines, including IFNy and IL-22, are potential additional triggers of this

process (Songhet et al., 2011; Turner et al., 2013).
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In addition to their well-known roles in mucus production, goblet cells have further functions that
overlap with those of other IECs. Resistin-like molecule- (RELM-B) is a further protein that promotes
barrier functions. RELM-B, secreted by goblet and Paneth cells, increases mucin 2 production and
regulates immune cell function while also exhibiting some anti-parasitic and anti-microbial properties
(Artis et al., 2004; Propheter et al., 2017). On top of protein secretion, goblet cells have also been
shown to facilitate antigen uptake by mucosal APCs, a characteristic shared with M cells. Specifically,
it was demonstrated that small molecular weight soluble luminal antigen is delivered to lamina propria
DCs through goblet cells in a process that is thought to aid mucosal homeostasis and immune

tolerance (McDole et al., 2012).

1.3.1.4 Paneth cells

The physical barrier created by mucus is enhanced by AMPs secreted into and trapped in this layer.
Paneth cells, found near IESCs in small intestinal crypts, are a further subset of specialised secretory
IECs responsible for the majority of epithelial AMP synthesis and secretion. The main groups of AMPs
produced by Paneth cells are defensins, cryptdin-related sequence (CRS) peptides, lysozymes,
phospholipases, C-tyle lectins and ribonucleases. Some are secreted constitutively while the

production of others is induced in response to environmental signals.

The first AMP to be identified in Paneth cells was lysozyme (Erlandsen et al., 1974). Through clearance
of bacterial cell wall peptidoglycan, a key trigger of proinflammatory responses, lysozymes have
important roles in dampening mucosal inflammation in addition to their antibacterial properties (Ganz
et al., 2003). Defensins can be grouped into two categories based on their structure. In humans, a-
defensins are dominant over B-defensins and are expressed constitutively (Ganz, 2003). Both groups
exhibit broad antimicrobial activities and can interfere with both bacterial membranes and cell walls
(de Leeuw et al., 2010; Sass et al., 2010). In addition, defensins can interface with the immune system
by recruiting innate and adaptive immune cells expressing the chemokine receptor CCR6 (Yang et al.,

1999). CRS peptides are closely related to a-defensins and perform very similar functions (Hornef et
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al., 2004). Phospholipases are effective against a slightly smaller array of microbes as they target cell
wall components primarily of Gram-positive bacteria (Nevalainen et al., 2008). Similarly, the C-type
lectins regenerating islet-derived protein (REG) llla in humans and REGIIly in mice target Gram-positive
bacteria. However, unlike in the case of defensins, the expression of these AMPs is inducible. Sensing
of microbial presence, either directly through Paneth cell PRRs or indirectly through the effects of IL-
17/1L-22 signalling, is a potent trigger of REGllla/y and other AMP expression (Archer et al., 2016;
Brandl et al., 2007; Cash et al., 2006; Liang et al., 2006; Vaishnava et al., 2008). Finally, angiogenin 4,
a ribonuclease secreted by multiple IECs in response to commensal bacteria, has antibacterial,

antifungal and antiviral effects (Hooper et al., 2003).

A further function of Paneth cells not discussed here is the generation and maintenance of the crypt

base stem cell niche for Lgr5* IESCs (Sato et al., 2011).

1.3.1.5 Enteroendocrine cells

Enteroendocrine cells produce hormones in response to stimulation linking the intestine and the
central neuroendocrine system. Microbial flora and nutrient-derived signals are integrated and
collectively, hormones released by enteroendocrine cells have key roles in regulating appetite,

digestion and nutrient uptake (Gribble & Reimann, 2019).

1.3.1.6 Tuft cells

Tuft cells are present throughout the intestine and were shown to have an important role
orchestrating anti-helminth immune responses. IL-25, constitutively secreted by tuft cells but
increased following parasite sensing, maintains and activates mucosal ILC2 populations. ILC2-deried
cytokines, on the other hand, drive increased tuft cell differentiation, thus creating a positive feedback
loop (Gerbe et al., 2016; von Moltke et al., 2016). More recently, an additional function was also

described. Tuft cells were shown to express receptors to the constant region of IgG. Inhibition of IgG
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binding was found to drive intestinal inflammation but the exact mechanisms and broader functional

relevance of Tuft cell IgG sensing are currently unknown (Elmentaite et al., 2021).

1.3.1.7 Microfold cells

M cells are closely related to enterocytes but both their basal and apical surfaces are highly adapted
to the delivery of luminal antigen lamina propria APCs. Folds forming a pocket in the basal surface
enable close interactions with mucosal DCs, macrophages, T cells and B cells. This is further facilitated
by secreted chemokine-mediated recruitment of immune cells and membrane-bound chemokine
mediated M cell-lymphocyte interactions (Hase et al., 2006; Zhao et al., 2003). Several additional
adaptations increase the ability of M cells to engulf antigens in the lumen. The mucus layer covering
areas with a high frequency of M cells is thinner and more permeable than that of neighbouring areas.
Thus, antigens and pathogen are not prevented from coming into contact with these IECs (Ermund,
Gustafsson, et al., 2013; Ermund, Schutte, et al., 2013). In addition, IL-22-dependent AMP secretion is
blocked, possibly through DC-derived inhibitors, to ensure that bacteria are not excluded from the
vicinity of M cells (Jinnohara et al., 2017). Antigen and microbe uptake and transcytosis are thought
to occur through a combination of passive non-specific and receptor-mediated processes.
Glycoprotein 2, expressed on the luminal surface of M cells, was shown to be important in the
recognition and transcytosis of certain types of bacteria (Hase et al., 2009). Antigen bound to sIgA
present within the lumen is similarly delivered to mucosal lamina propria immune cells by M cells (Rey
et al., 2004). Dectin-1, also present on M cells, was proposed as a receptor mediating this process
(Rochereau et al., 2013). Subepithelial DC populations are the primary targets of antigen delivered by

M cells.

1.3.2 Mucosal immune system

M cell-mediated delivery of antigen to DC aims to prime adaptive immune responses. Naive mucosal
adaptive immune cells do not populate the intestine at random, rather, they are found in MALTs.

Therefore, M cell presence is largely associated with areas containing MALTs. Within the intestinal
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wall MALTs include Peyer’s patches, restricted to the small intestine, the caecal patch within the
caecum and isolated lymphoid follicles (ILFs) distributed throughout the intestine. Peyer’s patches
form a subepithelial dome visible to the naked eye (Cornes, 1965) and contain multiple B cell follicles
with germinal centres, indicating the constant priming and activation of B cell responses. Smaller T
cell zones are present between these follicles, while in contrast, ILFs contain no or minimal T cell areas
(Herbrand et al., 2008). MALTs are key sites of T cell priming and B cell activation and are highly
responsive to microbial flora-derived signals. Within MALTSs, B cell class switching and maturation into
IgA-secreting plasma cells in response to commensal bacteria is crucial to the maintenance of mucosal
homeostasis (Lee et al., 2008; Masahata et al., 2014). Microbial signals influence not only lymphocyte
activation but also MALT development of and the recruitment of immune cells into these structures.
B cells are recruited through a combination of PRR-mediated secretion of CCL20 from stromal cells,
acting on B cell CCR6, and DC-derived CXCL13 binding B cell CXCR5 (Bouskra et al., 2008; Velaga et al.,

2009).

Mesenteric lymph nodes (mLN) are the last member of gut associated lymphoid tissues but, as
intestine-draining LNs, these do not include M cells or any other epithelial cells. MLNs are the largest

LNs of the body and drain distinct, well-defined segments of the intestine (Carter & Collins, 1974).

Under homeostatic conditions it is crucial that no inappropriate inflammatory responses are primed
within MALTs. The intestine is populated by unique APC populations adapted to inducing both
suppressive and proinflammatory CD4 T cell development. These can be broadly split based on
expression of three key markers — CD11b, CD11c and CD103. Cells lacking CD11b express CD11c and
CD103 and, in mice, are found primarily in the colon. On the other hand, CD11b* APCs were shown to
be CD11c*CD103* DCs or CD103" macrophages expressing low levels of CD11c (Denning et al., 2011).
CD11b* intestinal DCs were found to be dependent on the transcription factor interferon regulatory

factor 4 and highly efficient at inducing proinflammatory mucosal Th17 cells (Persson et al., 2013;
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Welty et al., 2013). Interestingly, distribution of these APCs also matched that of Th17 cells with the

highest density in the proximal small intestine and lowest in the distal colon (Denning et al., 2011).

DCs lacking CD11b appear to have a crucial role in retinoic acid (RA)-mediated induction of gut-tropism
through CCR9 and CD103 expression on activated T cells (Iwata et al., 2004; Johansson-Lindbom et al.,
2005; Luda et al., 2016). IEC-derived signals such as TGFB, RA and thymic stromal lymphopoietin
imprint mucosal DCs with tolerigenic properties (Rimoldi et al., 2005; Taylor et al., 2009; Zeuthen et
al., 2008). DCs exposed to these products upregulate expression of TGFB and RA which, in turn, induce
FoxP3 expression in naive T cells. In addition, as described above, these cytokines drive expression of
chemokine receptors that guide entry into the intestinal mucosa. Thus, mucosal CD103* DC are potent
inducers of gut-homing pTreg cells (Coombes et al., 2007). In addition, the same IEC secretory
products drive IL-10 expression in non-migratory mucosal macrophages, further reinforcing Treg cell

activity and dampening pro-inflammatory immune responses (Kayama et al., 2012).

The lamina propria and intestinal epithelium contain large numbers of activated effector cells. ILCs,
mimicking the functional division of CD4 T cells but lacking antigen receptors, are crucial to mucosal
homeostasis. These cells are key sources of cytokines that influence IEC function and orchestrate
adaptive immune responses (Peterson & Artis, 2014; Satoh-Takayama et al., 2008). Moreover, ILCs
have been shown to express MHCII and thus possess the ability to directly interact with CD4 T cell
regulating their effector functions and possibly participating in their priming and activation (Hepworth

et al., 2015; Hepworth et al., 2013; Oliphant et al., 2014).

Treg and Th17 cells are key mucosal CD4 T cell populations and the balance of their activity is essential
to mucosal homeostasis. Treg cell function to suppress potentially harmful inflammation and mediate
tolerance to environmental antigens such as those derived from the diet (Kim et al., 2016). Orally
administered antigen was shown to rapidly induce pTreg development in mLNs and Peyer’s patches.
This process relies on migratory mucosal DC populations and is TGFB and RA-dependent.

Differentiation of oral antigen-specific pTreg confers systemic tolerance (Hauet-Broere et al., 2003;
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Pabst & Mowat, 2012; Sun et al., 2007; Worbs et al., 2006). Moreover, through controlling Th17 cell
effector functions, intestinal Treg cells support the generation of niches permissive to commensal
presence. Therefore, Treg cells are crucial to preventing mucosal dysbiosis (Campbell et al., 2018;
Neumann et al., 2019; Xu et al., 2018). The Th17 cell-associated cytokines IL-17 and IL-22 strengthen
the physical and chemical barriers, as outlined above. In addition, Th17 cells mediate recruitment of
further adaptive and innate immune cells to assist clearance of microbes (Liang et al., 2007). Together,
Th17 and Treg cell effector functions enable commensalism while also providing protection from
extracellular infections. However, Th17 cells are also known drivers of several diseases characterised
by inappropriate inflammation. While Th17 cell involvement is common in conditions affecting barrier
sites, such as the intestine, eyes or skin (Annunziato et al., 2007; Ha et al., 2014; Yoshimura et al.,
2009), it is not limited to these (Hirota et al., 2007). The study of mucosal Th17 cell responses is
hindered by the great degree of plasticity exhibited by these cells. Both suppressive Treg and
proinflammatory Thl-like cells can arise from Th17 cells (Gagliani et al., 2015; Hirota et al., 2011).
While these processes are known contributors to disease (Downs-Canner et al., 2017; Hirota et al.,
2011) they are also a feature of normal, protective responses (Gagliani et al., 2015; Hirota et al., 2013;
Omenettietal., 2019). Th17 cells’ importance in both health and disease make them and their effector

molecules key targets of a wide range of therapeutics.

1.4 TH17 CELL RESPONSES

CD4 T cells producing interleukin-17A (IL-17A) and other IL-17 family cytokines have long been
described (Fossiez et al., 1996; Yao et al., 1995) but were accepted as a distinct effector lineage only
upon identification of key cytokine combinations (Bettelli et al., 2006; Cua et al., 2003; Langrish et al.,
2005; Mangan et al., 2006; Veldhoen et al., 2006) and a transcriptional programme (lvanov et al.,
2006; X. O. Yang, B. P. Pappu, et al., 2008) unique to their development. These cells are now known
to be indispensable for appropriate protective responses against classes of pathogens not efficiently

cleared by type 1 (Th1 cell) or type 2 (Th2 cell) immunity (Milner et al., 2008). In addition to directly
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aiding pathogen clearance, Th17 cell effector functions also promote barrier repair and thus support

the maintenance of mucosal function.

1.4.1 Th17 induction

Innate immune system activation in the presence of extracellular bacteria and fungi precipitates the
conditions required for the differentiation of naive CD4 T cells into IL-17-producing Th17 cells. Distinct
classes of microbes were shown to induce phenotypically different Th17 cell populations (Omenetti
et al., 2019). Segmented filamentous bacteria (SFB), a poorly defined genus of pathobionts, induce a
homeostatic, highly stable population of Th17 cells not thought to be pro-inflammatory in the healthy
intestine (Gaboriau-Routhiau et al., 2009; Ilvanov et al., 2009; Lecuyer et al., 2014). It is now known
that the adaptive immune system is engaged following mucosal invasion and attachment to the
intestinal epithelium (Atarashi et al., 2015). Similarly, pathogenic bacteria that adhere to the
epithelium, such as the Escherichia coli model organism Citrobacter rodentium, also drive Th17 cell
induction (Mangan et al., 2006; Omenetti et al., 2019). Unlike Th17 cells generated in response to SFB,
pathogen-induced Th17 are highly proinflammatory (Omenetti et al., 2019). Neutrophil apoptosis in
the presence of pathogen invasion has also been shown to have the capacity to induce Th17 cell
responses through providing the trigger for APC activation along with the production of Th17-

polarising cytokines (Torchinsky et al., 2009).

The formation of proinflammatory Th17 cells was initially linked to IL-23 signalling (Langrish et al.,
2005). However, given that naive CD4 T cells are not able to respond to this cytokine (Oppmann et al.,
2000) due to minimal expression of its receptor (Parham et al., 2002) further efforts focused on
pinpointing other factors driving Th17 cell differentiation. Early studies seeking to identify ways to
generate Th17 cells in vitro identified the combination of IL-6 and TGFf as the cytokines required to
induce IL-17 expression in CD4 T cells (Bettelli et al., 2006; Mangan et al., 2006; Veldhoen et al., 2006).
Interestingly, expression of the Treg cell lineage-defining TF FoxP3 is also TGFB-dependent in the

periphery (Bettelli et al., 2006; Fu et al., 2004). The seemingly contradictory roles of TGF in supporting
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both proinflammatory Th17 and suppressive Treg cells illustrate the important role IL-6 plays in
integrating environmental signals. Indeed, FoxP3* Treg cells appeared to be overrepresented in mice
unable to produce IL-6 (Korn et al., 2007). However, later reports questioned the ability of IL-6 to drive
the formation of stable human Th17 cell populations from naive CD4 T cells and raised questions about
whether other cytokines may be involved (L. Yang et al., 2008). The ability to generate Th17 cells in
the absence of IL-6 signalling was partially restored by Treg cell depletion, further supporting the
hypothesis that alternative, IL-6 independent pathways may also drive Th17 cell differentiation (Korn
et al., 2007). These and other studies identified IL-21 as a factor that, combined with TGFB, could drive
robust IL-17A expression in CD4 T cells. Given that IL-21 is secreted by Th17 cells it is thought that IL-
6 signalling in the presence of TGFB promotes the induction of the Th17 cell transcriptional
programme. The resulting IL-21 signalling would then act in a para- or autocrine manner to reinforce

the differentiation process (Nurieva et al., 2007).

As outlined above, despite its link to pathogenic Th17 cell populations, IL-23 cannot drive Th17 cell
differentiation alone due to the lack of IL-23R on naive CD4 T cells (Parham et al., 2002). However,
TGFB and IL-6 signalling result in upregulation of IL-23R on recently activated CD4 T cells thus
sensitising them to IL-23 signalling (Morishima et al., 2009; Zhou et al., 2007). The precise function of
IL-23 in Th17 development is unclear but the pattern of early IL-23R expression is consistent with a
role for IL-23 in supporting survival or expansion. In addition, IL-23 may act to reinforce differentiation
away from a Treg cell fate and towards a proinflammatory phenotype by suppressing the expression
of anti-inflammatory cytokines. This may explain why IL-23 and IL-23R are linked to Th17 cell-

associated inflammatory conditions (Krausgruber et al., 2016; McGeachy et al., 2007).

1.4.2 Transcriptional regulation of Th17 cell differentiation

1.4.2.1 STAT proteins

Parallel to studies identifying cytokine triggers, others sought to pinpoint the lineage-defining TF
driving Th17 cell differentiation. TCR and cytokine receptor signalling integrate within newly primed
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CD4 T cells to activate linage-specific transcriptional programs and thus drive the acquisition of
characteristic effector programmes. Cytokine receptors closely associate with Janus tyrosine
kinase/signal transducers and activators of transcription (JAK/STAT) pathways to enable rapid
integration of polarising signals. Selective expression of STAT transcriptional regulators has crucial
roles in orchestrating effector T cell development, with STAT1 and STAT4 driving Th1 (Afkarian et al.,
2002; Thierfelder et al., 1996) and STAT6 Th2 cell development (Kaplan et al., 1996; Shimoda et al.,
1996; Takeda et al., 1996). Treg cell formation is partially reliant on STAT5 activation although this
STAT family member may play important roles in the development of further CD4 T cell subsets,
including Th17 cells (Amadi-Obi et al., 2007; Burchill et al., 2007). Th17 cells rely on STAT3 activation
(Harris et al., 2007; Mathur et al., 2007; Yang et al., 2007). STAT3 integrates signalling from multiple
Th17 cell-polarising cytokine receptors (Parham et al., 2002; Zhou et al., 2007) driving downstream
activation of the Th17 cell master TF RAR-related orphan receptor y two (RORyt), thus supporting
commitment to the Th17 cell fate (Yang et al., 2007). Furthermore, STAT3 was shown to directly
promote the expression of the Th17 cell cytokines IL-17 and IL-21 (Chen et al., 2006; Wei et al., 2007).
Expression of IL-21, in turn, reinforces STAT3 activation in an autocrine manner creating a positive
feedback loop aiding Th17 cell differentiation (Wei et al., 2007). Unsurprisingly, genetic defects in
STAT3 impair normal Th17 cell responses resulting in the overabundance of alternative CD4 T cell
phenotypes and an inability to mount appropriate immune responses to extracellular bacterial and

fungal infections (Milner et al., 2008).

1.4.2.2. ROR family transcription factors

STAT3 activation and TGFp, at the right concentrations, can both trigger RORyt expression in activated
CDA4 T cells with the most potent induction observed when the two were combined (Yang et al., 2007;
Zhou et al., 2007). RORyt expression was found to differentiate CD4 T cells from Th1 and Th2 cells,
thus confirming that Th17 cells form a distinct effector lineage (lvanov et al., 2006; Wilson et al., 2007).

Deletion or inhibition of this TF was found to impair Th17 cell formation and IL-17 production,
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however, complete loss of this function was only reported upon co-deletion of the related ROR family
TF RORa (Lamb et al., 2021; X. O. Yang, B. P. Pappu, et al., 2008). The extent of redundancy in the two
TF’s function is unclear. Genes encoding core Th17 cell effector molecules were reported to be targets
of both RORyt and RORa, however, the latter was found to exert a weaker influence (Castro et al.,
2017). RORyt may also function by inhibiting transcriptional programmes linked to alternative effector
cell fates both in T cells and other immune cell populations (Bhaumik et al., 2021; Fiancette et al.,

2021).

1.4.2.3 Additional transcription factors

The control of Th17 cells, and indeed all CD4 T cell responses, is highly complex with a wide range of
further transcriptional regulators involved. These act together with STAT proteins and ROR family TFs
to enhance Th17 cell differentiation and function or integrate with alternative transcriptional
programmes to either support or antagonise Th17 cell formation. Together, the networks formed by

these transcription factors are important in fine-tuning CD4 T cell responses.

Runt-related transcription factors (Runx) can interact with and activate a range of CD4 T cell master
TFs. Runxl, specifically, was reported to drive RORyt production and synergize with this TF to enhance
Th17 cell effector functions (Lazarevic et al.,, 2011; Sekimata et al., 2019; Zhang et al., 2008).
Interestingly, Runx1 was similarly found to support FoxP3 and Treg cell activity (Kitoh et al., 2009;
Rudra et al., 2009). Adding further complexity to the transcriptional networks regulating CD4 T cell
differentiation, the Th1 cell master TF T-bet may inhibit Th17 cell differentiation through disrupting

Runx1-mediated RORyt activation (Lazarevic et al., 2011).

Mucosal interfaces, the main sites of Th1l7 responses, are constantly exposed to a barrage of
environmental antigens. Thus, mechanisms that enable the integration of environmental signals are
indispensable for appropriate Th17 cell responses. The small molecule-activated TF aryl hydrocarbon
receptor (AhR) is expressed in a wide range of immune cells and provides a crucial molecular

mechanism that enables responses to host metabolites, pollutants and microbial and dietary ligands
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(Quintana et al., 2008; Rutz et al., 2011; Veldhoen et al., 2009; Veldhoen et al., 2008). AhR is expressed
in multiple CD4 T cell lineages but its effects depend on the environment cells are in —combined signals
from cytokines present in the microenvironment along with other TFs acting within the cell determine
the outcome of AhR signalling. AhR is found in Th17 cells at high levels and plays important roles early
in Th17 cell development (Veldhoen et al., 2009). Observations in RORyt* innate immune cells suggest
that AhR carries out this function partly through promoting cell survival (Qiu et al.,, 2012).
Furthermore, AhR activation and translocation into the nucleus can prevent STAT family protein

activation-mediated inhibition of Th17 cell development (Kimura et al., 2008).

1.4.3 Th17 cell effector functions

Th17 cells are induced in response to extracellular commensals and pathogens. Thus, their effector
functions are aimed at establishing control of commensal microbes as well as supporting resistance to
and clearance of pathogens. Through combined effects on innate immune cell populations, such as
neutrophils, adaptive immune cells and the intestinal and mucosal epithelium, Th17 cells orchestrate
responses to promote barrier integrity and defence. Key to these roles are the Th17 cell cytokines that

act on target cells, and chemokine receptors that facilitate Th17 cell homing to effector sites.

1.4.3.1 1L-17 family cytokines

IL-17A, the first member of the IL-17 family to be isolated (Rouvier et al., 1993; Yao et al., 1995), is the
canonical Th17 cell cytokine (Infante-Duarte et al., 2000) and gives this CD4 T cell subset its name. The
IL-17 family of cytokines contains five additional members, IL-17B, IL-17C, IL-17D, IL-25 and IL-17F
(McGeachy et al., 2019). IL-17A and IL-17F show high sequence homology, are regulated similarly and
are often co-expressed by activated Th17 cells, forming IL-17A/IL-17F heterodimers (Akimzhanov et
al., 2007; Liang et al., 2006). Furthermore, IL-17A and IL-17F homo- and heterodimers bind the same
IL-17 receptor (IL-17RA/IL-17RC heterodimers), albeit with differing binding and signalling strength.

As aresult, IL-17A and IL-17F functions largely overlap (Chang & Dong, 2007; Wright et al., 2007).
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IL-17A and IL-17F orchestrate a range of innate responses, all aimed at the protection of the mucosal
barriers from invasion by extracellular bacterial and fungal pathogens. IL-17R ligation on target cells
induces production of the chemokines CXCL1, CXCL2 and IL-8 which drive neutrophil recruitment. IL-
6 and granulocyte colony stimulating factor (G-CSF) expression, also induced by IL-17R signalling,
further support and regulate myeloid cells, including neutrophils (Fossiez et al., 1996). Therefore, a
key outcome of IL-17A and IL-17F secretion by Th17 cells is to drive barrier site neutrophilia (Jones &
Chan, 2002; McAllister et al., 2005; Ye et al., 2001). In addition to facilitating neutrophil recruitment,
IL-17 secreted by activated Th17 cells was found to act on epithelial cells, both in the mucosa and in
the skin, to promote AMP production and drive tight junction formation thus assisting control of
commensal microbes and resistance to pathogens (Archer et al., 2016; Lee et al., 2015). An absence
of IL17A, IL-17F or their receptor impairs appropriate anti-fungal responses in both mice and humans
and enables opportunistic fungal infection-driven candidiasis (Conti et al., 2016; Levy et al., 2016).
Finally, IL-17 further supports barrier integrity and repair by driving epithelial cell proliferation (Chen
et al., 2019; Ha et al., 2014). IL-17B, IL-17C, IL-17D and IL-25 (formerly IL-17E) also play key roles in
mucosal barrier maintenance as well as other immune responses (Owyang et al., 2006; Ramirez-
Carrozzi et al., 2011; Reynolds et al., 2015; Saddawi-Konefka et al., 2016; Starnes et al., 2002).
However, only IL-17A and IL-17F are secreted at high levels by CD4 T cells (Akimzhanov et al., 2007;

Infante-Duarte et al., 2000).

It is important to note that the roles described above for IL-17A and IL-17F are not solely the results
of Th17 cell activation as a multitude of further immune cells can also produce these cytokines (Cua

& Tato, 2010).

1.4.3.21L-22

IL-22, an IL-10 family cytokine, is a further key Th17 cell effector molecule indispensable for mucosal
barrier homeostasis. As described above in the case of IL-17, IL-22 is also expressed by a range of

immune cells in addition to Th17 with Ahr activation significantly enhancing its expression (Veldhoen
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et al., 2008). ILC3 are the primary source of this cytokine at steady state but infection triggers potent
induction of IL-22 in Th17 (Satoh-Takayama et al., 2008). IL-22 is crucial to efficient protection against
extracellular bacteria with IL-22-deficiency driving mild dysbiosis and severely impaired responses to

enteric pathogens (Zheng et al., 2008).

In contrast to IL-17R, the expression of IL-22R is limited to epithelial cells (Aggarwal et al., 2001;
Dudakov et al., 2012; Lindemans et al., 2015). Therefore, IL-22 exerts its protective functions through
enabling communication between lymphocytes, including Th17, and epithelial surfaces. The exact
epithelial cell populations targeted by IL-22 are still debated but multiple effects have been described,
as briefly mentioned earlier. IL-22 promotes epithelial regeneration through stem cell proliferation
and differentiation. Specifically, IL-22R signalling promotes intestinal stem cell survival in a STAT3-
dependent manner (Aparicio-Domingo et al., 2015; Hanash et al., 2012; Lindemans et al., 2015). IL-22
further enhances resistance to microbial invasion by synergising with IL-17 to stimulate AMP secretion
from epithelial cells (Liang et al., 2006). Moreover, IL-22 signalling not only increases mucin production
by goblet cells (Sugimoto et al., 2008) but also goblet cell numbers (Turner et al., 2013) to enhance
mucus production. Interestingly, some of these functions also appear to be STAT3-dependent
(Sugimoto et al., 2008). Together, these effects serve to increase resistance to microbial invasion.
However, IL-22 can also promote proinflammatory responses following disruption of barrier sites. IL-
22 driven secretion of IL-18 is an effective means of innate immune cell recruitment to the site of
damage (Munoz et al.,, 2015). In addition, IL-22 is also involved in activating further defence
mechanisms aimed at pathogen expulsion. Signalling through the IL-22R activates the complement
pathway (Trevejo-Nunez et al., 2016) and can contribute to triggering diarrhoea (Tsai et al., 2017).

However, the latter also impairs tight junction function (Wang et al., 2017).

1.4.3.3 TNFa

Initial descriptions of pathogenic Th17 cells highlighted TNFa as a key cytokine mediating Th17 cell

effector functions (Langrish et al., 2005). However, it has since been established that not all
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populations of Th17 cells express this effector molecule. Soon after Th17 cells were established as a
separate T helper cell lineage, a considerable degree of plasticity was noted within this population.
Th17 cells were shown to possess the capacity to differentiate into Thi-like effector cells (Bending et
al., 2009) and thus acquire the Th1 cell-associated cytokines IFNy and TNFa (Hirota et al., 2011; Lee et
al., 2009). TNFa is now a target of a multitude of therapeutics due to its involvement in diseases
ranging from cancer to intestinal inflammation (Singh et al., 2018). However, TNFa also possesses a
range of biological functions crucial to the maintenance of mucosal homeostasis. TNF receptor 1
(TNFR1), the receptor binding secreted TNFa, is widely expressed and can induce apoptosis of target
cells. Through ligation of TNFR1, TNFa is thought to promote inflammation, tissue degeneration and,

if uncontrolled, pathological tissue damage (Kalliolias & lvashkiv, 2016).

1.4.3.4 CCR6

CCR6 is expressed on many mucosal immune cell populations including intestinal IL-17-producing T
cells (Singh et al., 2008). CCR6 binds only one known ligand, CCL20 (Baba et al., 1997; Liao et al., 1999).
This interaction enables Th17 cell homing to the intestine following a CCL20 gradient. Inflammatory
cytokines drive increased expression of CCL20, thus driving increased immune cell trafficking to the
site of inflammation (Hirota et al.,, 2007). Conversely, the anti-inflammatory cytokine IL-10
downregulates CCL20 expression in macrophages (Rossi et al., 1997). Thus, Th17 cell effector functions

can be regulated through control of their recruitment into specific microenvironments.

1.4.4 Th17 cell plasticity

Commensal microbes and extracellular pathogens both induce Th17 cell responses. However, while
the former are beneficial to their host and are ideally maintained at the mucosa the latter must be
controlled and expelled rapidly to prevent excessive pathology. Thus, the nature of responses induced
shows fundamental differences. Homeostatic and stable populations of Th17 cells are known to be
induced by certain classes of commensal bacteria. These are crucial to the control of opportunistic
pathogens and thus the establishment of commensalism (Ivanov et al., 2009; Omenetti et al., 2019).
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These Th17 cells are characterised by RORyt and IL-17A expression (Harrington et al., 2005; Ivanov et
al., 2006; Veldhoen et al., 2006; X. O. Yang, B. P. Pappu, et al., 2008). However, RORyt and IL-17A
expression can give way to alternative CD4 T cell subset master TFs and effector cytokines in Th17
cells generated in response to pathogen invasion. Rather than being terminally differentiated,
activated Th17 cells exhibit considerable functional plasticity (Figl.2) with the capacity to produce Thl
cell-like responses, acquire a Treg cell phenotype and potentially contribute to the Tfh and Th2 cell
pools (Gagliani et al., 2015; Hirota et al., 2011; Hirota et al., 2013; Lee et al., 2009; Panzer et al., 2012).
Further complicating our understanding of the mucosal CD4 T cell compartment, Treg cells exhibiting
Th17 cell-like characteristics, such as TF and cytokine expression, have also been described

(Hovhannisyan et al., 2011; Sefik et al., 2015).
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Figure 1.2. Th1l7 cells exhibit considerable post-developmental plasticity. Images
generated with BioRender.com
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1.4.4.1 Th17-Treg cell differentiation

Th17 and Treg cells, the two main mucosal CD4 T cell populations are intricately linked not only in
their interactions but also in their fates. As described above, both are induced in the presence of TGFf3
but Th17 cells require additional cytokines signalling the presence of pathogens (Bettelli et al., 2006;
Veldhoen et al., 2006). In addition, mucosal lamina propria Treg cells have long been known to acquire
Th17 cell-like characteristics, such as RORyt expression. It was initially thought that the expression of
master TFs linked to effector T helper subsets served purely to drive appropriate homing to the same
anatomical spaces occupied by the CD4 T cells that required Treg cell-mediated suppression. However,
further functions have since been identified. RORyt" mucosal Treg cells are indispensable for the
control of commensal microbes (Ohnmacht et al., 2015; Sefik et al., 2015) and this TF may act to
support suppressive function in part by blocking alternative effector programmes (Bhaumik et al.,
2021). Furthermore, even though FoxP3 was reported to antagonise RORyt-driven gene expression
(zhou et al., 2008), Treg cells producing IL-17A have been observed in the intestine (Hovhannisyan et
al., 2011). Whether this represents a physiological response to environmental cues or dysregulation is
unresolved (Remedios et al., 2018). Reports that describe the formation of ‘exTreg’ Th17 cells and
their entry into the intraepithelial layer of the mucosa are consistent with an important physiological

role in responses to microbial signals (Sujino et al., 2016).

Th17-to-Treg cell differentiation is more commonly observed. Acquisition of FoxP3 expression under
inflammatory conditions is not reported to be associated with suppressive functions (Tran et al., 2007)
but the formation of ‘exTh17’ Treg cells, along with secretion of Treg cell-associated cytokines, is
thought to be important during the resolution of acute inflammation (Gagliani et al., 2015). However,
in different settings the same process has been shown to aid pathogenesis. Acquisition of FoxP3 and
loss of IL-17A expression was found to aid murine tumour growth (Downs-Canner et al., 2017) pointing

to Th17-Treg cell conversion being a potential target of cancer immunotherapy.
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1.4.4.2 Thl-like exTh17 cells

Activated CD4 T cells with mixed Th17 and Th1 cell characteristics have long been linked to mucosal
autoimmune and inflammatory disorders. Antigen-experienced cells producing a mix of IL-17 and the
Th1 cell-associated cytokines IFNy and TNFa are disease-causing agents in inflammatory bowel disease
(Annunziato et al., 2007; Bishu, El Zaatari, et al., 2019). Studies making use of elegant lineage-tracing
models have shown that Th17 cell-derived Th17/Th1 cells play a crucial role in this process (Hirota et
al., 2011; Lee et al., 2009). Therefore, several therapies targeting Th17-to-Th1 cell conversion or both
Th17 and Th1 cell-associated cytokines have been developed (Bilal et al., 2018; Targan et al., 2016).
However, results of such treatments have been mixed, with success reported in some studies but
worsening of inflammation in others (Hueber et al., 2012; Singh et al., 2018). Underlying this is the
crucial function Th17 cells, including Th1-like exTh17 cells, play in maintaining mucosal homeostasis.
Th17 cells are required for efficient control of certain classes of microbes (lvanov et al., 2009; Milner
et al., 2008). Therefore, blocking IL-17A function was highly detrimental to patients suffering from
inflammatory bowel disease (Hueber et al., 2012; Targan et al., 2016) but successful in dampening skin
inflammation (Bilal et al., 2018). Other approaches involve targeting Thl-like exTh17 cell cytokines
such as TNFa. However, these are not consistently beneficial to patients (Singh et al., 2018). Crucially,
pathogenic extracellular bacteria induce a robust Thl-like exTh17 cell response (Omenetti et al.,
2019). Therefore, non-specific inhibition of Th17 cell function can have wide-ranging effects on
mucosal homeostasis and susceptibility to opportunistic pathogen invasion. As outlined above, Th17
cell cytokines have important roles in regulating IEC function and mucosal barrier integrity, likely

underlying the lack of success in targeting these cells in inflammatory bowel disease.

Th17 cells acquiring Thl cell-associated cytokine expression were shown to upregulate T-bet
expression, possibly in an IL-23-dependent manner (Lee et al., 2009). Interestingly, Th17 cell-driven
mucosal and systemic pathologies are often linked to IL-23 (Ahern et al., 2010; McGeachy et al., 2009).

However, different diseases are reported to show differential reliance on T-bet-associated Th17 cell
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differentiation. Central nervous system inflammation and murine models of multiple sclerosis have
identified a role for IFNy*IL-17A* Th17 cells and fully differentiated Thl-like exTh17 cells in
pathogenesis. However, there are conflicting reports on whether T-bet expression is required for
disease onset (Bettelli et al., 2004; Duhen et al., 2013). Studies focused on the pancreas linked Th17
cell function to inflammation but showed this alone did not cause diabetes as disease onset was found
to require differentiation into Thi-like cells (Martin-Orozco et al.,, 2009). However, it is unclear
whether acquisition of Thl cell-associated effector functions in mature Th17 cells actually relies on
the Th1l cell master TF (Duhen et al., 2013). Finally, even though CD4 T cells showing a memory T cell
phenotype and secreting both IL-17A and the Thl-associated cytokine TNFa are associated with
Crohn’s diseases pathology (Bishu, El Zaatari, et al., 2019) our understanding of how Th17 cell plasticity

influences memory formation is limited.

1.4.4.3 Alternative fates

Th17 cells have also been described to give rise to Tfh and potentially Th2-like cells, however, these
conversions are less well-studied. Differentiation into Tfh cells is reported to be beneficial and was
shown to aid humoral immunity in the intestine (Hirota et al., 2013). Similarly, the rapid acquisition of
Th2 cell-associated cytokine production following helminth infection likely aids parasite expulsion
(Panzer et al., 2012). Conversely, respiratory mucosa cells with mixed Th17 and Th2 cell characteristics
are described in patients suffering from severe chronic asthma (Irvin et al., 2014; Wang et al., 2010).

However, whether these cells form from Th17 cells is unknown.

1.5 AIMS OF THIS INVESTIGATION

Since the initial description of exTh17 cell development only a limited number of studies explored
Th17 cell fate. Here, | sought to probe this process in vivo to establish the most common differentiation

routes.
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A key challenge in the field is high degree of Th17 cell plasticity. It is established that Th17 cells give
rise to a range of alternative CD4 T cell subsets in vivo but how this is regulated and how it impacts
long-lived Th17 or exTh17 cells is poorly understood. One challenge in past studies has been the
reliance on total TF knockout mouse models. While these were immensely useful tools in establishing
the roles of certain pathways in immune regulation, in this context they cannot separate the effects
of constitutive TF loss and deletion following induction. Furthermore, TFs driving CD4 T cell subset
differentiation have important roles in other immune and non-immune populations. Therefore, these
studies are unable to distinguish between Th17 cell-intrinsic and extrinsic TF effects. Moreover, rapid
loss of Th17 cell identity confounds long-term tracking of these responses in vivo. Thus, novel tractable
models of mucosal Th17 cell responses are needed and have the potential to significantly advance our
understanding of the regulation of this vital CD4 T cell subset. In this investigation | aimed to exploit
multiple lineage tracing tools to better establish the differentiation pathways of common ‘exTh17’ cell
populations and test the roles key TFs play in supporting Th17 cell plasticity and function. Moreover,
using a tractable infection model | further aimed to not only characterise mucosal Th17 cell-skewed
CD4 T cell responses but also probe the mechanisms involved in their regulation. Through combining

these approaches, | sought to address three main aims (Figl.3):

1. Characterising the mucosal CD4 T cell compartment with a specific focus on the relationship
between Th17 cells and alternative mucosal CD4 T cell populations, and assessing the signals
governing cell fate decisions.

2. Developing tools to better understand the transcriptional regulation of Th1-like exTh17 cell
differentiation and the requirement for Th17 and Th1l cell master TFs in supporting effector

functions.
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3. Establishing experimental systems that enable the study of mucosal infection-induced
memory responses to assess the impact of Th17 cell plasticity on Th17 cell-derived CD4 T cell

memory formation.

extracellular infection . homeostasis

Th17 cell

Th17/Thl AIM 2: Th effector/Treg/Tth
IL-17 spectrum establishing tools characterisitics
s for the study of

*“— Thi-like exTh17

Ny -
AIM 1: assessment
of mucosal Th17
AIM 3: assessment of how : origins and fate

Th17 functional plasticity
impacts T cell memory

Tem / \ Alternative : Treg
( ‘

3\‘ . Th subsets
87 fates?

Figure 1.3. Aims of this investigation. Images generated with BioRender.com.
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CHAPTER 2: MATERIALS AND METHODS

2.1 MICE

The mouse strains used in this investigation (Table 2.1) were all housed at 21 °C+ 2 °C, 55 % + 10 %
humidity with 12 hr light/dark cycle in 7-7 IVC caging with environmental enrichment of plastic housing
and paper bedding at the University of Birmingham Biomedical Services Unit (BMSU) and used
according to Home Office guidelines (Project licence P33E83BES5 granted to Professor David Withers).
All mice were culled by cervical dislocation. Conditional knockout mice were compared with littermate
or other appropriate controls to assess Th17 and Treg cells in unperturbed or genetically modified
animals. Furthermore, fate mapping of key cytokine or TF expression were used to track CD4 T cell
fate and assess the effects of genetic modifications. Where reporter mice were used, this was done to
enable the assessment of cytokine production without the need for ex vivo manipulation of cells. For
steady state experiments mice at least 6 weeks of age were used while infection models utilised mice
at least 8 weeks old with a minimum weight of 20 g. All mice used were bread on the C57BL/6

background with haematopoietic cells expressing the CD45 isoform CD45.2.

Table 2.1. List of mouse models used in this investigation

Mouse Formal name Genetic modification Source
strain
Ail4 B6:129S6- Constitutive tdTomato expression Maintained in BMSU (kindly
Gt(ROSA)26Sor™4A  following Cre-mediated recombination provided by Dr Wei-Yu Lu)
G-tdTomato)Hize /| (Madisen et al., 2010)
Cd4cre B6.Cg-Tg(CD4- Cre expression under the control of the Maintained in Withers
cre)1Cwi/Bflul Cd4 promoter (Lee et al., 2001) colony in BMSU (originally
purchased from JAX)
CD307 B6.129P2- Global CD30 deficiency (Amakawa et al., Maintained in Withers
Tnfrsf8tmiMak/) 1996) colony in BMSU (originally
provided by Prof Peter Lane)
FoxP3¢GFP | Foxp3tm9(EGFP/ere/ERT2Ay | Inducible Cre expression under the Maintained in BMSU (kindly
~Cre-ERT2 /) control of the Foxp3 promoter (Rubtsov = provided by Dr Wei-Yu Lu)
et al.,, 2010)
Great B6.129S4-Ifng!™>1kv/) | Co-expression of IFNy and eYFP Maintained in Withers

(Reinhardt et al., 2009)
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Mouse
strain
11170

Itgax‘

0X40”

Ox40/"

ngcre

Rord™f

Rorc®

Rorcf

Rosa26'
RFP

Smart-
17a

Tox21//7

WT

Formal name

111 7atm1.1(icre)5tck/J

B6.cg-Tg(ltgax-cre)1-
1Reiz/)

B6.12954-
Tnfrsf4tmiNik/)

Tnfsf4tm1.1ij

B6.C-Tg(Pgk1-
cre)1Lni/Crs)

Not applicable

B6.FVB-Tg(Rorc-
cre)1Litt/)

B6(Cg)-Rorctm3itt/)

B6.Cg-
Gt(ROSA)26Sor™Hif

B6.12954-
111 7atm1.1ka/J

B6.129-Thx21tm?mr/)

C57BL/6)

Genetic modification

Cre expression under the control of the
1l17a promoter (Hirota et al., 2011)

Cre expression under the control of the
Itgax (encoding CD11c) promoter (Caton
et al., 2007)

Global OX40 deficiency (Pippig et al.,
1999)

Floxed Ox40! enabling Cre-mediated
deletion (Cortini et al., 2017)

Ubiquitous Cre expression under the
control of the Pgk1 (encoding
phosphoglycerate kinase 1) promoter
(Lallemand et al., 1998)

Floxed Rora (encoding RORa) enabling
Cre-mediated deletion (Oliphant et al.,
2014)

Cre expression under the control of the
Rorc (encoding RORyt) promoter (Eberl
& Littman, 2004)

Floxed Rorc (encoding RORyt) enabling
Cre-mediated deletion (Choi et al., 2016)

Constitutive tdRFP expression following
Cre-mediated recombination (Luche et
al., 2007)

Co-expression of IL-17A and hNGFR
(Price et al., 2012)

Floxed Thx21 (encoding T-bet) enabling
Cre-mediated deletion (Intlekofer et al.,
2008)

none — wild type
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Source

Maintained in Withers
colony in BMSU (originally
provided by Prof Marc
Veldhoen)

Maintained in Withers
colony in BMSU (originally
purchased from JAX)
Maintained in Withers
colony in BMSU (originally
provided by Prof Peter Lane)
Maintained in Withers
colony in BMSU (originally
provided by Prof Marina
Botto)

Maintained in Withers
colony in BMSU (originally
provided by Dr Caroline
Chadwick)

Maintained in Withers
colony in BMSU (originally
provided by Dr Andrew
McKenzie)

Maintained in Withers
colony in BMSU (originally
provided by Prof Dan
Littman)

Maintained in Withers
colony in BMSU (originally
purchased from JAX)
Maintained in Withers
colony in BMSU (originally
provided by Prof Marc
Veldhoen)

Maintained in Withers
colony in BMSU (originally
provided by Prof Richard
Locksley)

Maintained in Withers
colony in BMSU (originally
provided by Prof Marc
Veldhoen)

Maintained in BMSU



2.2 MEDIA AND REAGENTS

A list of reagents used in this work is provided in Table 2.2 below.

Table 2.2. List of media used on this investigation

Medium

Culture Medium

Staining buffer (SB)

Solution A for Haemolytic
Gey’s Solution

Solution B for Haemolytic
Gey’s Solution

Solution C for Haemolytic
Gey’s Solution

Haemolytic Gey’s Solution

Hank's Balanced Salt
Solution (HBSS) with EDTA

HBSS with FBS

Lysogeny broth (LB) for
C.rodentium liquid
cultures

LB Agar plates for
C.rodentium

Reagents and concentrations

Roswell Park Memorial Institute 1640 medium (RPMI) with L- Glutamine
(Gibco) with 1 % Penicillin and Streptomycin (Sigma-Aldrich), 1 % L-Glutamine
(Sigma-Aldrich) and 10 % (Y/v) Heat-inactivated foetal bovine serum (FBS)
(Sigma-Aldrich).

Dulbecco’s Phosphate Buffered Saline (DPBS) +CaClz +MgClz (Sigma-Aldrich)
with 2 % Heat-inactivated foetal bovine serum (FBS) (Sigma-Aldrich) and 2.5 M
Ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich)

Distilled H20 with 3.5 % (*/v) NHaCl, 0.185 % (*/v) KCl, 0.15 % (*/v)
Na2HPO4.12H,0, 0.0119 % (*/v) KH2PO4, 0.5 % (*/.) Glucose, 2.5 % (*/.) Gelatin
and 0.15 % (¥/v) 1% Phenol red

Autoclaved and stored at room temperature (RT)

Distilled H20 with 0.42 % (¥/v) MgCl..6H20, 0.14 % (¥/v) MgS04.7H.0, 0.34 %
(W/v) CaClz
Autoclaved and stored at RT

Distilled H20 with 2.25 % (*/v) NaHCOs
Autoclaved and stored at RT

70 % (¥/v) distilled H20, 20 % (Y/v) Solution A, 5 % (¥/v) Solution B and 5 % (Y/\)
Solution C

Passed through a 0.22 um Minisart singe use filter unit (Sartorius Stedim) and
stored at 4°C

Calcium and Magnesium free HBSS (Sigma-Aldrich), 2.5M EDTA (Sigma-
Aldrich)

Calcium and Magnesium free HBSS (Sigma-Aldrich), 2% (Y/v) FBS (Sigma-
Aldrich)

Deionised water with 1% (*/v) sodium chloride (ThermoFrisher), 1% (¥/v)
tryptone (Sigma-Aldrich), 0.5% (*/v) yeast extract and 50 pg/ml nalidixic acid
(Sigma-Aldrich)

LB broth with 1% (%/v) Agar (Sigma-Aldrich)

2.3 PREPARATION OF CELL SUSPENSIONS FROM MURINE TISSUES

2.3.1 Centrifugation of single cell suspensions

Single cell suspensions were pelleted by centrifugation at 4°C, 453 rcf for 6 minutes, unless otherwise

stated.
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2.3.2 Lymphocyte isolation from large intestinal lamina propria

Large intestine preparation was carried out using two methods over the course of this investigation.
These were found to be equivalent, therefore, the individual method used is not highlighted for each

experiment.

Colon and caecum were dissected and the surrounding fat removed using curved forceps. Following
fat removal, colon and caecum were opened longitudinally and washed with HBSS with FBS. Tissue
was then cut into 0.5 cm sections and incubated twice with HBSS with EDTA in a shaking incubator at
37 °C for 15 min, each time washing with HBSS, and then digested in culture medium with digestion
enzyme mix at 37 °C with agitation until the connective tissue was fully digested (approximately 45
min). Cells were passed through 100 and 70 um strainers (Greiner Bio-One), each time washed with 5

ml SB or RPMI (Gibco).

Method 1 digestion enzyme mix: culture medium with 0.85 mg/ml Collagenase V (Sigma), 1.25 mg/ml

Collagenesae D (Roche), 1 mg/ml Dispase (Gibco) and 30 pg/ml DNAse | (Roche).

Method 2 digestion enzyme mix: culture medium with 1 mg/ml Collagenase VIII (Sigma) and 30 pg/ml

DNAse | (Roche).

2.3.3 Lymphocyte isolation from small intestinal lamina propria

Small intestine was dissected and the surrounding fat removed using curved forceps. Following fat
removal, Peyer’s patches were excised and the small intestine opened longitudinally and washed with
HBSS with FBS. Tissue was then cut into 0.5 cm sections and incubated twice with HBSS with EDTA
with agitation at 37 oC for 20 min, each time washing with HBSS, and then digested in culture medium
with 1 mg/ml Collagenase VIII (Sigma) and 30 pug/ml DNAse | (Roche) in a shaking incubator at 37 °C
for 15 min. Cells were passed through a 100 um and two 70 um strainers (Greiner Bio-One), each time

washed with 5 ml SB or RPMI (Gibco).
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2.3.4 Lymphocyte isolation from spleen

Spleens were dissected and, following fat removal, crushed through 70 um strainers (Greiner Bio-One)
and washed thoroughly with RPMI (Gibco). Cells were harvested via centrifugation and the pellet
resuspended in 5 ml Gey’s solution. Following incubation at 4 °C for 5 min cells were passed through

a 70 um strainer (Greiner Bio-One), centrifuged and resuspended in RPMI (Gibco) or SB.

2.3.5 Lymphocyte isolation from lymph nodes

Dissected lymph nodes were placed in small petri dishes (Nunclon, ThermoScientific) with 3 ml RPMI
(Gibco). Fat depositions around the lymph nodes were removed under a dissecting microscope using
forceps. Lymph nodes were then teased apart by being placed in 1.5 ml microtubes (Eppendorf) and
cut into small pieces with scissors. Teased tissue was crushed through 70 um strainers (Greiner Bio-

One) and washed with RPMI (Gibco).

2.3.6 Lymphocyte isolation from caecal and Peyer’s patches

1 caecal and 5-7 Peyer’s patches were excised from caecum and small intestine, respectively, taking
care to minimise inclusion of intestinal wall tissue, and placed in RPMI (Gibco). Any remnants of
luminal contents were removed and the tissues placed in 1.5 ml microtubes (Eppendorf) to be teased
apart. Peyer’s patches isolated from individual animals were processed together but separately from
patches from other animals while caecal patches from 3-4 mice were pooled per experiment. Teased
tissues were incubated in 1 ml RPMI (Gibco) with 250 ug/ml Collagenase/Dispase (Roche) and 25
pg/ml DNAse | (Roche) at 37 °C for 20 min. Digestion was stopped with 20 pl 0.5 M EDTA (Sigma-
Aldrich), tissues crushed through 70 um strainers (Greiner Bio-One) and washed thoroughly with RPMI

or SB.

2.3.7 Lymphocyte isolation from lung

Prior to lung isolation but immediately after cervical dislocation, mice were perfused with ice-cold

DPBS (Life Technologies). To perfuse the mouse the right atrium was pierced with scissors and a needle
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inserted into the left ventricle. 10 ml DPBS (Life technologies) was injected flushing the lungs of blood.
Lungs were then dissected and placed in a 1.5 ml microtube (Eppendorf) with culture media. The tissue
was teased apart, as described before, and transferred into a 50 ml conical tube (Corning). The tissue
was incubated with agitation in 5 ml culture medium with 42.4 g Liberase TM (Roche) and 0.02 mg/ml
DNAsel (Roche) at 37 °C for 45 min and crushed through 70 um strainers (Greiner Bio-One). Samples
were washed in RPMI, centrifuged and incubated in Gey’s solution at 4 °C for 5 min. Following
incubation cells were passed through a 70 um strainer (Greiner Bio-One), centrifuged and

resuspended in RPMI (Gibco) or SB.

2.4 EX VIVO RESTIMULATION OF ISOLATED LYMPHOCYTES

Single cell suspensions were incubated in culture media with 50 ng/ml phorbol-12-myristate 13-
acetate (PMA, Sigma-Aldrich), 1.5 uM ionomycin (Sigma-Aldrich) and 10 pg/ml brefeldin A (Sigma-
Aldrich) at 37 °C for 3 hrs. Restimulation was carried out in 0.3-1 ml final volume depending on the
number of cells in culture, with each sample including no more than a 1/4 single cell suspension from
an individual small intestine, 1/5 single cell suspension from an individual spleen, 1/2 single cell
suspension from the mesenteric lymph node or the whole single cell suspension from the colon and
other lymph nodes. Lymphocytes isolated from caecal and Peyer’s patches or the lung did not undergo

ex vivo restimulation.

2.5 FLOW CYTOMETRY

If not already in SB, single cell suspensions were centrifuged and each sample was resuspended in the
appropriate volume of staining buffer. The proportion of single cell suspension stained varied for each
tissue and experiment but generally included the whole colon and small peripheral lymph nodes but
no more than 1/4 from the small intestine, 1/5 from the spleen and 1/2 from the mesenteric lymph
node and lung. Antibody staining was performed in 100 pl final volume in 96-well plates

(ThermoScientific), unless otherwise stated. Stains were removed by centrifugation at 4 °C, 453 rcf for
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3 min. Cells were washed between steps by resuspension in DPBS (live cells) or permeabilisation buffer

(fixed cells) followed by centrifugation. Table 2.3 lists the antibodies used in flow cytometric analyses.

Table 2.3. List of antibodies used in this investigation

Antibody specificity

B220 (CD45R)

CD3¢

CD4

CD8a

CD11b

CD11c

CD45

CD45.2

CD62L

CD69
CD103
CD44

0X40
hNGFR (CD271)
RORyt

T-bet

FoxP3

Conjugate (dilution)

FITC (1:200)
PE/Cy7 (1:200)
eFluor450 (1:200)
FITC (1:100)
PE/Cy7 (1:200)
APC (1:200)
BV650 (1:200)
BV605 (1:200)
BUV395

BV785 (1:300)
BV711 (1:300)
BV510 (1:300)
APC (1:200)
BUV395

BV711 (1:300)
APC (1:200)
BV510 (1:300)
FITC (1:300)
PE/Cy7 (1:200)
eFluord50

FITC (1:300)
eFLuor450 (1:200)
PE/Cy7 (1:200)
BV785 (1:100)
FITC (1:200)
BUV395 (1:200)
eFluor450 (1:200)
BV785 (1:100)
FITC (1:200)
BUV395 (1:200)
BV711 (1:100)
PE/Cy7 (1:500)
APC (1:1500)
BV711 (1:100)
PE/Cy7 (1:200)
BV785 (1:200)
APC (1:100)
BV711 (1:50)
Pe/Cy7 (1:50)

PE (1:100)

APC (1:100)
eFluor660 (1:100)
eF660 (1:50)
PE-Cy7 (1:50)
eFluor450 (1:100)

Clone

RA3-6B2
RA3-6B2
RA3-6B2
145-2C11
145-2C11
145-2C11
145-2C11
17A2
145-2C11
RM4-5
RM4-5
RM4-5
RM4-5
RM4-5
53-6.7
53-6.7
53-6.7
M1/70
M1/70
M1/70
N418
N418
N418
30-F11
30-F11
30-F11
104

104

104

104
MEL/14
MEL/14
MEL/14
H1.2F3
2.00E+07
IM7

IM7
0OX86
ME20.4
AFKJS-9
AFKJS-9
AFKJS-9
eBio4B10
eBio4B10
FJK-16s
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Manufacturer

eBioscience
eBioscience
BioLegend
eBioscience
eBioscience
eBioscience
BD Horizon
BioLegend
BD Horizon
BioLegend
BiolLegend
BioLegend
BiolLegend
BD Horizon
BioLegend
BiolLegend
BD Horizon
eBioscience
eBioscience
eBioScience
eBioscience
BioLegend
eBioscience
BioLegend
BD Horizon
BD Horizon
eBioscience
BiolLegend
BD Horizon
BD Horizon
BioLegend
eBioscience
eBioscience
eBioscience
BiolLegend
eBioscience
BiolLegend
BiolLegend
BioLegend
eBioscience
eBioscience
eBioscience
eBioscience
eBioscience
eBioscience



Antibody specificity Conjugate (dilution) Clone Manufacturer

FITC (1:100) FJK-16s eBioscience

APC (1:100) FJK-16s eBioscience
IL-17A BV605 (1:100) TC11-18H10 BioLegend
IL-17F AF488 (1:100) 9D3.1C8 eBioscience
IL-22 PerCP/eFluor710 (1:100) = 1H8PWSR BioLegend
IFNy BUV737 (1:400) XMG1.2 BD Horizon
TNFa PE (1:200) MP6-XT22 BioLegend
IL-10 PE/Cy7 (1:100) JES5-16E3 eBioscience

2.5.1 2W1S:I-A® and CLIP:I-AP tetramer and antibody staining to detect surface marker

expression

Where peptide:I-AP tetramer staining was performed, this was carried out in SB at room temperature
(RT) for 60min prior to any further antibody staining. Tetramers were diluted 1:200-1:400. Antibody

staining for the detection of surface marker expression was carried out in SB at 37 °C for 40 min.

2.5.2 Dead cell identification

Immediately prior to fixation, or data acquisition if live cells were used, cell suspensions were
incubated in LIVE/DEAD™ Fixable Near-IR Dead Cell Stain (Invitrogen, diluted 1:1000) viability dye.

Dead cell staining was carried out in DPBS at 4 °C for 15 min.
2.5.3 Staining to detect intracellular protein expression

Following dead cell staining cells were washed in DPBS twice and fixed and permeabilised. Three
fixation and permeabilisation methods were used depending on the aims of the experiment and
mouse strains used. All methods used a combination of the fixatives and permeabilisation buffers from
the BD Cytofix/Cytoperm™ Fixation/Permeabilisation Solution Kit (BD Bioscience) and the
eBioscience™ FoxP3/Transcription Factor Staining Buffer Set (Invitrogen). Regardless of the kit used,

fixation was carried out at 4 °C for 1 hour.

Method 1 — detection of cytoplasmic proteins: To enable detection of proteins present in the

cytoplasm, such as cytokines following ex vivo restimulation, cells were fixed and permeabilised using

the BD Cytofix/Cytoperm™ Fixation/Permeabilisation Solution Kit (BD Bioscience). Antibody staining
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was carried out in the BD Cytofix/Cytoperm™ permeabilisation buffer (BD Biosciences) at RT for 1 hr

or overnight.

Method 2 — detection of nuclear proteins in mice with no fluorescent reporter expression: To enable

detection of nuclear proteins, such as TFs, cells were fixed and permeabilised using the eBioscience™
FoxP3/Transcription Factor Staining Buffer Set (Invitrogen). Antibody staining was carried out in the
eBioscience™ FoxP3/Transcription Factor Staining Buffer Set permeabilisation buffer (Invitrogen) at
RT for 1 hr or overnight. This method is also suitable for the detection of cytoplasmic proteins in mice

without any fluorescent reporter expression.

Method 3 — detection of nuclear proteins in mice with fluorescent reporter expression: Cells fixed with

the eBioscience™ FoxP3/Transcription Factor Staining Buffer Set fixative (Invitrogen) lose reliable
expression of fluorescent reporters. Therefore, TF staining methods were modified to combine the BD
Cytofix/Cytoperm™ fixative (BD bioscience) and eBioscience™ FoxP3/Transcription Factor Staining
Buffer Set permeabilisation buffer (Invitrogen). Antibody staining in the permeabilisation buffer
following this method must be carried out overnight with a minimum of 12 hrs required for optimal
staining. This method is also suitable for the detection of cytoplasmic proteins in mice with fluorescent

reporter expression.

2.5.4 Tetramer-based magnetic bead enrichment

2W1S:I-A® tetramer-based magnetic bead enrichment was carried out on lymphocytes isolated from
small intestinal lamina propria, spleen, mesenteric lymph nodes, pooled peripheral lymph nodes and
lungs to enable identification and analyses of rare antigen-specific populations in these tissues. APC-
conjugated 2W1S:I-AP tetramer staining was carried out as before but in a modified staining volume
(up to 300-500 pl depending on tissue) to account for the increased number of cells in each sample.
Due to the increased volumes, staining was carried out in 5 ml round bottom tubes (BD Falcon) and
wash steps in 1-2 ml DPBS with centrifugation for 5 min. Following, tetramer staining, the samples

were washed twice and incubated with 60 pl Anti-APC MicroBeads (Miltenyi) with 240 ul SB at 4 °C
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for 15 min. During incubation, LS MACS columns (Miltenyi) were placed in MACS Separator magnets
(Miltenyi) and prepared by rinsing with 3 ml SB. following incubation, 2 ml DPBS was added to each
sample, the cells were pelleted via centrifugation and the supernatant aspirated. Each sample was
resuspended in 500 pl SB, passed through a 30 um Pre-Seapartion filter (Miltenyi) and applied onto
the prepared column. The column was washed 3 times with 3 ml SB, taking care to ensure that the
column reservoir emptied completely between each step, and the flow-through containing unlabelled
cells collected. To elute labelled cells, the column was removed from the magnetic MACS separator
(Milteny) and placed in a collection tube. Cells retained in the column were flushed with 5 ml SB using
the plunger. Flow-through and enriched fractions were pelleted and resuspended in the appropriate
volume of SB, ready for antibody and tetramer staining. Flow-through was stained to enable
assessment of enrichment efficiency and quantification of total numbers of 2W1S-specific CD4 T cells

within each tissue.

2.5.5 Flow cytometric analyses

Samples were washed in DPBS following antibody staining and resuspended in up to 400 pl SB,
depending on the total number of cells within each sample. 10 000 SPHERO™ AccuCount Particles
(Spherotech) were added to each sample to enable quantification of the total number of cells within
each sample and tissue. Samples were run on the BD LSRFortessa™ X-20 (BD Biosciences) and data
acquired using the BD FACSDiva software (BD Biosciences, version 9.0). Acquired data were analysed
using the FlowJo software (Treestar, version 10.8). Following data acquisition, the following equations

were used to quantify the total number of cells per tissue:
Quantification of cells per tissue in the absence of tetramer-based enrichment

This method is used to quantify the total number of cells in any population of interest within a sample

from any tissue that had not undergone tetramer-based enrichment.

10000 * cell count in sample acquired 1
* —

x= bead count in sample acquired P
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where x is the total number of cells of interest within the whole tissue and P is the proportion of tissue

stained.

Quantification of cells per tissue following tetramer-based enrichment

This method is used to quantify the number of 2W1S-specific CD4 T cells and subpopulations of 2W1S-

specific CD4 T cells following 2W1S:1-A® tetramer-based enrichment.

10000 * cell count in sample acquired

Y= bead count in sample acquired

where vy is the total number of cells of interest within the whole tissue and MF is the multiplication

factor that adjust for the lack of 100% efficiency in enrichment. MF is calculated as follows:

10000 * 2W1S(enriched)
_ beads(enriched)
~ 10000 * 2W1S(enriched) + 10000 * 2W1S(ft) L1
beads(enriched) beads(ft) P(ft)

MF

where 2W1S(enriched) and beads(enriched) are the numbers of 2W1S-specific CD4 T cells and beads
in the acquired enriched sample, respectively, 2W1S(ft) and beads(ft) are the numbers of 2W1S-
specific CD4 T cells and the number of beads acquired in the flow-through sample, respectively while
P(ft) is the proportion of the flow-through stained. The proportion of the enriched sample stained

does not appear in any equations as it was always equal to 1.

2.6 CITROBACTER RODENTIUM INFECTION

Mice were inoculated via oral gavage with 2-3*10° colony forming units (CFU) of C.rodentium (strain
ICC169) resuspended in sterile DPBS. Wild type C.rodentium and C.rodentium-2W1S were prepared in

the same way.

2.6.1 Preparation of C.rodentium inoculum

15 ml LB for C.rodentium (Table 2.2) was seeded with an aliquot of nalidixic acid-resistant C.rodentium

from a frozen stock. Cultures were grown overnight at 37 °C with agitation. Following incubation, pre-
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cultures were centrifuged (4 °C, 3220 rcf, 10 min) and bacterial pellets resuspended in 1.5 ml sterile
DPBS. Each mouse received 200 pl inoculum via oral gavage, resulting in delivery of 2-3*10° CFU. Each
15 ml culture generates inoculum sufficient for the infection of only 5 mice due to loss of some volume
in syringes and gavage needles used for infection. Where larger groups of mice were infected multiple

15 ml cultures were created and the inoculum pooled following resuspension in DPBS.

The precise number of viable CFU delivered in 200 pl of the inoculum was assessed by 8 serial 10-fold
dilutions. 20 pl dots of the lowest three dilutions (10%, 107 and 10°®) were placed on LB Agar plates
(Table 2.2) and the plates incubated overnight at 37 °C. The number of colonies per 20 ul dot was

counted and the total number viable C.rodentium CFUs delivered to each mouse calculated as follows:

CFU per 200ul inoculum = average number of CFU per 20ul dot » 10 x DF

where DF is the dilution factor (e.g. following 8 serial 10-fold dilutions DF is 108).

2.6.2 Frozen stock preparation

To prepare frozen C.rodentium stocks a 50-100 ml culture was grown overnight as described above.
The bacteria were centrifuged (4 °C, 3220 rcf, 10 min) and resuspended in 5 ml LB for C.rodentium
with 15 % (¥/y) glycerol and stored at -80 °C in 1 ml aliquots. Viability of newly generated stocks was
tested using following 3-7 days of storage following the method described in section 2.6.1. Stocks

yielding at least 2*10° CFU in 200 ul inoculum were considered of acceptable for use in infections.

2.6.3 Colonisation assessment

Colonisation efficiency and duration were assessed by quantification of faecal bacterial load. Faecal
samples were collected from individual mice placed in clean containers and allowed to produce stool
pellets. Pellets were weighed, placed in 1.5 ml microtubes (Eppendorf) and homogenised in 1 ul DPBS
for each 100 pg of faeces. Homogenates were pulsed in a microcentrifuge for 3 s to move large

particles to the bottom of the tube and leave a liquid supernatant containing bacteria on top. 6 serial
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10-fold dilutions were carried out and 20 ul dots of all dilutions plated and incubated as described in

section 2.6.1. The bacterial burden was calculated as follows:

average number of CFU per 20ul dot * 10000 * DF
20

CFU per gram of faeces =

Successfully colonised mice returned a faecal bacterial load of >10” CFU/g faeces on day 6-8 following
inoculation. Tracking bacterial burden at later timepoints aided the assessment of the duration of

antigen persistence and the ability of the animals to control the infection.

2.7 MICROBIOMICS

Microbiomic analyses required the collection of stool samples. Mice were placed in sterile containers
and allowed to produce two pellets. Pellets were collected with sterile forceps, placed in barcoded
collection tubes containing nucleic acid stabilisation buffer (Transnetyx) and transferred to
Transnetyx. DNA extraction was performed by Transnetyx using the DNEasy 96 PowerSoil Pro QlAcube
extraction kit (Qiagen) following manufacturer’s instructions. Following DNA extraction and quality
control, sequencing libraries were prepared using the KAPA HyperPlus library preparation protocol
(Roche) using unique dual indexed adapters to ensure correct read and organism assignment. Libraries
were sequenced on NovaSeq (lllumina) following the shotgun sequencing method. Sequencing data
were analysed against the OneCodex database, consisting of over 100 000 microbial genomes and
including the mouse genome to enable removal of host reads. Each sequence was compared against
the OneCodex database by exact alighment using k-mers (k=31) (Wood & Salzberg, 2014). Following
k-mer based classification sequencing artifacts were removed based on relative unique k-mer
frequency. Finally, species-level relative abundance was estimated based on sequencing depth and

coverage across the entirety of the OneCodex reference database.

2.7 STATISTICAL ANALYSES

Data were analysed using Graphpad Prism version 9.0. Datasets containing fewer than 3 datapoints

were not included in statistical analyses. Where groups of data were shared between different figures,
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the statistical analyses shown in each graph compared only the groups of data shown, not the entire
dataset. Shapiro-Wilk tests were used to assess normality of data. Table 2.4 lists statistical tests used

to compare datasets. Statistically significant differences are illustrated by p values.

Table 2.4. Statistical tests performed in this investigation

Unpaired data Paired data
Data normally Data not normally Data normally Data not normally
distributed distributed distributed distributed
(meanzSD or (median shown) (mean%SD or (median shown)
mean+SD shown) mean+SD shown)
2 groups Unpaired t test Mann-Whitney U test | Paired t test Wilcoxon matched
pairs test
3 or more One-Way ANOVA Kruskal-Wallis test Repeated Measures | X —not performed
groups One-Way ANOVA
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CHAPTER 3: CHARACTERISING THE INTESTINAL CD4 T CELL

COMPARTMENT

3.1 INTRODUCTION

When first identified, CD4 T cells producing IL-17 were not classified as a distinct T helper lineage
(Fossiez et al., 1996; Yao et al., 1995). Later, Th17 characterised by IL-17A expression were thought to
be IL-23-dependent CD4 T cells associated with pathology (Langrish et al., 2005). However, it has since
been established that this CD4 T cell subset is highly heterogeneous with both protective and harmful
effects. Th17 cells enriched in mucosal surfaces act in concert with other immune populations to
maintain mucosal homeostasis by controlling commensal microbe expansion, promoting barrier repair
and mediating pathogen clearance. An absence of Th17 cells impairs protection against certain
bacterial and fungal species and drives mucosal dysbiosis (Atarashi et al., 2015; Okada et al., 2015).
Conversely, Th17 cells can also drive disease pathogenesis both systemically and at barrier sites. Pro-
inflammatory Th17 cells are associated with Crohn’s disease, cancer, uveitis and multiple sclerosis in
humans and confirmed as causative agents of disease progression using mouse models (Annunziato
et al., 2007; Hirota et al., 2011; Langowski et al., 2006; Yoshimura et al., 2009). These observations

have made Th17 cells and their effector cytokines important therapeutic targets.

Further increasing Th17 cells’ appeal as targets of interventions, Th17 cell plasticity has been
specifically linked to diseases characterised by inappropriate mucosal and systemic inflammation. CD4
T cells producing both IL-17A and the Thl cell-associated cytokine IFNy were described in
inflammatory bowel disease patients (Annunziato et al., 2007). In addition, the generation of Th17 cell
lineage tracing mouse models identified fully differentiated Th1-like IL-17AIFNy* cells of a Th17 cell
origin. These cells are drivers of autoimmune and autoinflammatory diseases previously thought to
arise simply from Th1 cell dysregulation (Hirota et al., 2011). Moreover, lineage tracing has also shown

that Th17 cells have the capacity to transdifferentiate into Treg cells (Gagliani et al., 2015), a process
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that may be subverted in the tumour microenvironment to dampen protective immune responses
(Downs-Canner et al., 2017). Importantly, Th17 cell plasticity is not strictly detrimental to health. Th17
cells play important roles in pathogen clearance (Mangan et al., 2006) with potent induction of fully
differentiated Thl-like IL-17A'IFNy* ‘exTh17’ cells (Omenetti et al., 2019). Moreover, Th17 cell
conversion to Tfh cells, another CD4 T cell subset, is thought to aid the generation of appropriate

mucosal antibody responses (Hirota et al., 2013).

This extensive heterogeneity of cell function and phenotypes poses significant challenges to targeting
these cells. Non-specific inhibition of Th17 cells may affect homeostatic populations crucial to the
control of opportunistic mucosal pathogens (lvanov et al., 2009). Consequently, interventions that
successfully limit Th17 cell-mediated inflammation in one condition can be neutral or even
detrimental in others (Bilal et al., 2018; Hueber et al., 2012; Singh et al., 2018; Targan et al., 2016). A
great deal of work has therefore focused on assessing the signals controlling Th17 cell fate and
stability, pinpointing both environmental and cell-intrinsic factors. Environmental signals, integrated
through the actions of APC-derived cytokine combinations and AhR activation, drive potent induction
of Th17 cell differentiation (Korn et al., 2007; Veldhoen et al., 2008; Veldhoen et al., 2006). Further
signals, such as IL-23 have the potential to drive post-developmental functional plasticity associated
with acquisition of alternative phenotypes (Lee et al., 2009), a process also linked to lower intrinsic
lineage stability (Mukasa et al., 2010). However, gaps in our understanding remain with studies
employing different approaches returning seemingly contradictory results. The work presented in this
chapter therefore aimed to characterise intestinal CD4 T cell populations by employing a number of
complementary experimental models and approaches that have become key tools in overcoming the
difficulties associated with studying the mucosal immune compartment. | sought to better understand
the relationship between intestinal CD4 T cell populations with a focus on the extent to which Th17

cells give rise to or differentiate from other major mucosal CD4 T cell subsets.
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3.2 THELPER 17 CELLS ARE ENRICHED AT MUCOSAL SURFACES

To assess Th17 cell prevalence at distinct anatomical locations | tested the expression of the Th17
master TF RORyt (lvanov et al., 2006; X. O. Yang, B. P. Pappu, et al., 2008) and canonical cytokine IL-
17A (Harrington et al., 2005; Veldhoen et al., 2006) in CD44" CD4 T cells in the spleen, two intestinal
mucosal sites (small intestine lamina propria — SILP and colon lamina propria — CLP) and their draining
mLN. In 2LT this formed only part of the total CD4 T cell population due to the presence of numerous
naive CD44" CD4 T cells. CD44 staining failed to resolve CD44" and CD44" CD4 T cell populations in
the intestinal mucosal compartment but resulted in a decrease in overall signal intensity (Fig3.1a). This
was not interpreted as the SILP and CLP containing only CD44"° naive CD4 T cells. Instead, as both these
effector sites are expected to harbour only activated CD4 T cells, the lower CD44 signal intensity is

likely a result of limiting anti-CD44 antibody amounts.

The proportion of CD4 T cells expressing RORyt was found to be higher in the intestinal mucosa than
in 2LT but not different between the two mucosal sites, SILP and CLP. In addition, RORyt* activated
CD4 T cells were enriched in the mLN compared to splenic CD44" CD4 T cells, reflecting the systemic
compartment (Fig3.1b-d). Strikingly, IL-17A expression was not concordant with RORyt expression
with a high frequency only evident in the SILP (Fig3.1e-g). In addition, the SILP contains the largest
numbers of RORyt and IL-17A expressing cells pointing to an enrichment of Th17 cells at this site
(Fig3.1d,g). However, while total cellularity provides key information on Th17 cell distribution, the
site-specific differences in CD44" CD4 T cell population size must be kept in mind when assessing these
results —the CLP contains far fewer cells than SILP and 2LT. Nonetheless, the high frequency of CD4 T
cells expressing the Th17 cell master TF RORyt but not the Th17 cell cytokine IL-17A highlight the fact
that RORyt* T cell populations not dedicated to IL-17A production persist in some microenvironments.
Possible explanations are that these are not Th17 cells or that they have lost part of their Th17 cell
effector function. Th17 cells show a high degree of plasticity with a range of alternative fates described

(Hirota et al., 2011; Hirota et al., 2013).
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Figure 3.1. Th17 cells are enriched in intestinal mucosal surfaces at steady state

The prevalence of Thl7 cells at steady state was assessed by Th17 cell master transcription factor
RORyt and Th17 cell canonical cytokine IL-17A expression in CD44" CD4 T cells.

a) Representative flow cytometry plots illustrating gating strategy to identify CD44" CD4 T cells in 2LT,
(top) and intestinal mucosa (bottom).

b) Representative histograms showing RORyt expression in parent populations identified in (a) in
spleen, mLN, SILP and CLP.

c-d) Quantification of the proportion (c) and total number (d) of RORyt* cells within the parent
population in spleen, mLN, SILP and CLP. Spleen n=12, data pooled from 5 independent experiments,
mLN n=7, data pooled from 3 independent experiments, SILP n=9, data pooled from 4 independent
experiments, CLP n=10, data pooled from 5 independent experiments.

e) Representative histograms showing IL-17A expression in parent populations identified in (a) in
spleen, mLN, SILP and CLP following ex vivo restimulation with PMA and lonomycin.

f-g) Quantification of the proportion (f) and total number (g) of IL-17A* cells within the parent
population in spleen, mLN, SILP and CLP. Spleen and mLN n=4, data from 1 experiment, SILP and CLP
n=6, data pooled from 2 independent experiments.

Values on histograms represent percentages. Normality was tested using Shapiro-Wilk test. Lines on
graphs show meanzSD (c, g) or median (d, f). Significance was tested using One-Way ANOVA (c, g) or
Kruskal-Wallis test (d, f).
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3.3 IL-17A ‘FATE MAPPING’ REVEALS MICROENVIRONMENT-SPECIFIC CD4 T CELL FATES

The I117a*Rosa26'F |L-17A ‘fate-mapper’ mouse was used to account for Th17 cell plasticity. //17a
mice generated to enable Cre recombinase expression under the control of the //17a promoter (Hirota
et al., 2011) were crossed with ‘fate mapping’ mice that constitutively express tandem-dimer red
fluorescent protein (tdRFP) following Cre-mediated recombination (Luche et al., 2007). The sequence
encoding Cre is inserted into the //17a locus, disrupting normal expression of IL-17A. Therefore, mice
must be bred to be heterozygous for the wild type (WT) and Cre alleles to enable both IL-17A and Cre
to be produced. TdRFP is inserted into the constitutively expressed Rosa26 locus but is preceded by a
transcriptional stopper sequence flanked by locus of crossover [x] in P1 (LoxP) sites (floxed) preventing
protein expression. Cre recombinase recognises the LoxP sites and excises the stopper sequence
enabling gene transcription and tdRFP expression (Fig3.2a). Therefore, in /117a°Rosa26fP mice
heterozygous for the WT and Cre alleles, Th17 cell priming results in IL-17A and Cre expression that,
in turn, leads to tdRFP production in the cells. TARFP expression is maintained on cessation of IL-17A

production and even after cell division, permanently marking IL-17A-producing cells and their

progeny.

A high frequency of IL-17A fate reporting tdRFP* CD44" CD4 T cells was observed only in the SILP
(Fig3.2b-c) suggesting that the relative scarcity of IL-17A* cells in the CLP (Fig3.1) reflected not a loss
of characteristic cytokine production by Th17 cells but a lack of IL-17A induction. Data therefore
indicated that even though RORyt" CD4 T cells were abundant in the colon they had not, at any point,
made IL-17A. In line with cytokine expression data, CD44" CD4 T cells fate reporting IL-17A production

were most abundant in the SILP (Fig3.2d).

Assessing ex vivo restimulation-induced IL-17A production and tdRFP expression in conjunction
(Fig3.2b), it was evident that the ‘fate mapping’ system did not function with 100% efficiency. At
steady state all tissues harboured IL-17A*tdRFP", IL-17A*tdRFP* double positive and IL-17AtdRFP*

activated CD4 T cells (Fig3.2e-g). The presence of IL-17A*tdRFP" cells pointed to incomplete
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recombination resulting in only partial fate reporting. Approximately half of all IL-17A* cells expressed
tdRFP at steady state regardless of anatomical location (Fig3.2h-i) suggesting that Cre-mediated
recombination can underreport IL-17A production history but shows no tissue-specific differences.
Cells that fate report IL-17A production (tdRFP*) but do not produce this cytokine could result from
erroneous tdRFP expression or the loss of IL-17A following induction. The Rosa26"f* transgene
construct minimises the potential of read-through reporter expression in the absence of
recombination (Luche et al., 2007), pointing to the latter being the main mechanism of action in IL-
17AtdRFP* cell generation. The highest proportion of tdRFP* cells still expressing IL-17A was found in
the mLN (Fig3.2j-k). Underlying this observation, Th17 cells are primed here and are expected to

largely egress to effector sites prior to differentiation into alternative CD4 T cell subsets.

IL-17A expression was maintained in over half of intestinal CD4 T cells fate reporting cytokine
production but lost in others (Fig3.2k). Th17 cell activation in different contexts has been shown to
drive either stable IL-17A expression or eventual loss of IL-17A with or without acquisition of the Thl
cell-associated proinflammatory cytokine IFNy (Hirota et al., 2011; Omenetti et al., 2019).
Furthermore, Th17 cell differentiation into cells with a regulatory phenotype and Treg cell acquisition
of Th17 cell-like functions such as IL-17A production have also been described (Downs-Canner et al.,
2017; Gagliani et al., 2015; Hovhannisyan et al., 2011). Analyses were therefore expanded to assess
Th1 cell-like properties in tdRFP* cells as well as the relationship between IL-17A production and Treg

cell function.

IL-17A and IFNy production in tdRFP* cells at steady state identified a spectrum of Th17 and so-called
exTh17 cells with Th1 cell-like characteristics (Fig3.3a). Interestingly, while IFNy’IL-17A* Th17 cells
were present in all assessed anatomical locations (Fig3.3b-c), IFNy* Th17 cells appeared largely limited
to the intestinal mucosa and its draining mLN (Fig3.3d-e). Fully mature IFNy* exTh17 cells were found
at the highest frequency in the SILP and CLP but were low both in frequency and numbers in the mLN

(Fig3.3f-g), in line with the highest IL-17A/tdRFP concordance observed in the mLN (Fig3.2).

54



o]

0
a®

-C 172 — O—L Rosa2é - -C Hi7a ——tH— Rosa2é -

-C W17a ——1 Rosa2é -

Cigeal - < <

)
.\_.

Maive CD4 T cell . IL=17A production ———————— Constitutive tdRFP expresison
b . d
CD44" CD4 T cells
- spleen — — mIN — — SILP — — CLP — i, TR R0 PO
oy 149 A1 13 &3 5 £8 15 w 2"&
f 1 B Bl = 1t
1 11" b 1% W * =l *
<L 211 = E 13 -
~ - = &
SEEE i o) |8 B o .
=1 o7 ! 07 { 30/ 1.2 "
tdREP e spleen mLM SIL® CL® splesnmlN SIL® cLP
e f E
paoas T peacie passLe
3 - -] - 13 e
E E. E— P=anzuz
= . = . o
[== [= = 4 o
2 3 & 5 2
2 =1l & : =Ll & 5
Tl e Ll Toa (L] s
spleen mlW SILF CLE spleen mLN  SILF CLR splesn mLM SILF CLP
h . i i k
- IL-17AT - - tdRFPT — proDUI4  EEOARTZ
— [ — .
e PR i
56.1 spleen E 4 | 63.4 zpleen % &0 $ ?
478 mn = B '—I- . 878 mn = % e
g 77 s o " _1_ '$' ol 5| 735 sie S
= A ’ o . = | L = om
- CER T ® e Y ——
tdRFP > spleen mLN SILF CLP IL-178 — spleen mLN SILP CLP

55



Figure 3.2. The importance of tracking //17a expression history in accurately assessing Th17 cell
plasticity

1117a°*Rosa26'F (IL-17A ‘fate mapper’) mice used to track cells with a history of IL-17A production
enable assessment of Th17 cell fate.

a) Schematic representation of IL-17A fate mapping. The sequence encoding Cre recombinase was
inserted into the //17a locus and the sequence encoding Cre-inducible tdRFP into the ubiquitously
expressed Rosa26 locus. Cells heterogeneous for the WT and transgenic //17a alleles co-express IL-
17A and Cre resulting in permanent tdRFP expression. Images generated with BioRender.com.

b) Representative flow cytometry plots showing IL-17A and tdRFP expression in CD44" CD4 T cells in
spleen, mLN, SILP and CLP following ex vivo restimulation with PMA and lonomycin.

c-d) Quantification of the proportion (c) and total number (d) of tdRFP* cells within the parent
populations in spleen, mLN, SILP and CLP. Spleen n=9, data pooled from 7 independent experiments,
mLN n=15, data pooled from 5 independent experiments, SILP and CLP n=14, data pooled from 5
independent experiments.

e-g) Quantification of the proportion of IL-17A* cells expressing no tdRFP (e), cells expressing both IL-
17A and tdRFP (f) and cells expressing tdRFP but no IL-17A (g) within the parent populations in spleen,
mLN, SILP and CLP. Spleen and mLN n=4, data from 1 experiment, SILP and CLP n=6, data pooled from
2 independent experiments.

h) Representative histograms showing tdRFP expression in IL-17A*CD44" CD4 T cells in spleen, mLN,
SILP and CLP following ex vivo restimulation with PMA and lonomycin.

i) Quantification of the proportion of IL-17A* cells expressing tdRFP in the spleen, mLN, SILP and CLP.
Spleen and mLN n=4, data from 1 experiment, SILP and CLP n=6, data pooled from 2 independent
experiments.

j) Representative histograms showing IL-17A expression in tdRFP*CD44" CD4 T cells in spleen and mLN,
SILP and CLP following ex vivo restimulation with PMA and lonomycin.

g) Quantification of the proportion of tdRFP* cells producing IL-17A in spleen, mLN, SILP and CLP.
spleen and mLN n=4, data from 1 experiment, SILP and CLP n=6, data pooled from 2 independent
experiments.

Values on flow cytometry plots and histograms represent percentages. Normality was tested using
Shapiro-Wilk test. Lines on graphs show meanzSD (e, f, g, |, k) or median (c, d). Significance was tested
using One-Way ANOVA (e, f, g, |, k) or Kruskal-Wallis test (c, d).
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Figure 3.3. Th17 cells give rise to a spectrum of pro-inflammatory exTh17 cells by acquiring Th1 cell-
like cytokine expression

1117a*Rosa26'"FP mice enable the identification of Th17 cells that acquire alternative cytokine profiles
at steady state.

a) Representative flow cytometry plots gated on tdRFP* CD44" CD4 T cells showing IL-17A and IFNy
expression following ex vivo restimulation with PMA and lonomycin, and identification of IFNy Th17,
IFNy* Th17 and IFNy* exTh17 cell populations.

b-g) Quantification of the proportion of total number of IFNy Th17 (b, c), IFNy* Th17 (d, e) and IFNy*
exTh17 (f, g) cells within the tdRFP* population in spleen, mLN, SILP and CLP. Spleen and mLN n=4,
data from 1 experiment, SILP and CLP n=6, data pooled from 2 independent experiments.

Values on flow cytometry plots represent percentages. Normality was tested using Shapiro-Wilk test.
Lines on graphs show meanzSD (b, c, g) or median (d, e, f). Significance was tested using One-Way
ANOVA (b, c, g) or Kruskal-Wallis test (d, e, f).

58



3.4 1L-17A PRODUCING TREG CELLS ARE PRESENT IN THE INTESTINAL LAMINA PROPRIA AT

STEADY STATE BUT DO NOT GIVE RISE TO TH17 CELLS

Treg cells, CD4 T cells identified by the expression of their master TF FoxP3, are a prominent mucosal
CD4 T cell subset with key roles in maintaining immune homeostasis through suppression of
inflammatory pathways. Thymically derived central Treg cells are thought to be a highly stable CD4 T
cell subset but FoxP3* suppressive cells can also be generated in the periphery in a TGF-B-dependent
process. Peripherally induced pTreg cells share this characteristic with Th17 cells (Bettelli et al., 2006;
Mangan et al., 2006; Veldhoen et al., 2006). In addition, mucosal Treg cells are known to acquire other
Th17 cell-like characteristics such as RORyt and STAT3 expression in a process that was thought to aid
suppressive function by allowing entry into the anatomical locations that Th17 cells occupy and
enabling Treg cells to dampen potentially harmful inflammation preventing tissue damage. However,
Th17 cell-associated TFs are now known to also help maintain FoxP3 expression by suppressing
alternative CD4 T cell programmes and fates (Bhaumik et al., 2021). In addition, Treg and Th17 cell
function are intricately linked with both subsets able to promote or suppress the other’s functionin a
context-specific manner (Pandiyan et al., 2011). Th17-to-Treg cell conversion and acquisition of Th17
cell function by Treg cells has been described in disease settings and can be both beneficial and

detrimental to health (Downs-Canner et al., 2017; Hovhannisyan et al., 2011).

To better understand the contributions of Th17 and Treg cell differentiation to regulatory and effector
pools | sought to fate map both differentiation pathways using mouse colonies housed within the
same facility. This approach aimed to minimise microbiota-induced differences. Firstly, /l17a
expression was mapped in //17a*Rosa26'**" mice (Fig3.4a). Enumeration of the proportion of FoxP3*
cells within the tdRFP* CD44" CD4 T cell pool confirmed that the colon harboured significantly more
Treg cells than the systemic or small intestinal compartments (Fig3.4b). In line with previous
observations, cells with a history of IL-17A production but no expression of FoxP3 were most abundant

in the small intestine (Fig3.4c). Despite the indications that cells expressing both FoxP3 and tdRFP
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made up a large proportion of the total colonic activated CD4 T cell pool with a history of IL-17A
production (Fig3.4b), the overall frequency of this population was small (less than 3%, Fig3.4d). The
highest frequency of tdRFP™ Treg cells was found in the mLN and CLP (Fig3.4e). Assessing the total
number of the CD4 T cell populations defined by tdRFP and IL-17A expression (Fig3.4a) confirmed that
the SILP harboured most non-Treg tdRFP* cells (Fig3.4f) with further differences identified on
frequency assessment likely hidden by tissue-specific differences in the size of the parent population
(Fig3.4g-h). The comparatively high proportion of both tdRFP* and tdRFP" Treg cells in mLN and CLP
but not SILP pointed to microenvironment-specific differences in the regulation of CD4 T cell fate that

exist even between two intestinal mucosal sites and their draining LNs.

The steady state data generated provided a snapshot in time and did not reveal whether tdRFP* Treg
cells were exTh17 cells that have acquired FoxP3 or dedicated suppressive cells that also produced IL-
17A. Therefore, functional properties of the three populations identified by tdRFP and FoxP3
expression were assessed. Namely, their ability to produce the anti-inflammatory cytokine IL-10
(Fig3.4i-m) and the Th17 cell-associated cytokine IL-17A (Fig3.4n-r) upon ex vivo restimulation with
PMA and ionomycin. Production of IL-10 was limited to FoxP3* activated CD4 T cells but no differences
in the proportion of cells expressing this cytokine, regardless of IL-17A expression history, were
evident (Fig3.4j-m). Moreover, levels of IL-10 produced by the two Treg cell populations in the CLP
were comparable with only a modest decrease associated with tdRFP expression in SILP Treg cells
(Fig3.4s-t). Conversely, tdRFP* Treg cells expressed intermediate levels of IL-17A, both in terms of
proportions of cells producing the cytokine (Fig3.40-r) and the amounts produced (Fig3.4u-v). It has
been reported that a reduction in IL-17A production is a result of antagonistic effects between the
RORyt and FoxP3 (Zhou et al., 2008), but whether these data truly represent a transient state of Th17
cells becoming Treg cells and losing IL-17A production or Treg cells acquiring Th17 cell function is
unclear and the experimental model using the //17a“Rosa26"F* fate mapper mouse does not enable

resolution of this.
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Figure 3.4. The distribution of Treg cells with a history of IL-17A expression points to
microenvironment-specific Th17-Treg cell links

To assess the ability of Th17 cells to differentiate into Treg cells, expression of tdRFP and FoxP3, the
master Treg cell TF, was assessed in //17a“Rosa26“R” mice at steady state.

a) Representative flow cytometry plots gated on CD44" CD4 T cells showing tdRFP and FoxP3
expression in spleen, mLN, SILP and CLP, and identification of FoxP3 tdRFP*, tdRFP* Treg and tdRFP"
Treg cell populations.

b) Quantification of the proportion of tdRFP* cells expression FoxP3. Spleen n=9, data pooled from 3
independent experiments, mLN n=15, data pooled from 5 independent experiment, SILP and CLP
n=12, data pooled from 4 independent experiments.

c-h) Quantification of the proportion and total number of FoxP3tdRFP* (c, f), tdRFP* Treg (d, g) and
tdRFP™ Treg (e, h) cells in spleen, mLN, SILP and CLP. Spleen n=9, data pooled from 3 independent
experiments, mLN n=15, data pooled from 5 independent experiment, SILP and CLP n=12, data pooled
from 4 independent experiments.

i) Representative histograms showing IL-10 expression in the populations identified in (a) following ex
vivo restimulation with PMA and lonomycin.

j-m) Quantification of the proportion of cells expressing IL-10 in the populations identified in (a).
Spleen (j), mLN (k), SILP (I) and CLP (m) n=4, data from 1 experiment.

n) Representative histograms showing IL-17A expression in the populations identified in (a) following
ex vivo restimulation with PMA and lonomycin.

o-r) Quantification of the proportion of cells expressing IL-17A in the populations identified in (a).
Spleen (o), mLN (p), SILP (q) and CLP (r) n=4, data from 1 experiment.

s-t) IL-10 median fluorescence intensity (mFl) in tdRFP* and tdRFP™ Treg cells in SILP (s) and CLP (t).
n=4, data from 1 experiment

u-v) IL-17A median fluorescence intensity (mFl) in tdRFP* and tdRFP" Treg cells in SILP (u) and CLP (v).
n=4, data from 1 experiment

Values on flow cytometry plots and histograms represent percentages. Normality was tested using
Shapiro-Wilk test. Lines on graphs show meanSD (j, I, 0, p, q, 1, s, t, u, v) or median (b, c, d, e, f, g, h,
k). Significance was tested using unaired t test (s, t, u, v), One-Way ANOVA (j, I, m, o, p, q, r) or Kruskal-
Wallis test (b, ¢, d, e, f, g, h, k).
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To investigate further, | turned to the Foxp3¢cfPcetRT2A14 tamoxifen-inducible FoxP3 fate reporter
mouse model (Madisen et al., 2010; Rubtsov et al., 2010). Much like IL-17A fate reporting, this system
relies on Cre recombinase, but under the control of the FoxP3 promoter. However, a key difference is
that FoxP3 activation alone is not sufficient to drive Cre translocation to the nucleus but also requires
tamoxifen-treatment. Dosing mice with tamoxifen enables Cre-mediated recombination following
which tdTomato identifies cells that expressed FoxP3 during tamoxifen treatment (Fig3.5a). However,
cells that activate FoxP3 after cessation of treatment express no fluorescent protein. Therefore,
incorporating a resting period (no tamoxifen) prior to tissue harvest and assessment of tdTomato
expression enables the evaluation of the stability of the Treg cell compartment. A high proportion of
CD4 T cells expressing both FoxP3 and tdTomato points to early accumulation of a Treg cell population
that is then either unchanged or self-renewing. On the other hand, incomplete FoxP3-tdTomato signal
concurrence can result from three things. First, erroneous readthrough expression of the tdTomato
transgene in the absence of recombination. The lack of a tdTomato signal in control mice not dosed
with tamoxifen (Fig3.5b) suggested that this event did not occur at a high frequency in this
experimental model. Second, higher Treg cell turnover with post-tamoxifen generation of FoxP3-
expressing cells that would result in the detection of tdTomato™ Treg cells. Lastly, Treg cell conversion

to alternative CD4 T cell subsets would result in the presence of tdTomato* FoxP3- cells.

A dosing regimen consisting of oral tamoxifen administration followed by one month rest prior to
FoxP3 fate reporting assessment in mucosal and lymphoid tissue was devised (Fig3.5a). The proportion
and number of CD4 T cells fate reporting FoxP3 expression in 2LT was lower than that in the intestinal
lamina propria with the highest proportion of tdTomato* cells found in the CLP (Fig3.5b-d). These data
were at odds with the high proportion of Treg cells observed in the mLN earlier (Fig3.4). However, this
was likely the effect of inclusion of all CD4 T cells, rather than only activated CD44" CD4 T cells, in the
parent gate in Foxp3¢crP=CreERT2A114 mLN. This is a technical limitation that was not corrected due
limited availability of these mice. Nonetheless, the high proportion of CD4 T cells fate reporting FoxP3
in the SILP and CLP one month after cessation of tamoxifen treatment suggested that intestinal Treg
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cells were a fairly stable population at steady state. To test the extent of Treg-to-Th17 cell conversion
three populations were identified based on IL-17A and FoxP3 expression — IL-17a*FoxP3" cells (Th17),
IL-17A* Treg and IL-17A Treg cells — and tdTomato expression in these was assessed (Fig3.5e-f). The
very limited tdTomato signal in Th17 cells suggested that CD4 T lymphocytes with a Th17 cell identity
but of a Treg cell origin did not accumulate within the tissues analysed (Fig3.5g-j). Large proportions
of both the IL-17A" and IL-17A* Treg cell populations expressed tdTomato confirming high stability of
the Treg cell lineage. However, FoxP3 fate reporting within intestinal Treg cell populations revealed
that a higher proportion of the IL-17A* population, especially in the CLP, acquired FoxP3 in the month
between tamoxifen treatment and the experimental endpoint than that of the IL-17A" Treg cell

population (Fig3.5i-j).

Taken together, the observations in IL-17A and FoxP3 fate mapper mice suggested that mLN and
intestinal lamina propria Treg cells were able to acquire not only Th17 cell master TF but also
characteristic cytokine expression at steady state. These data leave open the possibility of Th17-to-
Treg cell conversion but show no clear evidence that FoxP3* CD4 T cells give rise to intestinal lamina

propria Th17 cells in the absence of infection.

3.5 THE OX40:0X40L PATHWAY PROVIDES SUPPORT TO SOME BUT NOT ALL MUCOSAL CD4 T

CELL POPULATIONS

Site-specific differences in the proportion of Treg cell fate reporting IL-17A expression highlight the
role specific microenvironments play in the regulation of mucosal CD4 T cell fate and identity. The
context within which CD4 T cells are activated plays a key role in the nature of the eventual immune
response. Signalling through costimulatory molecules, along with the presence of certain
combinations of cytokines, during and after initial priming is central to determining the functional
outcome of CD4 T cell activation, leading to the hypothesis that tissue-specific costimulatory signal

provision contributes to Th17-to-Treg cell differentiation in different anatomical locations.
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Figure 3.5. Tracking FoxP3 expression history reveals no Th17 cell-like exTreg cells

Tamoxifen-inducible FoxP3 fate reporter Foxp3¢°rP-CeERT2Aj14 mice used to track FoxP3 expression
history enable the assessment of Treg-to-Th17 cell conversion at steady state. Images generated with
BioRender.com.

a) Schematic representation of experimental design.

b) Representative histograms gated on CD4 T cells showing tdTomato expression in spleen, mLN, SILP
and colon.

c-d) Quantification of the proportion (c) and total number (d) of tdTomato* cells within the parent
populations in spleen, mLN, SILP and CLP. Spleen and mLN n=9, data pooled from 2 independent
experiments, SILP and CLP n=8, data pooled from 2 independent experiments.

e) Representative flow cytometry plots gated on CD4 T cells showing IL-17A and FoxP3 expression
following ex vivo restimulation with PMA and ionomycin and identification of Th17, IL-17A* Treg and
IL-17A" Treg cell populations in spleen, mLN, SILP and CLP.

f) Representative histograms showing tdTomato expression in the populations identified in (e) in
spleen, mLN, SILP and CLP.

g-j) Quantification of the proportion of tdTomato* cells within the populations identified in (e) in
spleen (g), mLN (h), SILP (i) and CLP (j).

Values on flow cytometry plots and histograms represent percentages. Normality was tested using
Shapiro-Wilk test. Lines on graphs show meanz*SD (c, h, j) or median (d, g, i). Significance was tested
using One-Way ANOVA (c, h, j) or Kruskal-Wallis test (d, g, i).
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0X40, a TNFRSF member, was first identified as a T cell activation marker (Paterson et al., 1987) and
later shown to support effector T cell clonal expansion and survival upon ligation of its ligand, OX40L
(Gramaglia et al., 1998). More recently, the OX40:0X40L pathway was linked to the control of both
Th17 and Treg cell function, albeit with mixed, often contradictory results. While OX40 was found to
promote Treg cell proliferation, survival and accumulation at both steady state and in colitis (Griseri
et al., 2010; Piconese et al., 2010) it has also been shown to inhibit suppressive effects in tumours
(Piconese et al., 2008). The role of OX40 in regulating Th17 cell function is similarly obscure with an
inhibitory effect described in animal models of multiple sclerosis but activation in models of Th17 cell-
driven ocular inflammation (Xiao et al., 2016; Zhang et al., 2010). Moreover, OX40 signalling has even
been linked to the control of the Th17 cell programme in Treg cells, suppressing the acquisition of IL-
17A production during skin inflammation (Remedios et al., 2018). Together, these reports suggest that
the effects OX40 ligation has on CD4 T cells are highly context-specific and may contribute to the
regulation of mucosal Th17 and Treg cell identity and fate. Furthermore, recent observations
highlighted key differences in the activation of the 0X40:0X40L pathway between the systemic and
mucosal immune compartments (Gajdasik et al., 2020). | therefore sought to assess mucosal Treg and

Th17 cell costimulatory requirements with a focus on the OX40:0X40L pathway.

3.5.1 Intestinal Treg cells are partially reliant on ILC3 OX40L

To test OX40-reliance at steady state | compared FoxP3 and RORyt expression in CD44" CD4 T cells
from WT control and OX40 knockout (OX407) mice (Fig3.6a-b). Normal accumulation of cells
expressing the Th17 cell master TF RORyt but not the Treg cell master TF FoxP3 appeared reliant on
0X40 signalling only in the 2LT. Conversely, a modest but consistent reduction of approximately 50%
in Treg cells (activated CD4 T cells expressing FoxP3 wither with or without RORyt) was only evident

in the SILP and CLP indicating that normal numbers of intestinal Treg cells were OX40-reliant (Fig3.6c-

z).
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Figure 3.6. OX40-deficient mice lack normal intestinal mucosal FoxP3 and RORyt expression

0X40 sufficient (Cre OX40L"" control) and OX40 deficient (OX407) mice were assessed to determine
the requirement for OX40 on FoxP3* and RORyt* CD44" CD4 T cells at steady state.

a) Representative flow cytometry plots gated on CD44" CD4 T cells showing OX40 expression in control
and OX40 deletion in 0X407" mice in 2LT and intestinal mucosa.

b) Representative flow cytometry plots gated on CD44" CD4 T cells showing RORyt and FoxP3
expression in spleen, mLN, SILP and CLP.

c-h) Quantification of the proportion and total number of FoxP3'RORyt" (c, d), Fox P3*RORyt" (e, f) and
FoxP3*RORyt (g, h) CD44" CD4 T cells in control and OX407- spleen. Control n=15, data pooled from 6
independent experiments, OX407- n=17, data pooled from 6 independent experiments.

i-n) Quantification of the proportion and total number of FoxP3'RORyt" (i, j), FoxP3*RORyt* (k, I) and
FoxP3*RORyt (m, n) CD44" CD4 T cells in control and 0X407- mLN. Control n=10, data pooled from 4
independent experiments, OX407 n=11, data pooled from 4 independent experiments.

o-t) Quantification of the proportion and total number of FoxP3"RORyt* (o, p), FoxP3*RORyt* (g, r) and
FoxP3*RORyt (s, t) CD44" CD4 T cells in control and OX407 SILP. Control n=12, data pooled from 5
independent experiments, OX407 n=19, data pooled from 7 independent experiments.

u-z) Quantification of the proportion and total number of FoxP3'RORyt* (u, v), FoxP3*RORyt" (w, x) and
FoxP3*RORyt (y, z) CD44" CD4 T cells in control and OX407 spleen. Control n=16, data pooled from 6
independent experiments, 0X407- n=15, data pooled from 6 independent experiments.

Values on flow cytometry plots represent percentages. Normality was tested using Shapiro-Wilk test.
Lines on graphs show meanSD (c, g,i,j, n, 0, t,u, w, vy, z) or median (d, e, f, h, k, I, m, p, q, r, s, v, X).
Significance was tested unpaired t test (c, g, i,j, n, o, t, u, w, y, z) or Mann-Whitney U test (d, e, f, h, k,
l,m,p,q,r,s,V,X).
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Figure 3.7. ILC3-derived OX40L may support some intestinal Treg cells

The contributions of DC and ILC3 OX40L provision to intestinal Treg cells were assessed at steady state.
Itgax<eOx401"7 (Itgax****%) mice delete DC OX40L upon CD11c expression, RorceOx40F"f (Rorc40x40)
mice delete ILC3 and T cell OX40L on RORyt* expression and Cd4<¢Ox40/"f (Cd44°%°') mice delete only
T cell OX40L upon CD4 expression.

a) Representative histograms gated on CD44" CD4 T cells showing FoxP3 expression in control, OX40
- and Itgax®®*° SILP and CLP. Controls are Cre”" littermates of /tgax?®*4°.,

b-e) Quantification of the proportion (b, d) and total number (c, e) of FoxP3* CD44" CD4 T cells in
control, OX407 and Itgax“®**° SILP and CLP. SILP control n=4, data pooled from 2 independent
experiments, SILP OX407" and /tgax*®®*° n=12, data pooled from 4 independent experiments, CLP
control n=6, data pooled from 3 independent experiments, CLP OX407 n=9, data pooled from
independent experiments, CLP Itgax®®*’ n=10, data pooled from 3 independent experiments.

f) Representative histograms gated on CD44" CD4 T cells showing FoxP3 expression in control, OX40
/- and Rorc2%¥° SILP and CLP. Controls are Cre”" littermates of /tgax %% and Cd4 4%,

g-j) Quantification of the proportion (g, i) and total number (h, j) of FoxP3* CD44" CD4 T cells in control,
0X407 and Rorc®%% SILP and CLP. SILP control n=7, data pooled from 3 independent experiments,
SILP OX407 n=11, data pooled from 4 independent experiments, SILP Rorc?°**°* n=14, data pooled
from 4 independent experiments, CLP control and OX407" n=5, data pooled from 2 independent
experiments, CLP Rorc?%*# n=7, data pooled from 2 independent experiments.

k) Representative histograms gated on CD44" CD4 T cells showing FoxP3 expression in control, OX40-
- and Cd42%%°t SILP and CLP. Controls are Cre” littermates of Cd44%%%°,

I-0) Quantification of the proportion (I, n) and total number (m, o) of FoxP3* CD44" CD4 T cells in
control, OX407 and Cd44°“" SILP and CLP. SILP control and Cd4%°*%° n=6, data pooled from 2
independent experiments, SILP OX407 n=5, data pooled from 2 independent experiments, CLP
controls n=9, data pooled from 3 independent experiments, CLP OX40”" n=7, data pooled from 3
independent experiments, CLP Cd44%%*%: n=7, data pooled from 2 independent expeirments.

Values on histograms represent percentages. Normality was tested using Shapiro-Wilk test. Lines on
graphs show meanSD (b, c, d, g, h, i, j, |, m, n, 0) or median (e). Significance was tested using One-
Way ANOVA (b, ¢, d, g h, i, j, I, m, n, o) or Kruskal-Wallis test (e).
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Signalling through OX40 relies on the availability of OX40L and recently published data have shown
that OX40L provision is compartment-specific (Gajdasik et al., 2020). A wide range of immune and
non-immune cells are able to present this molecule, likely reflecting the functional diversity of
0X40:0X40L signalling (Imura et al., 1996; Ohshima et al., 1997; Stuber et al., 1995). Nonetheless,
OX40L expression on APCs, ILC3s and activated T cells has a key role in shaping CD4 T cell responses
(Castellanos et al., 2018; Takasawa et al., 2001). To test the key cellular source of OX40L in the steady
state intestine the Treg cell compartment was assessed in [ltgax“*Ox40F”, RorcOx40/"”f and
Cd40x40F” mice with DC (/tgax®®¥), ILC3/T cell- (Rorc®®) and T cell-specific OX40L ablation
(Cd440%40t) respectively. Components of the microbiota shape the intestinal CD4 T cell compartment
with substantial effects on Treg cell heterogeneity (Al Nabhani et al., 2019; Miragaia et al., 2019).
Therefore, Cre littermates were used as controls where possible (/tgaxOx40/”f and Cd4<Ox40/"
mice) with the aim of limiting microbiota-induced differences. Looking simply at FoxP3 expression in
mucosal CD4 T cells, there appeared to be no clear defect upon DC-specific OX40L deletion, only a
modest drop in SILP Treg cell numbers compared to littermate controls (Fig3.7a-e). These data pointed
to DC OX40L being mostly redundant for intestinal Treg cells. However, reduction in CLP Treg cell
frequency upon Rorc promoter-driven OX40L deletion (Fig3.7f-j) coupled with no such effect on T cell-
specific OX40L ablation (Fig3.7k-o0) indicated at least partial reliance on ILC3 OX40L. This result is in
line with the recent report that systemic Th1 cell responses require DC provision of OX40L but mucosal

Th1 cells rely on ILC3 (Gajdasik et al., 2020).

Interestingly, cells expressing RORyt were enriched in the SILP and CLP Treg cell compartments of mice
lacking OX40L on ILC3 compared to controls but did not change in absolute numbers (Fig3.8),
indicating that RORyt* Treg cells did not require OX40L from ILC3. However, drawing conclusions from
these data is complicated due to the absence of littermate controls of Rorc*Ox40F” mice in these
studies. Therefore, breeding strategies were adapted to yield both Cre* and Cre” mice in this strain. In

addition, OX40L”" animals were generated to test whether the effects observed on OX40 deletion
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Figure 3.8. RORyt" Treg cells are not reliant on ILC3 OX40L provision

The role of ILC3 OX40L provision in normal RORyt* Treg cell frequency and number was assessed in
RorceOx40/"f (Rorc*°*4%) SILP and CLP at steady state.

a) Representative flow cytometry plots gated on CD44" CD4 T cells showing RORyt and FoxP3
expression in control, OX407" and Rorc®“ SILP and CLP. Controls are Cre”" non-littermates.

b-e) Quantification of the proportion (b, d) and total number (c, e) of Treg cells expressing RORyt. SILP
control n=5, data pooled from 2 independent experiments, SILP OX407- n=8, data pooled from 2
independent experiments, SILP Rorc?®* n=10, data pooled from 3 independent experiments, CLP
control and OX407" n=5, data pooled from 2 independent experiments, CLP Rorc*°**° n=7, data pooled
from 2 independent experiments.

Values on flow cytometry plots represent percentage of population in shaded areas of population in
total green areas. Normality was tested using Shapiro-Wilk test. Lines on graphs show meanSD (b, c,
d) or median (e). Significance was tested using One-Way ANOVA (b, c, d) or Kruskal-Wallis test (e).
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Figure 3.9. Modest changes in intestinal Treg cell frequency were absent following prolonged animal
facility closure

Intestinal Treg cells were assessed in control OX40 and OX40L-sufficient, OX40-deficient (OX407) and
OX40L-deficient (OX40L"") mice before and after extended animal facility closure.

a) Representative flow cytometry plots gated on CD4 T cells showing CD44 and FoxP3 expression in
control SILP and CLP prior to and following animal facility closure. Controls are Cre”" littermates of
ItgaXAOX40L RorCAOX4OL and Cd4AOX4OL.

b) Representative flow cytometry plots gated on CD4 T cells showing CD44 and FoxP3 expression in
OX407 SILP and CLP prior to and following animal facility closure, and OX40L” SILP and CLP following
animal facility closure.

c-d) Quantification of the proportion of FoxP3* CD4 T cells prior to and following animal facility closure
in control SILP (c) and CLP (d). SILP pre-closure and CLP post-closure n=17, data pooled from 7
independent experiments, SILP post-closure n=10, data pooled from 5 independent experiments and
CLP pre-closure n=20, data pooled from 8 independent experiments.

e-f) Quantification of the proportion of FoxP3* CD4 T cells prior to animal facility closure in OX407 SILP
and CLP, and following animal facility closure in OX407- CLP and OX40L" SILP and CLP. SILP OX407 pre-
closure n=28, data pooled from 10 independent experiments, SILP OX40L”" post-closure n=5, data
pooled from 4 independent experiments, CLP OX407 pre-closure n=21, data pooled from 8
independent experiments, CLP OX407 post-closure n=2, data from 1 experiment and CLP OX40L" n=7,
data pooled from 5 independent experiments.

g) Representative histograms showing FoxP3 expression in CD44" CD4 T cells in control, OX40L” and
Rorc®% SILP and CLP following animal facility closure. Controls are Cre”" littermates of Rorc2°*4.,

h-i) Quantification of the proportion of FoxP3* CD4 T cells in control, OX40L” and Rorc?®*4° SILP (h)
and CLP (i) following animal facility closure. SILP control n=8, data pooled from 4 independent
experiments, SILP OX40L”" n=4, data pooled from 3 independent experiments, SILP Rorc’°*** n=10,
data pooled from 4 independent experiments, CLP control n=12, data pooled from 5 independent
experiments, CLP OX40L"" n=6, data pooled from 4 independent experiments and CLP Rorc®®“% n=12,
data pooled from 5 independent experiments.

Values on flow cytometry plots and histograms represent percentages. Normality was tested using
Shapiro-Wilk test. Lines on graphs show meanzSD (e, h, i) or median (c, d, f). Significance was tested
using unpaired t test (e), Mann-Whitney U test (c, d, f) or One-Way ANOVA (h, i).
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were specifically due to a lack of 0X40:0X40L interaction, not an as yet unidentified mechanism. As
new mouse strains were established the facility housing these animal colonies shut and would not
reopen for several months due to the COVID-19 pandemic. Surprisingly, comparison of intestinal Treg
cell populations in control and OX407" or OX40L”" mice prior to and following this closure (Fig3.9a-b)
revealed a shift in the mucosal Treg cell compartment as Treg cell proportion increased specifically in
0OX40- and OX40L-deficient mice (Fig3.9c-f). The modest but significant reduction in intestinal Treg
cells of Rorc*Ox40F”f mice observed prior to closure was also no longer evident (Fig3.9g-i) providing
further evidence of a change in mucosal Treg cell OX40 reliance. In the absence of sufficiently
sophisticated models that could aid the study of intestinal Treg cell OX40L reliance these investigations

were stopped, and further studies focused on mucosal CD4 T cell responses to pathogens.

3.5.2 Colonic pathogen clearance is impaired in the absence of 0X40

Unlike Treg cells, murine effector T cells express OX40 only transiently following activation (Vu et al.,
2007). The unperturbed intestinal RORyt*FoxP3 CD4 T cell compartment of OX407" mice (Fig3.6) may
not reflect a lack of reliance on OX40 signalling and could instead have resulted from these analyses
not capturing an active type 3 CD4 T cell response. Therefore, a model that induces a large intestinal

Th17 cell-dominated response was included in further studies (Fig3.10a).

C.rodentium is a widely used experimental tool as it is a natural mouse pathogen with characteristics
similar to those of enteropathogenic and enterohaemorrhagic E.coli (Petty et al., 2010). Oral
C.rodentium administration results in colonisation of the large intestinal mucosa (Wiles et al., 2005)
and has several features that make it a useful mucosal Th17 cell model. First, evident from assessment
of IL-17A expression in CLP CD4 T cells from control and infected mice (Fig3.10b), the infection
precipitates a Th17 cell-dominated response. In addition to the large increase in both the proportion
and total number of CD4 T cells producing this cytokine (Fig3.10c-d), Th17 cell induction was further

supported by the expansion of CD4 T cells showing a history of IL-17A expression in //17a“*Rosa26R
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Figure 3.10. C.rodentium infection elicits a Th17 cell-dominated colonic immune response

The C.rodentium infection model enables the assessment of a de novo generated colonic Th17 cell
response.

a) Schematic representation of the experimental model. C.rodentium gavage results in colonisation of
the large intestinal mucosa, identifiable by day 6-8 (D6-8) from faecal bacterial burden, and enables
the assessment of a Th17 cell immune response showing the characteristic Th17-IFNy* exTh17 cell
switch, and the tracking of bacterial clearance from faecal bacterial burden.

b) Representative flow cytometry plots illustrating the gating strategy to identify CD4 T cells, and
showing IL-17A and tdRFP expression in I/17a“*Rosa26'" CLP with no infection (control) or on D14
of C.rodentium infection.

c-d) Quantification of the proportion (c) and total number (d) of CD4 T cells producing IL-17A in
1117a*Rosa26' P CLP with no infection (control) or on D14 of C.rodentium infection. Control n=6,
data pooled from 2 independent experiments, D14 n=8, data pooled from 3 independent experiments.

e-f) Quantification of the proportion (e) and total number (f) of CD4 T cells expressing tdRFP in
1117a*Rosa26™ " CLP with no infection (control) or on D14 of C.rodentium infection. Control n=14,
data pooled from 5 independent experiments, D14 n=8, data pooled from 3 independent experiments.

g) Bacterial burden shown as colony forming units per gram of faeces (CFU/g) of successfully colonised
1117a*Rosa26'"FP mice up to D28 of the infection. D7, D14, D28 n=6, data from 1 experiment, D17,
D21 n=5, data from 1 experiment.

Values on flow cytometry plots represent percentages. Normality was tested using Shapiro-Wilk test.
Lines on graphs show meanSD (c, e, f) or median (d). Significance was tested using unpaired t test (c,
e, f) or Mann-Whitney U test (d). Datapoints show median+95%Cl (g).
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CLP (Fig3.10e-f). Further increasing this system’s appeal as a mucosal Th17 cell model, C.rodentium-
induced Th17 cells show a high degree plasticity towards a Thl-like exTh17 cell state, unlike those
induced by commensal microbes (Omenetti et al., 2019). The observation that CD4 T cells with a
history of IL-17A expression but no active cytokine production (IL-17AtdRFP*) were present at a high
frequency (nearly a quarter of all CD4 T cells) in CLP harvested from infected mice (Fig3.10b) was
consistent with this differentiation process occurring in mouse colonies used in these investigations
following C.rodentium colonisation. Finally, quantification of faecal bacterial burden, a measure of the
amounts of bacteria shed into the intestinal lumen, allowed tracking of colonisation and bacterial

clearance (Fig3.10g). These, in turn, served as key functional readouts of the immune response.

As reported earlier, there was no evidence of any OX40 ablation-related defect in the accumulation
of Th17 cells present in the intestine at steady state (Fig3.6). However, to account for transient OX40
expression on newly induced Th17 cells, | sought to further assess OX40:0X40L reliance in the
C.rodnetium infection model. Preliminary studies suggested that there may have been a delay in
C.rodentium clearance. Interestingly, neither DC- nor ILC3/T cell-specific deletion phenocopied this
observation (Fig3.11a-b). However, further repeats with larger sample sizes would be desirable to
confirm these results. In addition, tracking faecal bacterial burden did not reveal whether potential
defects in CD4 T cell cytokine production or other immune functions were behind the impairment in
C.rodentium clearance. Great/Smart-17a mice that report IFNy and IL-17A production by co-
expression of enhanced yellow fluorescent protein (eYFP) and human nerve growth factor receptor
(hNGFR), respectively (Price et al., 2012; Reinhardt et al., 2009), enabled assessment of cytokine
production in the absence of ex vivo manipulation (Fig3.11c). These dual reporter mice were therefore
crossed with control, Itgax“Ox40/f and CD30/0X40 double knockout (DKO) mice and infected with
C.rodentium. Expression of eYFP and hNGFR induced by C.rodentium colonisation was assessed to test
infection-induced cytokine expression (Fig3.11d). Roughly 2 weeks following infection IL-17A and IFNy
production in control animals was found to be largely limited to the effector site (Fig3.11e-p). In
addition, the CLP of these animals showed very limited CD4 T cell populations reporting IL-17A
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Figure 3.11. OX40:0X40L interactions support bacterial clearance through an unknown mechanism

Mice lacking OX40L (OX40L”) or CD30 and OX40 (CD30/0X40 double knockout, DKO), and mice
deleting OX40L on DC (/tgax®°*#t) or T cells and ILC3 (Rorc29%%) were assessed to test the requirement
for OX40:0X40L interactions in mounting appropriate responses to C.rodentium infection.
Great/Smart-17a mice used enabled detection of IL-17A and IFNy production without the need for ex
vivo restimulation with OMA and ionomycin.

a) Bacterial burden shown as colony forming units per gram of faeces (CFU/g) of successfully colonised
control, OX40L”" and Itgax®®**® mice up to D28 of the infection. Controls are Cre”" littermates of
Itgax®9%4%t D7 control and D7 /tgax“?*® n=9, D14 control n=8, D21 and D28 control n=10, D7, D21,
D28 OX40L"", and D14 /tgax*®*° n=6, D14 OX40L” n=4, D21 and D28 /tgax*®***: n=11. All data from 1
experiment.

b) Bacterial burden shown as colony forming units per gram of faeces (CFU/g) of successfully colonised
control, OX40L”" and Rorc®®® mice up to D30 of the infection. Controls are Cre”" littermates of
Rorc2°¥ D7, D21, D30 control and D21 OX40L7 n=7, D14 control n=6, D7 and D30 OX40L"" n=8, D14
OX40L” n=5, D7, D14, D21 and D30 Rorc?°*¥® n=4. All data from 1 experiment.

c¢) Schematic representation of IFNy and IL-17A detection in Great/Smart-17a mice. Cells co-express
IL-17A with the cell surface protein human nerve growth factor receptor (hNGFR) and IFNy with
enhanced yellow fluorescent protein (eYFP).

d) Representative flow cytometry plots showing hNGFR and eYFP expression in CD44" CD4 T cells in
Great/Smart-17a x control, DKO and /tgax®®**® mLN and CLP on D12-14 of C.rodentium infection.

e-h) Quantification of the proportion and total number of CD44" CD4 T cells expressing hNGFR but no
eYFP in control, DKO and /tgax®®*° mLN (e, f) and CLP (g, h) on D12-14 of C.rodentium infection.
Control n=8, data pooled from 3 independent experiments, DKO n=3, data pooled from 2 independent
experiments and /ltgax??¥% n=10, data pooled from 3 independent experiments.

i-1) Quantification of the proportion and total number of CD44" CD4 T cells expressing both hNGFR
and eYFP in control, DKO and /tgax®®**°t mLN (i, j) and CLP (k, |) on D12-14 of C.rodentium infection.
Control n=8, data pooled from 3 independent experiments, DKO n=3, data pooled from 2 independent
experiments and ltgax“*® n=10, data pooled from 3 independent experiments.

m-p) Quantification of the proportion and total number of CD44" CD4 T cells expressing eYFP but no
hNGFR in control, DKO and Itgax*°**. mLN (m, n) and CLP (o, p) on D12-14 of C.rodentium infection.
Control n=8, data pooled from 3 independent experiments, DKO n=3, data pooled from 2 independent
experiments and /Itgax®®* n=10, data pooled from 3 independent experiments.

Values on flow cytometry plots represent percentages. Normality was tested using Shapiro-Wilk test.
Bars show median+95%Cl (a, b). Lines on graphs show mean+SD (e, o) or median (f, g, h, i, j, k, |, m, n,
p). Significance was tested using One-Way ANOVA (e, o) or Kruskal-Wallis test (a, b, f, g, h, i, j, k, |, m,
n, p).
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expression (Fig3.11g,k) and an accumulation of cells reporting IFNy (Fig3.110). This could point to the
presence of a large IFNy* exTh17 cell population, however, in the absence of IL-17A fate mapping the
induction of Th1 cells cannot be excluded. The lack of significant defects in cytokine production in total
0X40 and conditional OX40L knockout mice suggested that either a larger sample size is required to
resolve differences or that impairment of C.rodentium control was caused by mechanisms unrelated
to IL-17A and IFNy production. Furthermore, it is clear that C.rodentium infection-induced IL-17A
reporting by hNGFR expression (Fig3.11) was 5-7-fold lower than IL-17A expression following ex vivo
restimulation (Fig3.10). While it is possible that hNGFR staining efficiency is low it must also be noted
that ex vivo manipulation could force cells that would not produce IL-17A under physiological

conditions to express the cytokine, therefore overestimating population size.

In summary, preliminary experiments investigating the contribution of OX40 signals to Th17/Treg cell
persistence and function indicated limited but clear effects on Treg cell and a potential impact on IFNy*

exTh17 cell differentiation.

3.6 PATHOGEN INVASION DOES NOT TRIGGER INTESTINAL LAMINA PROPRIA TREG-TO-TH17

CELL CONVERSION

As previously reported, the steady state intestinal lamina propria was found to harbour only a minimal
population of Th17 cells with a history of Treg cell master TF FoxP3 expression. However, Treg cell
acquisition of Th17 cell characteristics and full conversion into ‘exTreg’ Th17 cells has been reported
mainly in inflammatory microenvironments associated with the development of pathology
(Hovhannisyan et al., 2011; Komatsu et al., 2014; Massoud et al., 2016). Therefore, | sought to test the
hypothesis that Treg-to-Th17 cell conversion occurs more readily following C.rodentium infection than
at steady state. Using the FoxP3¢¢fP-CeERT2Aj14 mice the tamoxifen-dosing schedule was modified to
include C.rodentium infection without affecting the resting period between tamoxifen treatment and

assessment of cytokine production (Fig3.12a). This system was used to test whether an inflammatory
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Figure 3.12. C.rodentium infection increases mLN and CLP cell turnover

Foxp3¢CFP-CretRT2ZA114 mice inoculated with C.rodentium enabled assessment of pathogen-induced
changes in FoxP3 expression history in mLN and CLP.

a) Schematic representation of experimental design.

b) Representative histograms gated on CD44" CD4 T cells showing tdRFP expression in mLN and CLP
on D14 following gavage with PBS (control) or C.rodentium (D14).

c-f) Quantification of the proportion and total number of tdRFP* CD44" CD4 T cells in mLN (c, d) and
CLP (e, f) on D14 following gavage with PBS or C.rodentium. Control mLN and CLP n=4, D14 mLN and
CLP n=6. All data from 1 experiment.

Values on histograms represent percentages. Normality was tested using Shapiro-Wilk test. Lines on
graphs show meanSD (c, e, f) or median (d). Significance was tested using unpaired t test (c, e, f) or
Mann-Whitney U test (d).
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stimulus could push lamina propria Treg cells to differentiate into Th17 cells, losing FoxP3 expression
in the process. Infection appeared to induce increased CD44" CD4 T cell turnover in both the CLP and
mLN, as evidenced by the reduction in the proportion but not total number of cells fate reporting
FoxP3 expression (Fig3.12b-f). Importantly, these data were not directly comparable to those reported
at steady state. The parent populations differed in the mLN due to the inclusion of CD44 staining in
the C.rodentium infection studies. Further assessing populations defined by IL-17A and FoxP3
expression (Fig3.13a) identified clear differences only in the CLP and not in the CLP-draining mLN
(Fig3.13b-m). The reduction of proportion but not number of IL-17A" Treg cells (Fig3.13d-e) and
concurrent increase of both the proportion and number of Th17 cells (Fig3.131-m) suggested that CLP
Treg cells were fairly stable with an influx of Th17 cells responsible for their decreased frequency.
However, changes in the Treg cell compartment became evident on assessment of tdTomato
expression (Fig3.13n-z). The 2-4-fold decrease in the frequency of FoxP3 fate reporting in Treg cell
populations compared to uninfected controls pointed to an increase in CLP Treg cell turnover
following infection (Fig3.13q,u). The decrease in the number of tdTomato*IL-17A" Treg cells in the CLP
(Fig3.13r) raised the possibility that these cells acquired IL-17A following infection, although this was
not supported by the lack of change in the number of tdTomato*IL-17A* Treg cells (Fig3.13v).
C.rodentium triggered a drop in the frequency but not number of CLP Th17 cells fate reporting FoxP3
expression (Fig3.13y-z) suggesting that newly generated pathogen-responsive Th17 cells did not go
through a FoxP3* stage during their differentiation. Given the context of an inflammatory response
this was unsurprising. Changes in the mLN Treg and Th17 cell compartment were modest but largely
followed the patterns observed in the CLP (Fig3.130-p,s-t,w-x). In summary, these data revealed no
evidence to support the hypothesis that Treg cell conversion to Th17 cells forms part of the response

to C.rodentium infection.
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Figure 3.13. C.rodentium infection increases Treg cell turnover but not Treg-toTh17 cell conversion

Foxp3¢CFP-CretRT2ZA114 mice inoculated with C.rodentium enabled assessment of pathogen-induced
Treg-to-Th17 cell conversion.

a) Representative flow cytometry plots gated on CD44" CD4 T cells showing IL-17A and FoxP3
expression following ex vivo restimulation with PMA and ionomycin and identification of Th17, IL-17A*
Treg and IL-17A" Treg cell populations in mLN and CLP on D14 following gavage with PBS (control) or
C.rodentium (D14).

b-m) Quantification of the proportion and total number of the populations identified in (a) within the
parent populationin mLN (b, ¢, f, g, j, k) and CLP (d, e, h, i, |, m) on D14 following gavage with PBS or
C.rodentium. Control mLN and CLP n=4, D14 mLN and CLP n=6. All data from 1 experiment.

n) Representative histograms showing tdRFP expression in the populations identified in (a) in mLN and
CLP on D14 following gavage with PBS or C.rodentium.

0-z) Quantification of the proportion of tdRFP* cells within the populations identified in (a) in mLN (o,
p,s,t,w,x)and CLP (q, r, u,v,v, z) on D14 following gavage with PBS or C.rodentium. Control mLN and
CLP n=4, D14 mLN and CLP n=6. All data from 1 experiment.

Values on flow cytometry plots and histograms represent percentages. Normality was tested using
Shapiro-Wilk test. Lines on graphs show meantSD (c, e, f, g, h,j, k, m,0,q,r,s,t,u,v,w, XY, z) or
median (b, d, i, |, p). Significance was tested using unpaired t test (c, e, f, g, h,j, k, m,0,q,1,5,t, U, V,
w, X, Y, z) or Mann-Whitney U test (b, d, i, |, p).
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3.7 SUMMARY

The characterisation of mucosal and systemic CD4 T cell populations presented here has shown that,
in line with published data, RORyt" cells accumulate in mucosal and mucosal-draining sites with limited
systemic presence. This could point to Th17 cell enrichment at these sites. As expected based on
published literature, IL-17A-producing cells were found at a higher frequency in the small intestine
than in the colon. Interestingly, this observation was made despite both these mucosal barrier sites
having the same frequency of RORyt* CD4 T cells. Potentially underlying these observations, microbes
known to be potent inducers of homeostatic Th17 cells, such as SFB, reside in the distal small intestine
but are not found in the colon (lvanov et al., 2009). The limited colonic CD4 T cell IL-17A production
but abundant RORyt expression observed could be explained by several reported observations. RORyt
expression in activated CD4 T cells does not solely mark Th17 cells but has also been described in
mucosal pTreg cells (Ohnmacht et al.,, 2015; Sefik et al., 2015) with important roles in aiding
suppressive capacity (Bhaumik et al., 2021). Therefore, it is likely that not all RORyt* CD44" CD4 T cells
identified in the intestinal mucosa, and especially in the CLP were Th17 cells. In addition, colonic Th17
cells may not produce large amounts of IL-17A at steady state and, given their comparatively low
stability (Mukasa et al., 2010), could give rise to alternative CD4 T cell subsets. Relying on IL-17A fate
mapping to specifically address the issue of Th17 cell stability and plasticity, IFNy* Th1-like cells with a
history of IL-17A expression were identified not only in the colon but also in the small intestine. The
presence of Thl-like exTh17 cells in the small intestine contradicts published literature as homeostatic
Th17 cells in this location, especially populations induced by SFB, are thought to show a lower
predisposition towards acquisition of alternative effector programmes (Omenetti et al., 2019). The
SFB colonisation state of animals used in these investigations is unknown, but should SFB be absent in
the animal facility or in specific mouse colonies results presented here may not fully recapitulate other
reported observations (lvanov et al., 2009). Future assessment of SFB colonisation, and the
composition of the animals’ intestinal flora generally, would be of great interest and benefit the
interpretation of these results. Nonetheless, the data presented in this chapter demonstrate that
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IFNy* exTh17 cells may play important roles in the maintenance of mucosal homeostasis. The precise
role these cells play at steady state must be explored, especially given that IFNy producing cells of a
Th17 cell origin are currently predominantly associated with diseases making them targets of

therapeutic interventions (Annunziato et al., 2007; Bilal et al., 2018; Langowski et al., 2006).

Further to identifying Th1 cell-like exTh17 cells, a microenvironment-specific link between mucosal
Th17 and Treg cell populations and functions was also observed. Even though cytokine expression was
found to be minimal in the colon at steady state the data presented here identified Treg cells fate
reporting IL-17A production at a higher frequency in the colon than in the small intestine. As previously
mentioned, RORyt and other Th17 cell-associated TFs are often co-expressed with FoxP3 in mucosal
Treg cells, but this is only reported to be associated with IL-17A production during pathogen invasion.
There, it is unclear whether this has a protective role or merely represents a dysregulation of the Th17
cell programme (Remedios et al., 2018). Interestingly, the Treg cells identified in this work with a
history of IL-17A production appeared to possess intermediate Th17 cell-like characteristics, including
IL-17A production, raising the possibility that | was observing Th17/Treg cell conversion at steady
state. However, the models used were not able to resolve the direction of this conversion. Turning to
FoxP3 fate reporter mice to further probe the link between intestinal Th17 and Treg cells provided no
evidence, at steady state or during infection, that Treg cells give rise to large populations of Th17 cells.
Interestingly, these data did somewhat unexpectedly suggest that the inflammation triggered by
pathogen invasion resulted in not just Th17 but also Treg cell population expansion. A potential
explanation is that C.rodentium-driven Treg cell induction serves to generate a pool of cells poised to
control Th17 cell-mediated inflammation and limit tissue damage. Importantly, such activity must be
inhibited until the infection is contained and mechanisms that limit FoxP3-mediated suppression in
inflammatory microenvironments have been proposed (van Loosdregt et al., 2013). On the other
hand, an apparent increase in Treg cell induction could also be the result of FoxP3 expression by
effector T cells, a phenomenon observed under inflammatory conditions but not associated with

suppressive function (Tran et al., 2007). A possible interpretation of these data is Th17 cells could give
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rise to Treg cells, but intestinal Treg cells are a stable population that do not lose FoxP3 expression
even during pathogen invasion or when Th17 cell-associated effector functions are activated. In fact,
Treg-to-Th17 cell conversion is mostly linked with pathology (Komatsu et al., 2014; Massoud et al.,
2016) but Treg cell acquisition of Th17 cell functions and Th17-to-Treg cell differentiation can have
both beneficial and detrimental effects. Thl7 cell transdifferentiation into Treg cells is key to
resolution of acute inflammation and return to homeostasis (Gagliani et al., 2015). However, the same
process also contributes to disease progression in models of ovarian cancer (Downs-Canner et al.,
2017). Moreover, an increase in IL-17A-producing Treg cell numbers is associated with a multitude of
autoimmune and inflammatory conditions affecting a range of barrier sites (Hovhannisyan et al., 2011;
Remedios et al., 2018). Importantly, the work presented in this chapter focused on the mucosal lamina
propria. However, a microbiota-dependent physiological conversion of Treg cells into effector subsets
was described in healthy mice but only in cell populations that entered the intestinal epithelium
(Sujino et al., 2016). Therefore, all conclusions drawn are limited to lamina propria CD4 T cells and it
is conceivable that my analyses simply missed ‘exTreg’ Th17 cells. Inclusion of the intraepithelial
lymphocyte (IEL) compartment would be beneficial in future studies. Nonetheless, these data show
that Treg cells producing IL-17A are present in the intestinal mucosa in the absence of pathology,
suggesting that, much like the IFNy* exTh17 cell population, IL-17A* Treg cells may have unappreciated

roles in barrier maintenance at steady state.

The clear differences observed between colonic and small intestinal Th17 and Treg cell populations
prompted assessment of potential mechanisms controlling CD4 T cell fate. Following previous work
from showing that OX40L provision is highly compartment-specific (Gajdasik et al., 2020), and given
the importance of but lack of clarity on the role of the OX40:0X40L pathway in Treg and Th17 cell
regulation | hypothesised that microenvironment-specific OX40 activation partially accounts for the
observed differences. Interestingly, even though the absence of OX40L was found to impair the

control of mucosal C.rodentium infection studies presented here did not link the defect to a specific
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cellular source of OX40L or to aberrant Th17 or exTh17/Th1 cell function. However, this work suffered

from a small sample size and the inclusion of further repeats and datapoints would be beneficial.

An OX40-dependent mucosal Treg cell subpopulation that likely relied on ILC3 for OX40L provision was
identified in the absence of infection, in line with reported data on the costimulatory requirements of
mucosal CD4 T cell responses (Gajdasik et al., 2020). However, prolonged closure of the facility housing
these animal colonies resulted in a loss of this phenotype. These changes could potentially have been
caused by modifications in the composition of the Treg cell compartment with subpopulations reliant
on 0X40 for normal frequency and numbers absent or diminished. The microbiota has profound
effects on shaping the mucosal and systemic immune compartments. Therefore, it is possible that that
during facility closure changes in animal husbandry, such as feed composition or staff shift patterns,
impacted the mucosal CD4 T cell compartment through modulation of the microbiota or

environmental signals (Franklin & Ericsson, 2017).

Given that the reduction in FoxP3* activated CD4 T cells in the absence of OX40 was small even when
observed, teasing apart the exact mechanisms involved in the small proportion of intestinal Treg cells
that did rely on OX40 likely requires more detailed analyses than our models allowed. Helicobacter
hepaticus is a pathobiont that can induce both pathogenic Th17 and pTreg cells. Murine T cells
responding to H.hepaticus can be identified with the aid of a peptide:MHCIl complex (Xu et al., 2018)
providing a tractable model of commensal-induced Th17 and pTreg cell responses. Future work could
focus specifically on Th17/pTreg cell homeostasis and the role OX40 signalling plays in this process by

employing this colonisation model.

In summary, the data presented in this chapter confirm that | was able to identify mucosal Th17 cell
populations and, as established by others, found them predominantly in the small intestine at steady
state. Moreover, | have shown how the IL-17A ‘fate mapper’ mouse enables assessment for Th17 cell
plasticity and differentiation into alternative CD4 T cell subsets. Using this model, Th17 cell conversion

into both pro-inflammatory and regulatory populations was observed. However, results presented
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here indicated that Treg cell differentiation into ‘exTreg’ Th17 cells is far less prevalent. Furthermore,
my assessment of cell fate decision regulation did not reveal a specific role for the 0X40:0X40L

pathway and if this mechanism is involved, it would appear to play a subtle role.
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CHAPTER 4: TRANSCRIPTIONAL REGULATION OF TH17 CELL FATE AND

IDENTITY

4.1 INTRODUCTION

Naive CD4 T cells primed by cognate antigen presentation differentiate into distinct lineages dictated
by defined polarising cytokine cocktails derived from APCs (Harrington et al., 2005; Mosmann et al.,
1986). Primed CD4 T cells activate genetic programmes driven by lineage-defining ‘master’ TFs,
resulting in modular acquisition of functional properties, such as cytokine, chemokine and chemokine
receptor expression (Fu et al., 2004; lvanov et al., 2006; Nurieva et al., 2009; Szabo et al., 2000; X. O.
Yang, B. P. Pappu, et al., 2008; Zhang et al., 1997; Zheng & Flavell, 1997; J. Zhu et al., 2010).
Importantly, unlike initially thought, activated CD4 T cells are not terminally differentiated but instead
exhibit considerable functional plasticity in response to environmental changes (Gagliani et al., 2015;

Hirota et al., 2011; Hirota et al., 2013; Voo et al., 2009).

The presence of certain microbial species, along with sensing of cells undergoing apoptosis in the
context of an infection, triggers DC expression of IL-6 and TGF-B (Ivanov et al., 2009; Torchinsky et al.,
2009). When activated in the presence of these cytokines, CD4 T cells turn on the expression of the
Th17 lineage-defining ‘master’ TF RORyt in a STAT3 and IL-21-dependent manner (lvanov et al., 2006;
Lee et al., 2009; Mangan et al., 2006; Veldhoen et al., 2006). A further ROR family TF, RORa, was
reported to have a minor role in Th17 development (X. O. Yang, B. P. Pappu, et al., 2008). RORyt* Th17
cells produce IL-17 family cytokines and, to a lesser extent at steady state, IL-22 (Liang et al., 2006).
Homeostatic Th17 cell-derived effector molecules act on epithelial cells promoting barrier integrity
directly by enhancing tight junction formation and indirectly by driving antimicrobial peptide
production (Lee et al., 2015; Liang et al., 2006). Thus, these cells orchestrate control of microbial
proliferation and are crucial to supporting commensalism. An absence of Th17 cells or their effector

molecules leads to dysbiosis and increased susceptibility to pathogen invasion (Milner et al., 2008;
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Okada et al., 2015). However, antigen-experienced Th17 cells resident in the mucosa do not
necessarily maintain their characteristic cytokine profile. Instead, these cells show a high degree of
plasticity and are poised to acquire alternative effector programmes following environmental cues.
Triggers exist in multiple forms and can result in both transient phenotypic changes and permanent
differentiation. CD4 T cells can co-express IL-17 and the suppressive cytokine IL-10, and, following
inflammatory responses, Th17 cells can transdifferentiate into suppressive pTreg cells, a process
thought to limit tissue damage (Gagliani et al., 2015; McGeachy et al., 2007). Differentiation into Tfh
is possibly required to aid mucosal antibody responses (Hirota et al., 2013). Moreover, Th17 cells can
also acquire Th2- and Thl cell-like properties. CD4 T cell populations with mixed Th17 and Th2
characteristics in the lung are linked to allergic asthma although whether they are derived from Th17
or Th2 cells is unclear (Irvin et al., 2014; Wang et al., 2010). The fact that Th17 cells generated in vitro
rapidly switch IL-17 production for the type 2 cytokine IL-4 in response to parasitic infections suggests
that Th17-to-Th2 cell differentiation is possible (Panzer et al., 2012). Further supporting this
hypothesis, skin-resident IL-17-producing CD8 T cells respond to epithelial damage by transient
acquisition of a type 2 effector programme (Harrison et al., 2019). Th17 cell polarisation towards a
Th1-like phenotype, driven by IL-23 signalling (Lee et al., 2009; McGeachy et al., 2009), on the other
hand, is better-defined and known to occur in response to extracellular pathogen invasion (Omenetti
et al.,, 2019). This extensive plasticity enables rapid functional adaptation to changing
microenvironments and is therefore crucial to protection against infection and resolution of
inflammation-induced tissue damage. However, the same process can become a key contributor to
pathology if it escapes appropriate regulation and FoxP3* Treg cell-mediated suppression (Bishu, El
Zaatari, et al., 2019; Downs-Canner et al., 2017; Dutzan et al., 2018; Wang et al., 2010). Cells on the
Th17/Thi-like exThl7 spectrum, specifically, have long been linked to autoimmune and
autoinflammatory pathology. At the mucosa, Th17 cells producing the type 1 cytokines IFNy and TNFa
are associated with inflammatory bowel disease and Crohn’s disease pathogenesis (Bishu, El Zaatari,

et al,, 2019; Lee et al., 2009). Moreover, even though Th17 cells are mostly restricted to barrier sites
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in health, they can also promote disease at distinct anatomical locations. Th17 cells drive central
nervous system inflammation and promote pathogenesis in animal models of multiple sclerosis.
Importantly, although IL-17A-producing Th17 cells are capable of driving disease (Ferber et al., 1996),
IL-23 signalling and acquisition of Th1-like functions are heavily implicated (Bettelli et al., 2004; Duhen
et al., 2013; Hirota et al., 2011). Similarly, full conversion of Th17 into Th1-like exTh17 cells is required

for the development of diabetes in some mouse models of the disease (Martin-Orozco et al., 2009).

Type 1 functions, such as IFNy expression are associated with the master TF T-bet (Szabo et al., 2000),
driven by IL-12 and STAT4 signalling (Thierfelder et al., 1996). Even though Th17 cells develop as an
independent CD4 T cell lineage, certain populations maintain their responsiveness to polarising
signals, such as IL-23 and IL-12, and can be pushed to co-express STAT3 and STAT4, resulting in a
RORyt/T-bet double positive state with mixed Th17/Th1 cell characteristics or even a complete loss of
type 3 TFs and function (Annunziato et al., 2007; Harrington et al., 2005; Hirota et al., 2011; Lee et al.,
2009). Interestingly, however, Thl-like exTh17 cell-associated pathology is not always IL-12-driven
(Becher et al., 2002; Zhang et al., 2003) and shows varied dependence on T-bet (Bettelli et al., 2004,
Duhen et al.,, 2013). Moreover, Th17 cells can acquire Thil-like cytokine expression even in the
complete absence of this Th1 cell TF (Duhen et al., 2013). Overall, this indicates that the transcriptional
networks governing Th1-like exTh17 cell differentiation remain incompletely understood and are likely

tissue and context dependent.

The extensive links between Th17 cell plasticity and pathology make IFNy/TNFa* Th17 and Thi-like
exTh17 cells highly desirable targets of therapeutic interventions. Specifically targeting Th17 cell TFs
has been considered. Surprisingly, blocking RORyt function affected Th17 cells but failed to impair ILC3
function (Withers et al., 2016). Given that ILC3 are the innate counterpart to Th17 cells and are also
reliant on RORyt, this observation highlighted the need to consider not only the effect master TFs have
on lineage development but also the role their continued expression plays in supporting function.

Further complicating the study of this field is the scale of Th17 cell functional and phenotypic
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heterogeneity with all stages of the Th17/exTh17 spectrum observed in healthy animals, as shown in
the previous chapter. | therefore set out to establish better tools that enable analysis of Thl-like
exTh1l7 cell differentiation. The work presented in this chapter aimed to define the post-
developmental requirement for Th17 and Thl cell associated TF expression and characterise mouse

models to be used as tools to better understand exTh17 cell differentiation.

4.2 PHENOTYPING OF C.RODENTIUM-INDUCED TH17 CELLS POINTS TO GRADUAL LOSS OF

TH17 AND ACQUISITON OF TH1 CELL-ASSOCIATED FUNCTIONS

C.rodentium infection is a well-established and well-characterised animal model of mucosal infection.
Much like enterohaemorrhagic and enteropathogenic E.coli, C.rodentium forms attaching/effacing
lesions in the large intestinal mucosal (Petty et al., 2010). The resulting epithelial damage triggers Th17
cell responses that, importantly, show a predisposition towards acquisition of Th1 cell-like properties
(Higgins et al., 1999; Omenetti et al., 2019). This acquisition of type 1 functions is crucial to the anti-
C.rodentium response with bacterial control impaired in its absence (Mangan et al., 2006; Shiomi et
al., 2010). Colonisation by the pathogen is detectable by day 4 of the infection, reaching its peak
around one week after inoculation. Gradual clearance follows from the second week (Wiles et al.,
2004; Wiles et al., 2006). Bacterial clearance and protection are eventually mediated by IgG responses

together with microbes found in the normal flora (Kamada et al., 2012; Kamada et al., 2015).

To study pathogen-induced Th17 and Th1l cell-like responses | assessed IL-17A and IFNy production
following ex vivo restimulation in CLP CD4 T cells (Fgi4.1a-b). Assessing cytokine-producing cells 2
weeks after inoculation revealed a significant increase in the proportion of IL-17A*IFNy” Th17 cells
compared to steady state controls that translated into a near-30-fold increase in the number of these
cells. Interestingly, IL-17A*IFNy* double positive CD4 T cell populations also appeared and IL-17A'IFNy*
CD4 T cells expanded in numbers (Figd.1c-h). These data raised the possibility that Th1 cells were also
induced. Combining the infection model with fate mapping of //17a expression enables assessment of

the contribution of Th17 cells to the Thl-like CD4 T cell pool. As expected based on cytokine
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Figure 4.1. C.rodentium infection induces colonic Thl7 cells that acquire Thl cell-like effector
functions

Cytokine production was assessed in the absence of infection and following C.rodentium colonisation
in CLP CD4 T cells of I/117a“®Rosa26"" |L-17A fate mapper mice.

a) Representative flow cytometry plots illustrating gating strategy to identify CD4 T cells in CLP.

b) Representative flow cytometry plots showing IL-17A and IFNy expression in CD4 T cells in CLP of
mice with no infection (steady state) and on D14 of C.rodentium infection following ex vivo
restimulation with PMA and lonomycin.

c-h) Quantification of the proportion (c-e) and total number (f-h) of CD4 T cells expressing IL-17A only
(IL-17A*IFNy’), both IL-17A and IFNy (IL-17A*IFNy*) or IFNy only (IL-17AFNy*) in the CLP of mice at
steady state and on D14 of C.rodentium infection. Steady state n=5, data pooled from 2 independent
experiments, D14 n=8, data pooled from 3 independent experiments.

i) Representative histograms showing tdRFP expression in CD4 T cells in the CLP of mice with no
infection or on D14 following C.rodentium inoculation.

j-k) Quantification of the proportion (j) and total number (k) of tdRFP* CD4 T cells in the CLP of mice
at steady state or on D14 following C.rodentium inoculation. Steady state n=5, data pooled from 2
independent experiments, D14 n=8, data pooled from 3 independent experiments.

1) Representative flow cytometry plots gated on tdRFP* CD4 T cells showing IL-17A and IFNy expression
in CLP of mice at steady state and on D14 of C.rodentium infection following ex vivo restimulation with
PMA and lonomycin.

m-r) Quantification of the proportion (m-o0) and total number (p-r) of tdRFP* CD4 T cells expressing IL-
17A only (IL-17A*IFNy’), both IL-17A and IFNy (IL-17A*IFNy*) or IFNy only (IL-17A'IFNy*) in the CLP of
mice at steady state and on D14 of C.rodentium infection. Steady state n=5, data pooled from 2
independent experiments, D14 n=8, data pooled from 3 independent experiments.

Values on flow cytometry plots and histograms represent percentages. Normality was tested using
Shapiro-Wilk test. Lines on graphs show mean+SD (c, e, j) or median (d, f, g, h, kK, m, n, o, p, q, r).
Significance was tested using unpaired t test (c, e, j) or Mann-Whitney U test (d, f, g, h, k, m, n, 0, p, q,

r).
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production data, the frequency of CLP CD4 T cells with a history of //17a expression (tdRFP*) increased
20-fold with an even larger expansion in their numbers following C.rodentium infection (Fig4.1li-k).
Interestingly, assessment of IL-17A and IFNy production within the fate mapped population (Fig4.1l)
revealed an infection-induced drop in the proportion of tdRFP* CD4 T cells producing IL-17A (Fig4.1m)
and an increase in cells making both IL-17A and IFNy, and possibly cells producing IFNy only (Fig4.1n-
o). However, further repeats would be needed to account for the large degree of variability. The total
number of all three tdRFP* CD4 T cell populations defined by IL-17A and IFNy expression increased

(Figd.1p-r), consistent with overall expansion of the colonic CD4 and tdRFP* CD4 T cell pools.

Murine and human Th17 cells produce further type 3 (Th17 cell-associated) and type 1 (Th1l cell-
associated) cytokines. IL-17F is another well-characterised IL-17 family cytokine closely related to IL-
17A. The two effector molecules have both overlapping and individual roles in mucosal barrier
protection and the orchestration of inflammation (X. O. Yang, S. H. Chang, et al., 2008). Early reports
have shown that both IL-17A and IL-17F rely on the expression of the Th17 cell master TF RORyt
(Ilvanov et al., 2006; X. O. Yang, B. P. Pappu, et al., 2008). However, there are suggestions that RORa
may have differential roles in the regulation of their secretion with IL-17F less reliant on this TF than
IL-17A (X. O. Yang, B. P. Pappu, et al., 2008). A further type 3 cytokine that can be expressed by Th17
cell is IL-22. This cytokine synergizes with IL-17A and IL-17F to promote antimicrobial peptide
production (Liang et al., 2006). IL-22 further supports barrier repair by acting on epithelial cells to
stimulate proliferation (Lindemans et al., 2015). Tumour necrosis factor-a (TNFa) is a type 1 cytokine
that can be expressed by Th17 cells together with IL-17A and IL-17F in health, but its upregulation
coupled with the loss of IL-17A is associated with Th17-driven autoimmune diseases (Bishu, El Zaatari,
et al., 2019; Hirota et al., 2011). Mucosal Th17 cell analyses were therefore expanded to include these
three cytokines in addition to IL-17A and IFNy. Assessing IL-22 expression in tdRFP* CD4 T cells (Fig4.2a)
revealed very limited IL-22 expression at steady state but an increase following C.rodentium infection
(Figd.2b-c). Conversely, IL-17F was largely found to be co-expressed with IL-17A both in the absence
and presence of C.rodentium. An infection-induced increase was evident only in total numbers
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Figure 4.2. Additional type 3 and type 1 cytokine production is induced by C.rodentium infection

Additional type 3 and type 1 cytokine production was assessed in the absence of infection and
following C.rodentium colonisation in CLP CD4 T cells of //17a“®Rosa26"" |L-17A fate mapper mice.

a, d, g) Representative flow cytometry plots gated on tdRFP* CD4 T cells showing IL-22 (a) and IL-17F
(d) expression against IL-17A TNFa (g) expression with IFNy in CLP of mice at steady state and on D14
of C.rodentium infection following ex vivo restimulation with PMA and lonomycin.

b-c) Quantification of the proportion (b) and total number (c) of tdRFP* CD4 T cells producing IL-22 in
the CLP of mice at steady state and on D14 of C.rodentium infection. Steady state n=2, data from 1
experiment, D14 n=8, data pooled from 3 independent experiments.

e-f) Quantification of the proportion (e) and total number (f) of tdRFP* CD4 T cells producing IL-17F in
the CLP of mice at steady state and on D14 of C.rodentium infection. Steady state n=2, data from 1
experiment, D14 n=6, data pooled from 2 independent experiments.

h-i) Quantification of the proportion (h) and total number (i) of tdRFP* CD4 T cells producing TNFa in
the CLP of mice at steady state and on D14 of C.rodentium infection. Steady state n=2, data from 1
experiment, D14 n=6, data pooled from 2 independent experiments.

Values on flow cytometry plots represent percentages. Lines on graphs show median (b, c, e, f, h, i).
No statistical analyses were performed.
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(Figd.2d-f). Similarly, there was no evidence of an infection-induced change in the proportion of tdRFP*

CD4 T cells producing TNFa despite the increase in the total number of such cells (Figd.2g-i).

In summary, analysis of IL-17A and IFNy expression within cells with a history of IL-17A production
revealed the existence of a spectrum of Th17 and Thl-like exTh17 cells. Given that Th17 cells rely on
RORyt (Ilvanov et al., 2006; X. O. Yang, B. P. Pappu, et al., 2008) and Th1-like cells require T-bet (Szabo
et al., 2000) for their appropriate development | further investigated the expression of these two
lineage-defining TFs in CLP tdRFP* CD4 T cells 14 days after infection with C.rodentium. Assessment of
both cytokine (IL-17A and IFNy) and TF (RORyt and T-bet) expression yielded three populations
(Figd.3a). Th17 cells were defined as cells that produced IL-17A but not IFNy based on cytokine
expression or as cells that were RORyt" but T-bet” based on TF expression. On the other end of the
spectrum, fully mature exTh17 cells were identified as those tdRFP* CD4 T cells that only produced
IFNy and expressed T-bet. Finally, an intermediate stage characterised by co-expression of both
cytokines or both TFs was defined. The composition of the tdRFP* CD4 T cell pool was similar
regardless of the set of definitions used — Th17 cells were most abundant while exTh17 cells no longer
producing IL-17A or expressing RORyt were present as the smallest population (Fig4.3b-c). Taken
together, and consistent with work reported by others (Hirota et al., 2011; Omenetti et al., 2019),
these data showed that following C.rodentium infection RORyt" Th17 cells producing IL-17 family
cytokines and IL-22 are induced but can progressively lose this characteristic phenotype giving way to
T-bet and Th1 cell-associated cytokine expression instead (Fig4.3d). RORyt and T-bet play clear roles
in Th17 and Th1 cell differentiation (lvanov et al., 2006; Szabo et al., 2000; X. O. Yang, B. P. Pappu, et
al., 2008), but how their continued expression supports Th1l7 and exTh17 cell function is unclear.
RORyt deficiency was reported to result in a decrease of Th17 cell function, but published literature
suggests that T-bet absence may not necessarily preclude the acquisition of Thl cell-like effector
functions such as IFNy production (Duhen et al., 2013; X. O. Yang, B. P. Pappu, et al., 2008). | therefore

sought to test Th17 post-developmental requirements for RORyt and T-bet.

103



—

1L-174

o

% tdRFP cells

proELsT c FE.LIL ]
b pe0.0023 150 penaas
0 R— m g R
o

@ o]
SR - E = E
e . B o=
RIS S bl -

5 - = L 2 =
%\&"-ﬁ. ﬁ““%{s‘* o ,\p& 430"}
AT aF A o
I S

@ N e

104




Figure 4.3. C.rodentium infection-induced Th17 cells acquire a spectrum of Thl cell-like
characteristics

Assessment of cytokine production in //17a“Rosa26"R" mice enables identification of Th17 cell
conversion into Thl-like exTh17 cells following C.rodentium infection.

a) Representative flow cytometry plots gated on tdRFP* CD4 T cells showing IL-17A and IFNy (left), and
RORyt and T-bet (right) expression in CLP following ex vivo restimulation with PMA and lonomycin on
D14 following C.rodentium inoculation.

b) Quantification of the proportion of IL-17A*IFNy", IL-17AIFNy*" and IL-17AIFNy* cells within the
tdRFP* CD4 T cell population in CLP on D14 following C.rodentium inoculation. n=8, data pooled from
3 independent experiments.

¢) Quantification of the proportion of RORyt*T-bet,, RORyt*T-bet* and RORyt T-bet* cells within the
tdRFP* CD4 T cell population in CLP on D14 following C.rodentium inoculation. n=6, data pooled from
2 independent experiments.

d) Schematic representation of the Th17-to-exTh17 cell differentiation process with cytokine
production and TF expression. Images generated with BioRender.com.

Values on flow cytometry plots represent percentages. Normality was tested using Shapiro-Wilk test.
Lines on graphs show meanzSD (c) or median (b). Significance was tested using One-Way ANOVA (c)
or Kruskal-Wallis test (b).

105



naive T cell Thi7 RFP*

— WiFgee — — JI7gAR0Av [ FgiThet ] FgAROR TRt _
&
o
=
ﬁ RORyt -
S
a
[+ %
o
o
B 25
T-bet >
pen00E d
Wi T pmam g0ty
=0 — o
E o 40t
+ Iﬁ. -
E bl & % Eg & 2m0° - 2
5. E T &
a . : : . ol B e
pe0801 .' R0
~ 13 P01 pe0OCC1 peO0002 . 100 P
i r
2 e = s
E .}. £ m : =
' » el R L
5:' 23 ETI ] -
=1 = -
= o LR
& - o
F &5 F &85
& &
ot b RO g"#
& &

106



Figure 4.4. Conditional RORyt” and T-bet”" mice delete key TFs in established Th17 cells

I117a*Rosa26"R (I117a¢) mice crossed with Rord® (1117a%R°%), Tbx21"% (1117a%™*¢") and
Rord Tbx2 177 (1117a%RORv¥/Tb¢t) enable assessment of the continued requirement for RORyt and T-bet
expression in the maintenance of Th17 cell effector functions. Images generated with BioRender.com.

a) Schematic representation of TF deletion and IL-17A fate mapping in Th17 cells. Cells heterogeneous
for the //17a WT and Cre alleles co-express IL-17A and Cre resulting in permanent tdRFP expression
and excision of TF exons. Images generated with BioRender.com.

b) Representative flow cytometry plots gated on CD4 T cells showing tdRFP and RORyt (top) or T-bet
(bottom) expression in CLP on D14 following C.rodentium inoculation.

c-d) Quantification of the proportion (c) and total number (d) of tdRFP* cells within the CLP CD4 T cell
population on D14 following C.rodentium inoculation. //17a and //17a*fORv/T-bet n=8  data pooled from
3 independent experiments, //17a*f°" n=8, data pooled from 2 independent experiments, //17a"7*¢
n=6, data pooled from 2 independent experiments.

e-f) Quantification of the proportion of RORyt* (e) and T-bet* (f) cells within the tdRFP* CD4 T cell
population in CLP on D14 following C.rodentium inoculation. //17a¢ and 1/17ag*fORv/Tbet n=6  data
pooled from 2 independent experiments, //17a%f°% n=5, data from 1 experiment, //17a*7¢' n=3, data
from 1 experiment.

Values on flow cytometry plots represent percentages. Normality was tested using Shapiro-Wilk test.
Lines on graphs show mean#SD (c, d, e) or median (f). Significance was tested using One-Way ANOVA
(c, d, e) or Kruskal-Wallis test (f).
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4.3 ROR FAMILY TRANSCRIPTION FACTORS SUPPORT TH17 CELL FUNCTION BY A

COMBINATION OF ACTIVATION AND SILENCING OF ALTERNATIVE GENETIC PROGRAMMES

Modified //17a*Rosa26'“"F |L-17A fate mapper mice were generated to test the roles of RORyt and T-
bet in the regulation of Th17 cell fate and function. Fate mappers were crossed with Rorc¢™” (Choi et
al., 2016) and Tbhx21"7 (Intlekofer et al., 2008) strains to generate RORyt single knockout (//17a*f°R¥)
or RORyt/T-bet double knockout (//17a*fOR/Tb¢t) mice with IL-17A fate mappers (//17a¢) used as
controls. In these mice /l17a promoter-driven Cre recombinase production results not only in tdRFP
expression but also disruption of the genes encoding the Th17 and Th1 cell-associated TFs. Thus, these
models allow normal development of Th17 cells but drive deletion of key TFs upon IL-17A production.
TdRFP expression served as a marker not only of IL-17A production history but also of cells that had
undergone recombination (Fig4.4a). Assessment of RORyt and T-bet expression in tdRFP* CLP CD4 T
cells following C.rodentium infection (Fig4.4b) revealed efficient TF deletion in all mouse strains but
also a slight decrease in the frequency of CD4 T cells with a history of IL-17A production in mice lacking
both RORyt and T-bet (Fig4.4c-f). This may in part be caused by reduced recombination efficiency, due
to the increased number of Cre targets, but the possibility that RORyt/T-bet co-deletion resulted in
impaired Th17 cell development or survival could not be excluded. However, maintenance of normal
tdRFP* CD4 T cell numbers in the conditional knockout strains (Fig4.4d) was suggestive of no or very

limited effects on survival.

Combining the C.rodentium infection and conditional TF knockout mouse models, | next assessed
cytokine production in colonic tdRFP* Th17 and exTh17 cells 14 days after infection (Fig4.5a). A small
reduction in the proportion of tdRFP* CD4 T cells producing IL-17A in the absence of RORyt was
observed. However, this was not found to be statistically significant and the change in the total
number of these cells was not suggestive of a RORyt-deletion induced defect (Fig4.5b-d). Similarly, the
level of IL-17A produced in RORyt-deficient tdRFP* cells was reduced compared to controls (Fig4.5e)

but this was, again, not statistically significant. Given the variability in the data it is possible that these
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experiments were underpowered for confident detection of small changes in cytokine production.
Interestingly, there was some evidence of a return towards normal IL-17A* population size but no
change in the level of this cytokine produced upon co-deletion of T-bet and RORyt (Figd.5b-e).
Conversely, the proportion of tdRFP* CD4 T cells producing the exTh17 cell cytokine IFNy appeared to
increase in the absence of RORyt but return to lower levels upon T-bet co-deletion (Fig4.5f-g). Even
though these observations were mirrored by changes in the number of IFNy* cells (Fig4.5h), a larger
sample size is required to confirm whether a true biological difference exists. This is especially
important given that changes in the size of the IFNy-producing population were not followed by the
amount of cytokine produced (Fig4.5i). Crucially, no complete loss of IL-17A production was observed

raising the possibility that further TFs are involved in supporting Th17 cell function.

RORa is a ROR family TF related to RORyt and linked to Th17 cell function (X. O. Yang, B. P. Pappu, et
al., 2008). and recent publications have shown that this TF can support type 3 lymphocytes when
RORyt is absent (Fiancette et al., 2021; Stehle et al., 2021). Therefore, mouse models that enable
assessment of the role RORa plays in supporting IL-17A expression in RORyt deficient Th17 cells were
generated by crossing //17a*f%% and 1/117a*fORv/Tbet mice with Rora™’ animals (Oliphant et al., 2014).
In response to C.rodentium infection mice lacking RORa in addition to RORyt generated a
proportionally smaller colonic tdRFP* CD4 T cell population that was further diminished when T-bet
was also absent (Figd.6a-b). This, similarly to results reported above (Fig4.4) pointed to possible effects
on fitness, proliferation or survival. TdRFP* cells lacking all three transcription factors were present in
lowest numbers (Figd.6c) indicating a potential differentiation or survival defect. RORyt deletion was
found to be efficient in all strains (Fig4.6d). However, RORa expression was not tested as reliable anti-
RORa antibodies suitable for flow cytometry were not available. Efficient TF deletion in a similar model
driven by a different promoter was previously confirmed by via alternative methods (Fiancette et al.,
2021) increasing the likelihood that //l17a promoter-driven models also worked as expected.
Nonetheless, confirmation of RORa deletion driven by the //l17a promoter would be desirable.

Strikingly, in addition to efficient T-bet deletion in [/17g*RORvi/RORa/T-bet mjce an increase in the

109



[ '.I'.:' -
=E M

1 -
- - I-17 se
| C.rodentium 1L-22 PNy
\ THFa
o
. IL-17
D vz e
1173 Rosa2& ™" TF N
Do D68 D14 v
oral gavage colonisation check cytokine production assessed
in recombined tdRFP* cells
c d e
- tdRFP~ —
[ —
ps LR R a=p’
= W . —_ - Tasan] 2
J\I\eﬁﬂ 1117 ger= EX T opagt E
I od: L - o . - = ap
= | 23.3) miFgemes o] 4 E'E S opawd Y e om B oo % 1
= = = E E-ES 1
= 7.6 [117gusR T N * LTl AN .
178 —» . o &
® Ry
W8
\\I\'\
£ h i
100 2win® I.9=147
1117 g g : . a_i.!*il]" E 2.23=10" % ? _i_
! : = , E ,
v - ‘:_ 1=10 :—— 2210
= 117 teon F W Y . z = .
= R, L] P— : = L i 1.73#18
= 111 7 gssteeyTbet s 1 5u1n?
o o
A &d‘b .[\"‘
o o K:}G
w8
e

110



Figure 4.5. RORyt and T-bet act together to determine Th17 cell fate and function

Cytokine production was assessed in //17a¢, 1117a*fF°% and 1117a*ROR"/Tb¢t mice to test Th17 cell
function reliance on continued TF expression.

a) Schematic representation of experimental design. Images generated with BioRender.com.

b, f) Representative histograms gated on CLP tdRFP* CD4 T cells showing IL-17A (b) and IFNy (f)
expression following ex vivo restimulation with PMA and ionomycin on D14 of C.rodentium infection
in 1170, 1117a°fOR and 1117a*RORV/Tbet mice.

c-d) Quantification of the proportion (c) and total number (d) of IL-17A* cells within the parent
population in CLP of l17a¢, 1117a*f°% and [117a*ROR"/Tb¢t mice on D14 following C.rodentium
inoculation. //17a¢ and 1117a*R°f¥/Tbet n=8, data pooled from 3 independent experiments, //17g*RORvt
n=8, data pooled from 2 independent experiments.

e) IL-17A median fluorescence intensity (mFl) in CLP of //17a"¢, 1117a*R%R" and 1/17a*fORv/Tb¢t mice on
D14 following C.rodentium inoculation. //17a¢ and 1/117a*fORv/Tbet n=4, ||17g*RORv n=5, all data from 1
experiment.

g-h) Quantification of the proportion (g) and total number (h) of IFNy* cells within the parent
population in CLP of ll17a¢, 1117a*f°% and [117a*ROR/Tb¢t mice on D14 following C.rodentium
inoculation. //17a and [117a*ROR/Tb¢t =8, data pooled from 3 independent experiments, //17g*RORvt
n=8, data pooled from 2 independent experiments.

i) IFNy median fluorescence intensity (mFl) in CLP of //17a, I117a*R°" and 1117a*ROR/Tb¢t mice on D14
following C.rodentium inoculation. /l17a¢ and [117a*RORY/Tbet n=4, |117g*R%%t n=5, all data from 1
experiment.

Values on histograms represent percentages. Normality was tested using Shapiro-Wilk test. Lines on
graphs show mean+SD (c, e, i) or median (d, g, h). Significance was tested using One-Way ANOVA (c,
e, i) or Kruskal-Wallis test (d, g, h).
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ARORYt CLP was noted compared to controls

proportion of tdRFP* CD4 T cells expressing T-bet in /l17a
with a further expansion of this population in //17g*ROR"/ROR« mice following C.rodentium infection

(Figd.6e). These data are consistent with ROR family TFs acting in part to inhibit T-bet expression.

Adding to reported observations that both RORyt and RORa contribute to Th17 cell development (X.
0. Yang, B. P. Pappu, et al., 2008), exacerbated loss of IL-17A* CD4 T cells upon inducible deletion of
the two ROR family TFs indicated a key role for continued expression of both in supporting type 3
effector functions (Fig4.7a-c). In addition, a lower level of IL-17A production was observed in both
strains when compared to controls (Fig4.7d). Unlike the results reported above (Figd.5), T-bet co-
deletion did not appear to rescue type 3 function (Fig4.7a-d). In summary, near-complete loss of IL-
17A was only observed upon conditional deletion of both RORyt and RORa, consistent with ROR family

TF functional redundancy.

Assessing exTh17 cell function revealed an increase in the frequency of tdRFP* CD4 T cells producing
IFNy in RORyt/RORa double knockouts compared to control mice (Fig4.7e-f). Likely underlying this
observation is the increase in T-bet expression in this strain (Fig4.6). In addition, it is possible that on
further repeats a robust increase in IFNy produced by //17a%f°% CLP Th17 and exTh17 cells would also
become apparent. However, this dataset is currently underpowered to really assess differences in
IFNy* Th17 and exTh17 cell populations. Available results pointed to a possible reduction in the
number of IFNy* cells in mice lacking all three TFs (Fig4.7g) but the smaller tdRFP* CD4 T cell pool in
these mice (Fig4.6) raised the possibility that this was not specifically due to a lack of IFNy induction.
The level of IFNy produced by cells still able to make this cytokine in //17g*RORvt/ROR/T-bet C| p appeared
comparable to controls but lower than that in mice deleting the two ROR family TFs only (Fig4.7h),
further suggesting Th1l cell programme upregulation in the absence of RORyt and RORa. However,
much like total numbers, cytokine production levels must be interpreted carefully as it is currently
unclear whether T-bet-sufficient Th17 and exTh17 cells have a fitness advantage over cells lacking all

three TFs. Interpretation of these data would benefit from assessment of these factors in the future.
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Figure 4.6. Conditional RORa”" mice delete RORa in established Th17 cells

11170 Rosa26"R (1117a¢) mice crossed with Rorc™ (1117a%%°t), RorcdRora™f (111 7a2RORY/RORY) gnd
RordfRora™fTbx217/7 (111 7g”RORVY/RORa/T-bet) angble assessment of the continued requirement for RORa
expression in established Th17 cells when both RORyt and T-bet are absent.

a) Representative flow cytometry plots gated on CD4 T cells showing tdRFP and RORyt (top) or T-bet
(bottom) expression in CLP of //17a, I117aRO%t, [117a°RORV/ROR® and [[17gARORV/RORY/T-bet mice on D14
following C.rodentium inoculation.

b-c) Quantification of the proportion (b) and total number (c) of tdRFP* cells within the CLP CD4 T cell
population of [I17a¢, 1117a*RORvt, ||17gARORVI/RORe and [|17gRORV/RORYT-bet mice on D14 following
C.rodentium inoculation. //17a‘® n=8, data pooled from 3 independent experiments, //17a*ROft n=8,
data pooled from 2 independent experiments, //17g*fOR"/ROR% n=7 data pooled from 2 independent
experiments, //17g2fORV/RORa/T-bet n=13 data pooled from 3 independent experiments. //17a°¢ and
1117a*ROR" data also appear in figd.4c.

d-e) Quantification of the proportion of RORyt* (d) and T-bet* (e) cells within the tdRFP* CD4 T cell
population in CLP of 1/17a"®, 1117a*fORVt, []17gARORV/RORY qnd ||1 7gPRORVY/ROR/T-bet mice on D14 following
C.rodentium inoculation. /17a® n=6, data pooled from 2 independent experiments, //17g%fOR¥ n=5,
data from 1 experiment, //17g*fORv/RORx n=4 data pooled from 1 experiment, //17g*RORv/RORe/T-bet n—1
data pooled from 2 independent experiments. //17a and 1/117a*%°%t data also appear in figd.4d-e.

Values on flow cytometry plots represent percentages. Normality was tested using Shapiro-Wilk test.
Lines on graphs show mean%SD (b, d, e) or median (c). Significance was tested using One-Way ANOVA
(b, d, e) or Kruskal-Wallis test (c).
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Figure 4.7. RORa is both sufficient and necessary for Th17 cell function if RORyt and T-bet are absent

Cytokine production was assessed in /1176, I117a*ROR"t, ||17g*RORV/RORa gnd ||1 7gARORVY/RORY/T-bet mjce to
test Th17 cell function reliance on continued TF expression.

a, e) Representative histograms gated on CLP tdRFP* CD4 T cells showing IL-17A (a) and IFNy (e)
expression following ex vivo restimulation with PMA and ionomycin on D14 of C.rodentium infection
in 11170, 111707, 1117a"RORV/ROR* and |17 RORV/RORYTbet mice.

b-c) Quantification of the proportion (b) and total number (c) of IL-17A* cells within the parent
population in CLP of /[17a¢, 1117a*RORVt, [117g*RORV/RORe gnd ||17gARORVY/RORY/Tbet mice on D14 of
C.rodentium infection. Il17a¢ n=8, data pooled from 3 independent experiments, //17a*f°"* n=8, data
pooled from 2 independent experiments, //17g*RORv/RORe =7 data pooled from 2 independent
experiments, //17g*fORV/RORa/T-bet 113 data pooled from 3 independent experiments. //17a¢ and
11170%RORt data also appear in fig4.5c-d.

d) IL-17A median fluorescence intensity (mFI) in CLP of /l17a¢, 1117a*ROR"t, ||17g*RORv/RORe gnd
1117gARORvt/RORe/T-bet mice on D14 following C.rodentium inoculation. /1176 n=4, [117a*R%R" n=5,
1117gARORYY/RORe n=4 |11 7gARORVt/RORa/T-bet n=6 3|| data from 1 experiment. /170 and //17a*f9"" data also
appear in figd.5e.

f-g) Quantification of the proportion (f) and total number (g) of IFNy* cells within the parent population
in CLP of l117a%, 1117a%RORvt  |]17gARORVY/RORY gnd |1 7gARORV/RORY/Tbet mice on D14 of C.rodentium
infection. I/17a¢ n=8, data pooled from 3 independent experiments, //17aR°t n=8, data pooled from
2 independent experiments, [/17a*RORv/RORx n=7  data pooled from 2 independent experiments,
1117g#RORvt/RORa/T-bet n=13  data pooled from 3 independent experiments. //17a and 1/117a*f°" data
also appear in figd.5g-h.

h) IFNy median fluorescence intensity (mFI) in CLP of /[17a¢, [117a*fORvt, ||17gARORV/RORx gnd
1117gARORV/RORa/Tbet mjce on D14 following C.rodentium inoculation. l/17a¢ n=4, [117g*f°f" n=5,
1117gARORYt/RORe n=4, |1 7gRORvt/RORe/T-bet n=6 3|| data from 1 experiment. /170 and I/117a*f°%" data also
appear in figd.5i.

Values on histograms represent percentages. Normality was tested using Shapiro-Wilk test. Lines on
graphs show meanzSD (b, d, h) or median (c, f, g). Significance was tested using One-Way ANOVA (b,
d, h) or Kruskal-Wallis test (c, f, g).
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4.4 T-BET IS REQUIRED FOR FULLY MATURE EXTH17 CELL DIFFERENTIATION

To establish the specific role T-bet plays in sustaining Thl-like exThl7 cell function, a further
conditional knockout model was generated by crossing the //17a“*Rosa26""" and Tbx21"# strains.
The resulting /117a°™¢ mice delete T-bet in Th17 cells and other IL-17A-producing cells. Comparing

control and //17g%7?¢t

mice revealed no statistically significant changes in IFNy production by tdRFP*
CDA T cells following C.rodentium infection. However, a small reduction in frequency, numbers and
signal intensity, corresponding to the amount of cytokine produced in per cell, was clear (Fig4.8a-d).
To test whether removal of T-bet had an effect on type 3 function in tdRFP* CD4 T cells IL-17A
production was also assessed (Fig4.8e). Surprisingly, despite the suppressive role of T-bet in regulating
Th17 cell function (Lazarevic et al., 2011), no statistically significant increase in IL-17A* tdRFP* CD4 T
cell frequency or numbers was observed (Fig4.8f-g). Furthermore, there was no increase in the
amount of IL-17A produced by T-bet-deficient cells (Fig4.8h). While it is possible that further biological
repeats would be required to account for variability in these data, the available results suggested that

T-bet expression did not have a large impact on either type 1 or type 3 function within Th17 cells

generated in response to infection.

IFNy* Th17 cells and IFNy* CD4 T cells of a Th17 cells origin that no longer produce IL-17 have been
linked to a multitude of autoimmune and inflammatory diseases (Annunziato et al., 2007; Bending et
al., 2009; Bishu, El Zaatari, et al., 2019; Hirota et al., 2011; Krausgruber et al., 2016). However, there
are conflicting reports on whether pathogenesis is T-bet dependent (Bettelli et al., 2004; Duhen et al.,
2013). A possible interpretation is that different Th17 and exTh17 cell populations, perhaps at
different stages of the Th17/exTh17 spectrum (Fig4.3d), were the key drivers of disease progression.

Therefore, analyses of //17g%7?¢

mice were expanded to test the three tdRFP* CD4 T cell populations
identified by IL-17A and IFNy expression (Fig4.8i). Indeed, while the frequency and numbers of cells

producing IL-17A, regardless of their ability to express IFNy, remained unchanged between controls
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Figure 4.8. T-bet is required for fully mature IFNy* exTh17 cell differentiation

AT-bet

Cytokine production was assessed in //17a“¢ and /l17a mice to test Th17 function reliance on

continued TF expression.

a, e) Representative histograms gated on CLP tdRFP* CD4 T cells showing IFNy (a) and IL-17A (e)
expression following ex vivo restimulation with PMA and ionomycin on D14 of C.rodentium infection
in /117a¢ and 1117a%7¢ mice.

b-c) Quantification of the proportion (b) and total number (c) of IFNy* cells within the parent
population in CLP of //17a%¢ and //117a**¢' mice on D14 of C.rodentium infection. /l17a¢ n=8, data
pooled from 3 independent experiments, //17a™"¢* n=6, data pooled from 2 independent experiments.
1170 data also appear in figd.5g-h and figd.7f-g.

d) IFNy median fluorescence intensity (mFl) in CLP of //17a°"® and //117a*™¢! mice on D14 of C.rodentium
infection. Il17a¢ n=4, I117a™"¢ n=3, all data from 1 experiment. //17a°¢ data also appear in fig4.5i and
figd.7h.

f-g) Quantification of the proportion (f) and total number (g) of IL-17A* cells within the parent
population in CLP of //17a%¢ and //17a*™*¢" mice on D14 of C.rodentium infection. //17a¢ n=8, data
pooled from 3 independent experiments, //17a™"¢* n=6, data pooled from 2 independent experiments.
11170 data also appear in figd.5¢-d and fig4.7b-c.

h) IL-17A median fluorescence intensity (mFl) in CLP of //17a°¢ and 1l17a°™"¢" mice on D14 of
C.rodentium infection. I/17a n=4, ll17a™"¢* n=3, all data from 1 experiment. //17a data also appear
in figd.5e and fig4.7d.

i) Representative flow cytometry plots gated on tdRFP* CD4 T cells showing IL-17A and IFNy with
identification of IFNy" Th17, IFNy* Th17 and IFNy* exTh17 populations in CLP of //17a° (left) and 1/17a%™
bet (right) following ex vivo restimulation with PMA and lonomycin on D14 following C.rodentium
inoculation.

j-0) Quantification of the proportion and total number of IFNy  Th17 (j, m), IFNy* Th17 (k, n) and IFNy*
exTh17 (I, o) cells within the parent population in CLP of //17a%¢ and //17a*"*¢" mice on D14 of
C.rodentium infection. /l17a¢ n=8, data pooled from 3 independent experiments, //17a"¢' n=6, data
pooled from 2 independent experiments.

Values on flow cytometry plots and histograms represent percentages. Normality was tested using
Shapiro-Wilk test. Lines on graphs show mean#SD (d, h, I) or median (b, ¢, f, g, j, k, m, n, 0). Significance
was tested using unpaired t test (d, h, I) or Mann-Whitney U test (b, ¢, f, g, j, k, m, n, 0).
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and //117a%™"¢t mice the absence of T-bet resulted in a 2-3-fold drop in fully mature IFNy* exTh17 cell

frequency along with a decline in their numbers (Fig4.8i-o).

4.5 FURTHER TYPE 3 AND TYPE 1 CYTOKINES SHOW VARIED RELIANCE ON THE THREE KEY TFS

IL-17A and IFNy are key cytokines produced by Th17 and Th-1like exTh17 cells. However, alternative
Th17 and Th1 cell-associated cytokines can enhance effector functions or even mediate processes
unrelated to IL-17A and IFNy (Bogdan et al., 1990; Darrah et al., 2007; Kannanganat et al., 2007; Liang
et al., 2006; X. O. Yang, S. H. Chang, et al., 2008). Therefore, the requirement for continued expression
of RORyt, RORa and T-bet in supporting expression of the Th17 cell cytokines IL-17F and 1L22, and the

Th1 cell cytokine TNFa was also tested.

To assess type 3 function IL-17F and IL-22 expression were tested in colonic tdRFP* CD4 T cells
following C.rodentium infection (Fig4.9a-b). Overall, both cytokines appeared to show similar
alterations to IL-17A with a large reduction in both the proportion and number of cells producing them
in the combined absence of RORyt and RORa. Moreover, as observed when assessing IL-17A only, co-
deletion of T-bet failed to rescue IL-17F and IL-22 production. (Fig4.9c-f). Importantly, changes in
cellularity must be interpreted in the context of a reduction in the total colonic tdRFP* CD4 T cell pool
and may not be caused by a specific loss of IL-17F* or IL-22* cells. Therefore, cytokine production levels
were also assessed (Figd.9g-h). IL-17F production was diminished in all mouse strains lacking either
ROR family TF (Fig4.9g). Testing IL-22 expression levels revealed a shift between the assessed mouse
models in signal intensity within both the IL-22° and IL-22* populations. This phenomenon is
unexplained but was consistently reproducible. Therefore, | elected to quantify the fold change in
signal intensity between the IL-22* and IL-22" populations rather than simply comparing IL-22 levels
within the former. Surprisingly, IL-22 expression levels increased in the absence of RORyt but
decreased in all other conditional knockouts, including mice lacking T-bet in Th17. Moreover, 1L-22*
cells lacking both ROR family TFs appeared express higher levels of the cytokine than those with a T-

bet-deficiency (Figd.9h). However, such cells are very limited in numbers, as evidenced by population
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Figure 4.9. ROR family TF and T-bet deletion impacts further Th17 cell-associated cytokines

The effect of combinatorial RORyt, RORa and T-bet deletion on type 3 cytokine production was
assessed in 1117a%, 117aRORVt |]17qARORVY/T-bet |17 7ARORVI/RORa 117 70ARORyt/RORa/T-bet qnd |11 7gAT0¢t mice.

a-b) Representative histograms gated on CLP tdRFP* CD4 T cells showing IL-17F (a) and IL-22 (b)
expression following ex vivo restimulation with PMA and ionomycin on D14 of C.rodentium infection
in //1 7acre’ //1 7aARORVt' //1 7aARORVt/T-bet, //1 7aARORyt/RORa, //1 7aARORyt/RORa/T—bet and ”1 7aAT—bet mice.

¢, e) Quantification of the proportion (c) and total number (e) of IL-17F* cells within the parent
population in CLP of 1170, 117a*"%", 1]17°ROR/Tbet, || 7GARORVYRORa, |1 7qROR/RORe/Tbet and |11 7T 0t
mice on D14 of C.rodentium infection. ll17a%¢, 1117g*fORV/Tbet and 11702t n=6, II17a*R°%"t n=8,
11170RORV/ROR n=7 and 1]17g#ROR/RORa/Tbet =9 3|| data pooled from 2 independent experiments.

d, f) Quantification of the proportion (d) and total number (f) of IL-22* cells within the parent
population in CLP of /117a%, [17a*RORvt, ||17gARORvYT-bet |17 7qARORVY/ROR 17 7ARORYt/RORa/T-bet g 11 7gAT-bet
mice on D14 of C.rodentium infection. //17a¢ and 1/17a*RORv/Tbetn=8 data pooled from 3 independent
experiments, //17a*R°%"t n=8, data pooled from 2 independent experiments, //17a*f°f/ROf¢ n=7 data
pooled from 2 independent experiments, 1/17g*fORV/RORa/T-bet n=13 data pooled from 3 independent
experiments and //17a°7*¢ n=6, data pooled from 2 independent experiments.

g-h) IL-17F (g) median fluorescence intensity (mFl) and IL-22 (h) median fluorescence intensity
normalised to IL-22° population (nmFl) in CLP of /[17a%, I117aROR"t, |117gRORY/T-bet - |17 7gARORV/RORa
111 7qARORVY/RORa/T-bet gnd 1171 7a2Tb¢t mice on D14 of C.rodentium infection. I117a, 1117aRORvY/Tbet gnd
1117gARORV/RORa n=4  ||17GRORVt n=5  [[17g"RORV/RORY/T-bet n—6 and [117a%™"¢ n=3, all data from 1
experiment.

Values on histograms represent percentages. Normality was tested using Shapiro-Wilk test. Lines on
graphs show meanzSD (c, g, h) or median (d, e, f). Significance was tested using One-Way ANOVA (c,
g, h) or Kruskal-Wallis test (d, e, f).
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Figure 4.10. ROR family TF and T-bet deletion impacts further type 1 cytokines

The effect of combinatorial RORyt, RORa and T-bet deletion on production of the type 1 cytokine TNFa
was assessed in /[17a”, I117a°%°R, [117g°RORVTet,  ||17qRORV/RORR, |1 7qARORV/RORe/Tbet and 117070t

mice.

a) Representative histograms gated on CLP tdRFP* CD4 T cells showing TNFa expression following ex
vivo restimulation with PMA and ionomycin on D14 of C.rodentium infection in I/17a¢, I117a%f°"",
111 7aARORyt/T—bet 111 7aARORyt/RORa 111 7aARORyt/RORa/T—bet and //1 7aAT—bet mice.

b-c) Quantification of the proportion (b) and total number (c) of TNFa* cells within the parent
population in CLP of I117a", I117a*RO%, 1117a*ROR/Tbet, |11 7qRORVVRORS, 1|7 7GARORV/ROR/Tbet and| []1 70Tt
mice on D14 of C.rodentium infection. I117a%¢, I117a%RORvY/Tbet and 11170%™¢t n=6, I117a%ROR"t n=8,
11170RORV/ROR n=7 and 1]17g#RORV/RORa/Tbet =9 3|| data pooled from 2 independent experiments.

d) TNFa median fluorescence intensity (mF1) in CLP of //17a", 111 7a”RO%, 111 7g”RORVY/T-bet |11 7qARORV/RORa
1117gARORV/RORa/Tbet qnd 11170%T2¢t mice on D14 of C.rodentium infection. I117a¢, 1117a*RORv/T-bet and
1117qARORV/RORe n—p  |]1 70ROVt n=5  ||17gARORV/RORe/Tbet n—6 and [l17a%7%¢ n=3, all data from 1

experiment.

Values on histograms represent percentages. Normality was tested using Shapiro-Wilk test. Lines on
graphs show mean+SD (d) or median (b, c). Significance was tested using One-Way ANOVA (d) or
Kruskal-Wallis test (b, c).
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frequency and cellularity (Figd.9d, f). It is possible that a proportion of tdRFP* cells underwent
incomplete recombination, retaining expression of RORyt, RORa or both. This would result in
unexpectedly high expression of type 3 cytokines. Therefore, exclusion of the small number of cells

with detectable TF expression would benefit future experiments.

Turning to type 1 effector functions, TNFa production within Thl7 and exTh17 cell populations
generated in response to C.rodentium infection in our conditional knockout strains was also assessed
(Figd.10a). Spread within the data did not allow clear conclusions to be drawn, however, the largest
TNFa* tdRFP* population was observed in 1/17a*f°% and 1117g*RORv/RORe mice with an exTh17 cell-
skewed response (Fig4.10b-c). The reduction in TNFa expression in T-bet-deficient mouse strains
compared to those lacking ROR family TFs is consistent with at least a partial role for T-bet in driving
the production of this cytokine. In addition, TNFa expression levels increased only if ROR family TFs

were absent but not if T-bet was deleted, further supporting this hypothesis (Fig4.10d).

4.6 MANIPULATION OF THE TH17/EXTH17 AXIS PERTURBS THE MICROBIOTA AND IMPACTS

PATHOGEN CONTROL

Having established the requirement for RORyt, RORa and T-bet in driving key effector functions | next
sought to assess functional outcomes of Th17/exTh1l7 continuum perturbations. Beginning
approximately 4-5 days following oral C.rodentium administration, the number of bacteria shed into
the lumen is indicative of mucosal bacterial burden (Wiles et al., 2004; Wiles et al., 2005). Specifically,
a value of over 107 colony forming units per gram of faeces (CFU/g) was established as a surrogate
marker of mucosal invasion and colonisation. Early on in this body of work conditional knockout strain-
specific differences in susceptibility to C.rodentium were noted. Specifically, mice with IL-17A-driven
T-bet deletion appeared least resistant to infection, regardless of the presence or absence or ROR
family TFs (Fig4.11a). Building on this observation, the colonisation and clearance kinetics of the
infection were assessed in the different strains through tracking of bacterial burden over the course

of the infection. To assess whether bacterial burden at the predicted peak of the infection was
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comparable, faecal counts were made at D6-8. These investigations revealed no clear differences at
this early stage of the infection (Figd.11b). Next, control of the infection and the ability to clear
bacteria was assessed through tracking of bacterial burden over time. Despite the increased
susceptibility in all T-bet-deficient knockout models only mice lacking all three TFs showed impaired
C.rodentium clearance by D28 of the infection (Fig4.11c). These data do not establish whether
clearance was delayed or simply not achieved and longer follow-up of infections would likely be

informative.

C.rodentium is a pathogen that is heavily reliant on microbial species within the normal flora for its
ability to colonise. While certain classes of commensals, such as SFB, appear protective, the presence
of others is required for mucosal infection (Curtis et al., 2014; Ghosh et al., 2011; lvanov et al., 2009;
Mullineaux-Sanders et al., 2017). Moreover, following immune system-driven clearance from the
mucosa, expulsion of luminal C.rodentium was reported to be mediated by competition for nutrients
with further commensal bacteria (Kamada et al., 2012). Th17 cells, as well as other IL-17A-producing
innate and adaptive immune cell populations, and the microbiota reciprocally regulate one-another
(Dutzan et al.,, 2018; Ivanov et al.,, 2009; Liang et al., 2006). | therefore hypothesised that the
differences in susceptibility to and clearance of this pathogen were caused by strain-specific
alterations in the microbiome of conditional knockout models. To begin to test this hypothesis |
assessed the composition of the faecal microbiome of control, 1/17g*fRORV/RORa ||1 7gARORV/RORa/T-bet g
1117a%77¢t mice in the absence of infection. Quantifying the dissimilarity in microbiota composition at
the genus level yielded two clear clusters defined by the presence or absence of T-bet in IL-17A-
producing cells (Figd.11d). Strikingly, investigation of specific differences showed that even though
Helicobacter was the most abundant genus in T-bet-sufficient mice it was completely absent in ones
lacking this TF (Fig4.11e). This was found to be caused by a single Helicobacter species, H.ganmani
(Figd.11f). Thus, initial microbiome analyses supported the theory that manipulation of ROR family

TF/T-bet balance perturbs the microbiota with potentially detrimental effects on susceptibility to
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Figure 4.11. ROR family TF and T-bet deletion change pathogen responses and drive strain-specific
microbiome alterations

Early and late C.rodentium bacterial burden was assessed to test susceptibility to and clearance of this
pathogen in 1117a%, 1117aRORvt ||17g*RORVY/T-bet |11 7GARORV/ROR |17 7GARORYt/RORe/T-bet and 111 7g2Tb¢t mice
along with the composition of 11176, [117g*RORV/ROR |7 7ARORYt/RORa/T-bet gnd |11 7a°TP¢t microbiome in
the absence of infection.

a) Quantification of the proportion of mice colonised out of all inoculated //17a¢, 1117g%RORvt,
1117gARORV/T-bet 117 7qARORV/RORa 117 7qARORVt/RORe/T-bet g []17gTb¢t animals per experiment. 1/117a°,
//17GARORyt and //17GAT-bet n=6, //170ARORyt/T—bet n=4, //17GARORyt/RORa and ”17GARDRyt/RORa/T-bet n=5’ a“

datapoints represent 1 independent experiment.

b) Quantification of faecal bacterial burden in successfully colonised 1/17a", 1117a*R°%t, 1117a*RORvY/T-
bet |11 7gARORVY/RORa |17 7qARORVt/RORe/T-bet g [1170471¢t mice on D6-8 following C.rodentium inoculation.
I117a¢ n=19, data pooled from 6 independent experiments, //17a*f°%t n=20, data pooled from 5
independent experiments, 1/17g*fFORv/Tbet n=24  data pooled from 4 independent experiments,
1117g2RORV/RORe n=16, data pooled from 5 independent experiments, [/17g*RORv/ROR/T-bet n=29 data
pooled from 5 independent experiments and //17a°™*¢' n=30, data pooled from 6 independent
experiments.

¢) Quantification of faecal bacterial burden in successfully colonised //17a"¢, 1117a*fORVt, |1 7a*RORVY/T-bet,
1117gARORvt/RORe |17 7qARORVY/RORe/T-bet qnd 111702t mice on D28 following C.rodentium inoculation.
11170 n=4, 117a*"° n=7, 117a*FO%/T*¢ and []17a°T*" n=8, I117a*R°"/ROR* n=1 and I/17a*"OR/RORe/T
bet =12, all data from 1 experiment. //17a*ROR/ROR data not included in statistical analyses.

d) Dendrogram and heatmap representing Bray-Curtis dissimilarity matrix based on relative
abundance of microbial genera in ll17a%, [117g*RORV/RORa |17 7gARORVY/RORa/T-bet qnd |11 70270t faecal
matter. Darker squares represent more dissimilar samples. //17a, [117g*fORV/RORa |17 7qARORt/RORa/T-bet
and //17a°T*¢ n=4, all data from 1 experiment.

e-f) Heatmaps representing relative abundance of top 10 microbial genera (e) and species (f) in ll117a°",
111 7aARORyt/RORa' 111 7aARORyt/RORa/T—bet and 111 7aAT—bet faecal matter. 111 7acre, 111 7aARORyt/RORa’ 111 7aARORyt/RORa/T—
bet and 1117a%7¢ n=4, all data from 1 experiment.

Normality was tested using Shapiro-Wilk test. Lines on graphs show median (a, b, c). Significance was
tested using Kruskal-Wallis test (a, b, c).
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pathogen invasion. However, further work is required to assess all mouse strains and elucidate precise

mechanisms.

4.7 SUMMARY

Here | assessed how Th17 and exTh17 cell functions within the colon change following C.rodentium
colonisation and investigated the role of continued lineage defining TF expression in this process. First,
| explored the composition of the effector CD4 T cell compartment at steady state in the colon,
building on previous studies that have described intestinal compartment-specific Th17 cell
populations (Omenetti et al., 2019). | established that in the absence of infection the colon is home to
both Th17 and Th1 cell populations with a limited IFNy* exTh17 cell pool. These analyses suggested
that, in line with published literature, C.rodentium infection triggered not only an expansion in Th17
cell numbers but also the acquisition of a type 1 programme in these cells, as shown by IFNy
production in CD4 T cells with a history of IL-17A production (Omenetti et al., 2019). Expanding
experimental aims to test expression of the key Th17 cell cytokines IL-17F and IL-22, | found that IL-
17F was largely co-expressed with IL-17A regardless of infection status. Conversely, the very limited
IL-22 production by Th17 cells only increased following infection. This is in line with the reported
observation that C.rodentium colonisation drives IL-22* CD4 T cell expansion that is maintained even
into the memory phase, and suggests that as Th17 cells expand they also upregulate functions related
to barrier repair (Bishu, Hou, et al., 2019; Liang et al., 2006; Wolk et al., 2006). Importantly, IL-22 is
also required in the absence of infection for appropriate control of commensals. The limited size of
the IL-22*" Th17 cell population prior to infection suggested that other cells may be key sources of this
cytokine at homeostasis. Indeed, mucosal ILC3-derived IL-22 has been shown to be central to

maintenance of commensalism and resistance to pathogen invasion (Satoh-Takayama et al., 2008).

Surprisingly, the Th1 cell-associated cytokine TNFa was produced by approximately a quarter of all
colonic Th17/exTh17 cells even at steady state and, much like IL-17F, did not show a clear increase

following infection. This contrasted IFNy expression patterns as production of this cytokine was limited
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in CD4 T cells with a history of IL-17A production in the absence of infection. Taken together, these
data point to differential regulation of these two type 1 cytokines. Moreover, expression of TNFa in
such a substantial part of the Th17/exTh17 cell pool at steady state raises the possibility that this
cytokine, produced by these cells, has central roles in the maintenance of mucosal homeostasis.
Importantly, the lack of infection-induced change in the proportion of IL-17F* and TNFa™* cells did not
signal an absence of functional changes as the large increase in their numbers is expected to
significantly alter the colonic environment. In addition, while no statistically significant changes in the
proportion of tdRFP* CD4 T cells producing these cytokines were observed, the spread of the data
indicated that the studies outlined in this chapter were underpowered. Further repeats are needed

before conclusions can be drawn with confidence.

As widely reported by others, and shown here, C.rodentium infection is a potent trigger of Thl-like
Th17 and exTh17 cell differentiation from Th17 cell precursors (Omenetti et al., 2019). However,
exactly how this process is controlled is unclear. RORyt and RORa, two ROR family TFs have established
roles in the development of Th17 cells but there is now evidence that different Th17 responses show
differences in the requirement for these TFs (Brucklacher-Waldert et al., 2016; Ivanov et al., 2006;
Withers et al., 2016; X. O. Yang, B. P. Pappu, et al., 2008). Parallel to these investigations, work with
similar conditional knockout models to those described in this chapter was ongoing to assess the
transcriptional control of post-developmental plasticity exhibited by ILC3, the innate counterparts to
Th17 cells. Through this work, mouse strains enabling the conditional deletion of both ROR family TFs
and T-bet were established in our lab (Fiancette et al., 2021). Taking advantage of these models, |
undertook the first detailed assessment of the requirement for the continued expression of different

combinations of TFs in intestinal Th17 cells.

RORyt has a well-established role in Th17 cell development (lvanov et al., 2006; X. O. Yang, B. P. Pappu,
et al., 2008). Additionally, the results presented here showed that loss of RORyt expression in newly

formed Th17 cells resulted in diminished type 3 function, as assessed by cytokine secretion.
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Interestingly, however, these data contradict reports of an impairment in IFNy production in certain
CDA4 T cell populations with mixed Th17/Th1 cell characteristics in RORyt-deficient humans (Ilvanov et
al., 2006; Milner et al., 2008; Okada et al., 2015; X. O. Yang, B. P. Pappu, et al., 2008). Importantly,
cases of perturbations in RORC, the gene encoding RORyt in humans, are different to our models in
that the genetic defect has a global effect. Given the requirement for RORyt in lymphoid tissue
formation and normal thymic T cell development (Eberl et al., 2004; Guo et al., 2016) it is possible that
RORyt deficiency in humans drives impaired IFNy induction through mechanisms not recapitulated in
our models. The strength of the approach reported in this chapter is the use of mice that drive post-
developmental TF deletion only. Nonetheless, no complete abrogation of Th17 cell function was
associated with RORyt deletion. On assessing the reasons behind maintained type 3 function in the
absence of RORyt a role for the related TF RORa was identified. The observation that RORyt/RORa co-
deletion exacerbated Th17 cell functional impairment phenocopies recent results on the regulation of
the IL-17A expression within ILC3 (Fiancette et al., 2021). These data are therefore consistent with
RORyt and RORa having similar roles in supporting Th17 cell function. A possible mechanism
underlying this functional redundancy is the two TFs’ ability to recognise the same ROR response-
element DNA binding motifs (Jetten, 2009). However, in the absence of RORa single knockouts the
possibility that this TF also plays non-redundant roles in the post-developmental regulation of Th17

and exTh17 cell fate or function cannot be excluded.

Strikingly, observations reported in this chapter indicated that IL-17A production may be rescued in
RORyt-deficient Th17 cells by co-deletion of T-bet. Variability within the data necessitates caution
when drawing conclusions, however, should these results prove reproducible on further repeats,
changes in IL-17A production upon RORyt and T-bet deletion raise the possibility that rather than the
presence or absence of RORyt alone, it is the balance of ROR family TF and T-bet antagonism that
determines Th17 cell fate and function. Importantly, these data leave open the possibility that RORyt

deficiency, regardless of the presence or absence of T-bet, still results in an impairment in the amounts
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of IL-17A and IFNy Th17 and exTh17 cells are able to produce, as shown by reduced signal intensity in

both RORyt single knockouts at RORyt/T-bet double knockouts.

Interestingly, even though IL-22 appeared to be regulated by the three TFs similarly to IL-17A, IL-17F
production diminished to a greater extent in ROR family TF-deficient mice. This is in contrast to reports
that IL-17F is less reliant on RORa expression than IL-17A is (X. O. Yang, B. P. Pappu, et al., 2008). The
exact mechanism behind this observation is unclear but suggests that further TFs may have a role in
supporting IL-17A and IL-22 expression. Furthermore, my results also pointed to an increase in the
frequency of cells able to produce TNFa but a decrease in the amount of the cytokine produced in the
absence of RORyt and RORa. These seemingly conflicting results raise the possibility that RORyt and
RORa may contribute to the networks regulating TNFa through an unappreciated mechanism or that

other TFs may also be involved.

RORyt and T-bet have been shown to be antagonistic in multiple settings. In certain mucosal Treg cells
RORyt appears to be required for suppression of T-bet with loss of the Th17 cell master TF resulting in
impaired Treg cell function (Bhaumik et al., 2021). Similarly, RORyt is required to restrain T-bet and
type 1 function in certain mature ILC3 subsets (Fiancette et al., 2021). Moreover, a RORyt-T-bet
antagonism was also observed in lymphoid tissue inducer (Lti) cells as RORyt deficiency-induced
impairment in lymphoid tissue development was rescued on T-bet co-deletion (Stehle et al., 2021).
The observed antagonism between the two TFs is clearly a fundamental aspect of the relationship
between these two transcriptional programmes, regardless of the cell type. Nonetheless, given the
differential effects TF deletion has on various ILC3 subsets, assessment of Th17 cell heterogeneity,
with a focus on the outcomes of TF deletion in specific populations, would be of great interest. For
example, it was reported that Lti-like ILC3 do not show a predisposition towards acquisition of an ILC1-
like phenotype even upon RORyt deletion and can maintain normal IL-22, if not IL-17A, levels
(Fiancette et al., 2021). Whether analogous Th17 cells exists is unclear but homeostatic small intestinal

IL-17A%IL-22* Th17 cells induced by certain commensals have been shown to be stable over time with
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no skewing towards a type 1 effector programme (lvanov et al., 2009; Omenetti et al., 2019). Crucially,
the studies reported here assessed only colonic cell populations the vast majority of which were
generated in response to infection, possibly excluding key Th17 cell subsets. Assessment of whether
such Th17 cells would maintain some type 3 function even in the absence of RORyt is of great interest.
If observed, a similar phenomenon could also explain why type 3 and type 1 cytokines are lost in some
but not all tdRFP* cells. Unbiased approaches, such as single cell RNA sequencing of Th17 cells
generated in response to varied stimuli could greatly increase our understanding of Th17 cell
transcriptional regulation. Importantly, Th17 cell function lost following deletion of both ROR family
TFs was not recovered upon T-bet deletion suggesting that RORa is both sufficient and necessary for

Th17 cell function when RORyt and T-bet are absent.

In summary, | have found that the balance of ROR family TFs and T-bet, rather than just their simple
presence or absence, is the key determinant of Th17 and exTh17 cell function. In addition to directly
supporting certain effector properties by activating gene transcription, these TFs also carry out their
roles by limiting the functions of the other. This phenomenon has also been observed in other
transcriptional networks and is likely true of most TFs as they function both by direct activation of
gene transcription and antagonism of alternative genetic programmes (Shaw et al., 2016). The exact
mechanisms mediating reciprocal antagonism between ROR family TFs and T-bet within Th17 cell
populations are not known but T-bet is known to prevent Runxl-mediated Rorc transcription by
directly binding this transcription factor (Lazarevic et al., 2011). It is possible that this interaction plays
arole in the formation of fully mature IFNy* exTh17 but unclear how it relates to intermediate stages
of the Th17/exTh17 spectrum. Given the increase in T-bet expression in the absence of RORyt and

RORaq, these TFs may similarly mediate T-bet suppression.

On testing the need for T-bet in supporting Th1-like exTh17 cell function, | showed that while T-bet is
not required for the generation of IFNy* Th17 cells its deletion results in a block in IL-17A" exTh17 cell

formation. Taken together, these data are consistent with reports that T-bet is dispensable for the
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acquisition of a Th1l cell programme in Th17 cells (Duhen et al., 2013) but | further showed that it is
needed for loss of IL-17A production and differentiation of fully mature exTh17 cell populations in
response to C.rodentium infection. This observation, if widely applicable, may explain why other
studies have still found a link between T-bet and Th17 cell-driven inflammatory diseases (Bending et
al., 2009; Bettelli et al., 2004). A potential mechanism explaining these observations is that
microenvironment-derived or cell-intrinsic signals induce IFNy expression and T-bet upregulation.
Above a threshold of T-bet expression it is possible that the antagonism between the two TFs would
result in suppression of RORyt expression and a loss of type 3 function, allowing the formation of fully
mature exTh17 cells. Importantly, recent work has shown that the requirement for T-bet in the
formation of IFNy* Th17 cells is context specific (Brucklacher-Waldert et al., 2016) pointing to the

involvement of further TFs not considered in this work.

In addition to impairing fully mature exTh17 cell differentiation, T-bet deficiency was also found to
impact resistance to infection. Taken together, these data suggested that T-bet expression in Th17
cells (and other IL-17A producing cell populations) plays an important role in shaping the microbiota
and thus influencing resistance to pathogen invasion. This observation prompted assessment of the
functional consequences of Th17 and exTh17 cell perturbations. Strikingly, preliminary data assessing
microbiome composition, along with the observed increased susceptibility to C.rodentium, suggested
that T-bet-deficiency-driven dysbiosis may predispose mice to C.rodentium colonisation. SFB
colonisation was previously reported to be protective against C.rodentium but it is not thought to drive
expansion of Th17 cells that acquire Th1 cell-like properties (lvanov et al., 2009; Omenetti et al., 2019).
Data presented here are consistent with a role for alternative microbial species that require T-bet-
driven functional adaptations in Th17 cells. However, given that | have observed no complete loss of
type 1 function in Th17 and exTh17 cells on T-bet deletion it remains to be seen exactly what role T-
bet plays in this process. The specific differences in microbiota composition in terms of functional
outcomes, and how Th17 cell-expressed T-bet contributes to the maintenance of H.ganmani in the
murine microbiota remains to be addressed. Moreover, | did not test whether the species present
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across multiple mouse strains were phenotypically identical. It is possible that the microbes present
in different intestinal microenvironments adapted differently resulting in fundamental phenotypic
differences. Changes, such as carbohydrate use and vitamin synthesis may in turn have an impact on
predisposition not only to infection but also intestinal inflammation and abnormal enterocyte
proliferation (O'Keefe et al., 2009; Vernia et al., 1988). Crucially, my dataset contains the information
necessary for testing potential differences but the sample size is currently limited. Expanding analyses
to enable better assessment of all strains as well as sex- and cage-related effects would benefit future
studies. Finally, despite the increased susceptibility to infection in all T-bet-deleting strains, impaired
bacterial control was only evident in mice lacking all three TFs. This could either be explained by
combined TF-deletion related defects in effector function or possibly general changes in cell fitness
and population size. Studies that separate cytokine production from other TF-deletion effects are

needed but likely require more sophisticated models.

Through assessment of post-developmental TF requirements, | have shown that manipulation of the
antagonism between ROR family TFs and T-bet can enrich for specific stages of the Th17/exTh17
spectrum. Control mice are able to produce cells of all stages but cells were pushed towards an
intermediate or even fully mature exTh17 cell phenotype by ROR family TF deletion. Conversely,
exTh17 cell differentiation could be blocked by T-bet deletion. Finally, co-deletion of all three TFs may
result in cells of a dysregulated phenotype, unable to produce either Th17- or Thl-like responses
(Figd.12). Crucially, it is yet to be established whether the observed differences are solely due to
defects in cytokine production or overall effects on Th17 fitness. Although changes in the size of the
tdRFP* CD4 T cell population suggested that a disadvantage exists only in cells lacking all three TFs,
future studies would benefit from detailed characterisation of this effect. Furthermore, no
comprehensive analysis of Th17 cell populations present in the intestinal mucosa at steady state have
been carried out. Nonetheless, these models have the potential to become greatly informative tools

in identifying the molecular pathways regulating Th17 differentiation.
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Figure 4.12. Manipulating the antagonism between ROR family TFs and T-bet enriches for specific
stages of the Th17/exTh17 spectrum

Schematic representation of how the mouse models generated to assess post-developmental
RORyt/ROR0/T-bet requirements enable assessment of stages of the exTh17 cell differentiation
process.
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In conclusion, | have established key experimental models that enable better assessment of Thl-like
exTh17 cell differentiation. These mice will enable assessment of not only the cell-intrinsic changes in

response to pathogen invasion but also alterations in the intestinal microenvironment and the effects

these may have on intestinal inflammation.
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CHAPTER 5: GENERATION OF CD4 T CELL MEMORY FOLLOWING
C.RODENTIUM INFECTION

5.1 INTRODUCTION

The formation of immunological memory is a key output of adaptive immune responses. Memory T
and B cells generated following primary infection or immunisation provide rapid responses and
mediate long-term protection from secondary infection. CD4 T cells and their offspring, including
memory cells, are crucial to appropriate adaptive immunity. Studies of CD4 T cell memory largely
focused on systemic responses (Ciucci et al., 2019; Dileepan et al., 2011; Harrington et al., 2008;
Pepper et al., 2011). Yet, natural infections arise predominantly through mucosal sites and become
systemic only when mucosal control mechanisms fail. While it is well-established that the context
within which CD4 T cells are activated shapes the resulting effector response (Mosmann et al., 1986),
how diverse microenvironments feed into the formation of tissue- or response-specific CD4 T cell

memory populations in vivo is poorly understood.

Memory T cells have been shown to emerge from effector (Teff) cells equipped to aid pathogen
clearance and precursors that never go through a Teff cell phase (Amezcua Vesely et al., 2019; Bishu,
Hou, et al., 2019; Pepper et al., 2010; Pepper et al., 2011). The memory T cell pool is divided into
populations with distinct functions carried out at different anatomical locations. Central memory T
(Tcm) cells are self-renewing cells that recirculate through 2LT (Pepper & lJenkins, 2011). Upon
challenge they are thought to generate effector cells, Tfh cells and Tcm cells. Studies of the antigen-
specific CD4 T cell response to L.monocytogenes demonstrated early bifurcation in the development
of cells with a circulating phenotype from those that acquire the Th1 cell effector programme (Pepper
et al., 2011). Whether this early divergence of Tcm and Teff cell fates is a universal feature of all CD4

T cell responses or applies only to systemic infection is unknown.
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Unlike Tcm cells, effector memory T (Tem) cells arising from Teff cells are sequestered to non-
lymphoid tissues where they produce effector cytokines in response to TCR ligation (Harrington et al.,
2008). Long after the identification of circulating Tcm and Tem cell populations a further memory
compartment was described. Tissue-resident memory T (Trm) cells are retained in peripheral organs,
often at the site of infection, and function as crucial sentinels, reacting rapidly to pathogen re-
encounter (Bartolome-Casado et al., 2019; Masopust et al., 2010). Despite their importance in
protective tissue-specific immunity, little is known about CD4 Trm responses. In fact, most studies
investigating Trm cells have focused on CD8 T cell biology (Schenkel & Masopust, 2014). Interestingly,
recent work has shown that CD8 Trm cells have previously unappreciated stem-like roles in addition
to providing rapid effector functions (Fonseca et al., 2020). Whether mucosal CD4 Trm contribute to

systemic responses remains untested.

The work presented in this chapter aimed to develop and characterise key tools that enable tracking
of an antigen-specific Th17-skewed CD4 T cell response so that the systemic and mucosal CD4 T cell

populations formed following extracellular mucosal infections could be assessed.

5.2 ATRACTABLE MUCOSAL INFECTION MODEL

Seminal works from the Jenkins group provide some of the best data assessing the kinetics of the
effector CD4 T cell response to pathogen (Pepper et al., 2010; Pepper et al., 2011). These studies
elegantly showed that following early expansion, effector cell numbers contract and eventually just a
small number of Tem remain. However, these data focused on systemic infections which fail to
recapitulate key host-pathogen interactions at mucosal surfaces, the main sites of pathogen entry.
While attempts to assess mucosal Th17 cell responses were made (Dileepan et al., 2011), natural
mucosal pathogen-induced immune memory has proven harder to study. Tracking of cytokine
production history, as described in previous chapters using //17a“*Rosa26'“"* mice, is not suitable for
the study of the memory phase at late timepoints due to the expected contraction of the population.

Moreover, the studies highlighted above reported that Tfh cells present in lymphoid tissues and Tcm

140



cells recirculating between the blood and lymphoid tissues branched early from the effector response
(Pepper et al., 2011) and so may never report a signature effector cytokine. Therefore, fate mapping
I117a expression may fail to capture these cells. The study of these cells, that may be present at very
low numbers, relies on the identification of CD4 T cells responding to pathogen-derived antigens.
Historically, a lot of work on antigen-specific T cell responses relied on methods such as the use of TCR
transgenic mice or adoptive transfer of TCR transgenic T cells into WT mice. While these studies have
been highly informative, they may fail to capture a normal T cell response due to the limited TCR
repertoire the high number of cells recognising the same antigen (Hataye et al., 2006). Identification
of pathogen-derived peptides presented to and recognised by T cells enables the generation of p:MHC
complexes (McSorley et al., 2000; Moon et al., 2007) and these have proven invaluable in the tracking
of endogenous polyclonal T cell responses (Dileepan et al., 2011; Pepper et al., 2010; Pepper et al.,
2011). Therefore, | sought to apply them to the study of CD4 T cell responses to mucosal C.rodentium
infection. However, immunodominant C.rodentium antigenic epitopes have not yet been
characterised. Therefore, C.rodentium was engineered to express a known peptide through a
collaboration with Professor Gad Frankel. The modified C.rodentium strain expresses the highly
immunogenic 2W1S variant of the I-Easz.6s chain (Rees et al., 1999; Rudensky et al., 1991) fused to the
EspA translocator. 2W1S-specific CD4 T cells have been shown to be easily identifiable using 2W1S:1-

AP tetramers (Moon et al., 2007).

Following oral administration of C.rodentium-2W1S | sought to identify 2W1S-specific CD4 T cells in
successfully colonised mice by combining 2W1S:I-A® tetramers and flow cytometric analyses (Fig5.1a).
Tetramer staining identified a distinct population of 2W1S-specific CD4 T cells present in the colonic
lamina propria of colonised but not control mice (Fig5.1b). To account for the possibility of non-specific
interactions sham peptide:I-A° tetramer binding to CD4 T cells and 2W1S:I-A° tetramer binding to
MHCl-restricted CD8 T cells in colonised mice were assessed. The absence of a signal in either case
confirmed binding through the TCR and recognition of the 2W1S:MHCII complex, rather than just part
of the MHCII molecule (Fig5.1b).

141



. . ‘ [
a (wis) "ei ' ..a
I A =8 _e
, >, v = Y
| Crodentiom-2wis ‘I’ *
% e
= il o )
Fan f % -
Do D&-8 Tissue harvest
oral gavage colonisation check piMHCII tetramer staining
c ped 00t
— control — ——  infected =
“BpO
co4* control Cos* cog* L
Tcells tetramer Tcells Tcells g 1w pa
ol 1 7.4 o ? e
; T o .
L s 4,
= | = T W -
S S : I I B N &
cD4s > SR P
Il
9
d [ h
praad E |
“ | ] 53.8 w00
£ - |
EN E |
_ﬂ & w d:
ﬁ 2 o | 1
o | ‘
‘ o E.—H” e —
| 45 4
= | 1)
= N 1 || )
i = .11 s
ta ]
= & | | =
i | = 4 | B
= | |
D14 D35 tdRFP —p D14 D35
i k D14 | D3s
pﬂﬂﬂﬂi
Fraanan [T
- intestine -— 21T — 100 - p=0.0063
g
" &
Pr-u A
S
-
a
SFHSS S LS

142



Figure 5.1. C.rodentium-2W1S infection induces a tractable CD4 T cell response

C.rodentium-2W1S infection was used to enable assessment of an antigen-specific CD4 T cell
population.

a) Schematic representation of experimental design. Mice were inoculated with C.rodentium-2W1S to
enable p:MHCII tetramer-based identification of antigen-specific CD4 T cells in colonised mice.

b) Representative flow cytometry plots showing 2W1S:I-A® tetramer staining on CLP CD4 T cells from
control uncolonized mice and control or 2W1S:I-AP tetramer staining on CLP CD4 and CD8 T cells from
infected mice.

c) Quantification of faecal bacterial counts from mice colonised with WT C.rodentium. D6-8 n=17, data
pooled from 3 independent experiments, D14 and D28-30 n=11, data pooled from 2 independent
experiments and D21 n=14, data pooled from 2 independent experiments.

d) Representative flow cytometry plots gated on CLP CD4 T cells showing 2W1S:1-A® tetramer and
CD44 staining on D14 and D35 following C.rodentium-2W1S infection.

e-f) Quantification of the proportion (e) and total number (f) of antigen-specific (2W1S*) CD4 T cells in
the CLP of mice on D14 and D35 following C.rodentium-2W1S infection. D14 n=7, data pooled from 2
independent experiments and D35 n=8, data pooled from 3 independent experiments.

g) Representative histograms showing tdRFP expression in CLP 2W1S* CD4 T cells on D14 and D35
following C.rodentium-2W1S infection.

h-i) Quantification of the proportion (h) and total number (i) of tdRFP* 2W1S* CD4 T cells in the CLP of
mice on D14 and D35 following C.rodentium-2W1S infection. D14 n=4, data from 1 experiment and
D35 n=8, data pooled from 3 independent experiments.

j) Representative flow cytometry plots gated on intestinal and 2LT CD4 T cells showing 2W1S:I-A°
tetramer and CD44 staining following C.rodentium-2W1S infection

k) Quantification of the total number of 2W1S* CD4 T cells throughout the body on D14 following
C.rodentium-2W1S infection. CLP, CalLP, SILP, mLN, spleen, pLN and lung n=3 and CP n=1 average of
3 pooled samples, all data from 1 experiment.

I) Quantification of the total number of 2W1S* CD4 T cells throughout the body on D35 following
C.rodentium-2W1S infection. CLP n=15, data pooled from 6 independent experiments, CaLP n=10,
data pooled from 5 independent experiments, SILP n=3, data from 1 experiment, mLN n=14, data
pooled from 5 independent experiments, CP n=1 average of 3 pooled samples, data from 1
experiment, spleen n=8, data pooled from 4 independent experiments, PP n=2, data from 1
experiment and iLN n=7, data pooled from 3 independent experiments.

Values on flow cytometry plots and histograms represent percentages. Normality was tested using
Shapiro-Wilk test. Lines on graphs show mean+SD (h), mean+SD (k) or median (c, e, f, i, I). Significance
was tested using unpaired t test (h), Mann-Whitney U test (e, f, i), One-Way ANOVA (k) or Kruskal-
Wallis test (c, I).
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Having shown that | could reliably identify CD4 T cells responding to the infection | next sought to
assess this population both during antigen presence and following its clearance. Tracking faecal
bacterial load following infection of mice lacking any genetic defects revealed high bacterial burdens
in the first 14 days of infection followed by gradual clearance between days 21 and 30 (Fig5.1c). This
observation was consistent with published literature showing that bacteria are first expelled from the
mucosa by the immune system and then slowly cleared from the colonic lumen by the interplay of the
immune system and commensal microbes of the normal flora (Bishu, Hou, et al., 2019; Kamada et al.,
2012; Kamada et al., 2015). Given that T cell responses to C.rodentium are reported to take up to 14
days to develop (Atarashi et al., 2015; Basu et al., 2012; Bishu, Hou, et al., 2019) | elected to study the
antigen-specific CD4 T cell compartment on days 14, near the peak of faecal bacterial load but at the
beginning of the adaptive response, and on day 35 when most mice are expected to have resolved the
infection. Surprisingly, assessment of the colonic 2W1S-specific CD4 T cell population (Fig5.1d)
revealed a small but statistically significant increase, rather than contraction, in both the proportion

and number of these cells (Fig5.1e-f).

Having established that the modified infection model enabled specific tracking of CD4 T cells induced
by C.rodentium infection, | turned to //17a“°Rosa26'"" mice to enable //17a expression history to be
assessed. Surprisingly, at either timepoint only an average of half of the responding colonic cells had
a history of IL-17A production (Fig5.1g-i). This observation clearly illustrates the need for expanding
I117a fate mapping-based approaches when assessing the total CD4 T cell response to this pathogen.
The tdRFP- CD4 T cells population likely included a mix of effector cells that did not make IL-17A (such
as Thi cells) and those where Cre-mediated recombination was defective. Furthermore, non-effector

CDA T cells may also be present in the colon.

Th17 effector cells are expected to home to and be retained in the intestine. However, the presence
of mucosal 2W1S-specific CD4 T cells that lacked //17a expression history suggested that the

C.rodentium-2W1S model enabled tracking of multiple cell types. The emergence of non-effector CD4
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T cells has not been well-described Th17-skewed responses, especially within the intestinal mucosa.
Therefore, analyses were expanded to include further mucosal and lymphoid tissues. These studies
aimed to begin to capture the distribution of different C.rodentium-induced CD4 T cell populations
(Fig5.1j). Given the anticipated low frequency of antigen-specific cells | elected to perform 2W1S:I-A°
tetramer-based magnetic bead enrichment on SILP, mLN, spleen, pooled peripheral lymph nodes
(pLN) and lungs. Furthermore, due to their minimal total cellularity caecal patches (CP) were pooled
from multiple mice with the average number of 2W1S-specific CD4 T cells reported here.
Quantification of 2W1S-specific cells revealed that C.rodentium-induced CD4 T cells were distributed
throughout the body as early as day 14 and remained so at day 35 of the infection (Fig5.1k-1). Although
the day 14 data are limited, these analyses suggested that C.rodentium-induced antigen-specific cells
were most abundant in the intestinal mucosa followed by the intestinal draining mLN, and the spleen.
2W1S-specific CD4 T cells were detected in both the CP and small intestinal Peyer’s patches (PP) albeit
in numbers too low to enable further analyses. The inguinal lymph nodes (iLN) and pLN (comprising
iLN, brachial (b)LN and axillary (a)LN) were also found to harbour smaller numbers of antigen-specific
cells. Assessment of the total pLN was preferable due to larger numbers of cells enabling better
analysis but technical limitations prevented bLN and aLN from being harvested along with iLN at the
late day 35 timepoint. Assessing potential trafficking to distinct mucosal sites identified approximately
500 2W1S-specific CD4 T cells in the lungs of infected mice as early as day 14 of the infection. However,
as C.rodentium-2W1S is excreted in faeces it is possible that it could enter the respiratory tract and
thus explain the presence of these antigen-specific CD4 T cells. Given the absence of testing for a role
this route of infection could play, his site was excluded from further analyses. Taken together, these
data provide the first description of the breadth of the CD4 T cell response to a natural mouse
pathogen that colonises the intestinal tract and capture the dissemination of antigen-specific cells

while showing heterogeneity in their cytokine expression history.
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5.2.1 Early divergence of effector Th17 and Tcm cell fates

Having established that the C.rodentium-2W1S model generates a tractable CD4 T cell response, | next
sought to understand the nature of the different CD4 T cell populations induced by the infection.
Studies focusing on Th1l cell responses identified at least two populations — Tcm and effector cells
producing IFNy — and showed that these were generated from different precursors following systemic
infection (Pepper et al., 2011). Whether such a relationship between effector and recirculating cells is
a hallmark of all CD4 T cell responses or is restricted to Thl-skewed infections has not been tested
experimentally in vivo. Therefore, the C.rodentium-2W1S infection model and //17a*Rosa26'* |L-
17A fate mapper mice were combined again and //17a expression history used as an indicator of
commitment to a Th17 state. Tcm cell precursors were reported to express the TF Bcl6 and chemokine
receptor CXCR5 (Pepper et al., 2011). Therefore, these markers were targeted in the C.rodentium-
2W1S infection mode. However, commercially available antibodies did not provide appropriate
staining in this experimental model. Therefore, an alternative way of identifying these cells was
sought. The surface molecule CD62L is required for entry into lymphoid tissues (Cyster, 2005). In the
absence of optimal CXCR5 and Bcl6 detection this marker was used as an indicator of a circulating
phenotype. Testing for CD62L on 2W1S*CD44" CD4 T cells combined with tdRFP enabled assessment
of the relationship between the effector and Tcm cell arms of the response to C.rodentium. Analysis
of these two markers early in the response (Fig5.2a) indicated that cells with a history of IL-17A
expression were enriched in the intestine, although these data are not sufficiently powered to show
statistical significance (Fig5.2b). Conversely, CD62L" antigen-specific cells were only present in 2LT
with pLN harbouring the highest proportion (Fig5.2c). Thus, early CD62L and tdRFP expression
matched effector and migratory functions. Following bacterial clearance, the large proportion of
tdRFP* infection-induced CD4 T cells was maintained in the intestinal mucosa but also showed some
evidence of increase in the lymphoid tissues assessed (Fig5.2d-e). As expected, CD62L expression
remained restricted to 2W1S-specific CD4 T cells present in lymphoid tissues and was most enriched
on iLN 2W1S-specific CD4 T cells (Fig5.2f). Taken together, the day 14 data raised the possibility that,
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Figure 5.2. C.rodentium infection results in early divergence of effector and recirculating Tcm-like
CD4 T cell fates

The relationship between cytokine production history and CD62L expression was assessed in the
2W1S* CD4 T cell pool.

a) Representative histograms gated on 2W1S* CD4 T cells showing tdRFP and CD62L expression in the
intestine and 2LT of //17a“*Rosa26“~"” mice on D14 following C.rodentium-2W1S infection.

b-c) Quantification of the proportion of tdRFP* (b) and CD62L* (c) 2W1S* CD4 T cells throughout the
body of 1117a“*Rosa26“~” mice on D14 following C.rodentium-2W1S infection. CLP, SILP and spleen
n=4, mLN and pLN n=3, data from 1 experiment.

d) Representative histograms gated on 2W1S* CD4 T cells showing tdRFP and CD62L expression in the
intestine and 2LT of //17a“*Rosa26“""? mice on D35 following C.rodentium-2W1S infection.

e-f) Quantification of the proportion of tdRFP* (e) and CD62L"* (f) 2W1S* CD4 T cells throughout the
body of I117a“Rosa26“"” mice on D14 following C.rodentium-2W1S infection. CLP tdRFP n=9, data
pooled from 4 independent experiments, CLP CD62L n=5, data pooled from 3 independent
experiments, CaLP n=4, data pooled from 2 independent experiments, SILP and iLN n=3, data from 1
experiments, mLN tdRFP n=8, data pooled from 3 independent experiments, mLN CD62L n=4, data
pooled from 2 independent experiment and spleen n=2, data pooled from 2 independent
experiments.

g) Representative flow cytometry plots showing tdRFP and CD62L staining in SILP and pLN 2W1S* CD4
T cells of 1117a“¢Rosa26“~P mice following C.rodentium-2W1S infection.

h-j) Quantification of the proportion of tdRFP* (h), CD62L" (i) or tdRFP*CD62L* (j) 2W1S* CDA T cells in
the SILP and pLN of //17a*Rosa26'**" mice on D14 following C.rodentium-2W1S infection. n=4, all
data from 1 experiment.

k-m) Quantification of the proportion of tdRFP* (k), CD62L* (I) or tdRFP*CD62L* (m) 2W1S* CD4 T cells
in the SILP and iLN of //17a“°Rosa26"""P mice on D35 following C.rodentium-2W1S infection. n=5, all
data from 1 experiment.

Values on histograms and flow cytometry plots represent percentages. Lines on graphs show
meanzSD (i) or median (b, ¢, e, f, h, j, k, I, m). Significance was tested using unpaired t test (i), Mann-
Whitney U test (h, j, k, |, m), or Kruskal-Wallis test (b, c, e, f).
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much like in the case of systemic Th1 cell responses, at least two functionally distinct populations were
generated early in the response to a mucosal pathogen. However, the potential increase of tdRFP*
cells in 2LT observed at day 35 left open the possibility of cells with a history of IL-17A production
entering the recirculating Tcm cell pool. Therefore, the relationship between the two markers was
also tested (Fig5.2g). Regardless of the timepoint assessed, tdRFP* cells were most abundant in the
intestine and CD62L* cells in the 2LT. However, at no time were there cells co-expressing the two

markers (Fig5.2h-m).

5.2.2 C.rodentium infection induced Trm cell generation

Unlike Tcm cells, Trm cells are thought to arise from the local persistence of effector cells. This
population is sequestered in organs where they form self-renewing memory T cell pool that is an
important part of the immune system. Despite their relevance to long-term protection against
pathogens and involvement in autoimmune disorders (Bishu, El Zaatari, et al., 2019; Christensen et
al., 2017; Krebs et al., 2020), comparatively little is known about Trm cells induced by extracellular
mucosal infections. In fact, the majority of our understanding of Trm cell biology relies on studies of
CD8 T cells. The tissue resident phenotype of these cells is often, although not always, associated with
expression of the markers CD69 and CD103 (Kok et al., 2021). The limited literature focusing on
mucosal Th17 cell-derived Trm identified CD69 but not CD103 as a CD4 tissue retention marker
(Amezcua Vesely et al., 2019; Bishu, Hou, et al., 2019), likely reflecting the different anatomical spaces
occupied by CD8 and CD4 T cells — CD103 binds E-cadherin expressed on epithelial cells, directing entry
into the intraepithelial layer from the lamina propria (Karecla et al., 1995; Kilshaw & Baker, 1988),
where the majority of CD8 but not CD4 T cells reside in mice. Nonetheless, both CD4 and CD8 T cells
expressing CD103 have been found in the lamina propria (Bartolome-Casado et al., 2019; Braun et al.,
2015). Therefore, the expression of both CD69 and CD103 was tested in the antigen-specific CD4 T cell
pool on day 35 of C.rodentium infection (Fig5.3a). The vast majority of intestinal but not 2LT 2W1S-

specific CD4 T cells were found to express CD69 (Fig5.2b-c). Conversely, even though some expression
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Figure 5.3. Residency markers are enriched on intestinal 2W1S* CD4 T cells following C.rodentium
infection

The expression of putative residency markers CD69 and CD103 was assessed on 2W1S* CD4 T cells on
D35 following infection.

a) Representative flow cytometry plots gated on 2W1S* CD4 T cells showing CD69 and CD103 staining
in CLP and mLN on D35 following C.rodentium-2W1S infection.

b-e) Quantification of the proportion and total number of CD69* (b-c) and CD103* (d-e) 2W1S* CD4 T
cells throughout the body on D35 following C.rodentium-2W1S infection. CLP, CaLP and mLN n=10,
data pooled from 5 independent experiments, SILP n=3, data from 1 experiment, spleen n=8, data
pooled from 5 independent experiments and iLN n=7, data pooled from 3 independent experiments.

f-g) Representative flow cytometry plots showing CD69 and CD103 expression in the total CLP (f) and
CalP (g) CD4 T cell pool and 2W1S* CD4 T cells on D35 following C.rodentium-2W1S infection.

h-i) Comparison of the proportion of CD69* (h) and CD103" (i) cells within the total CLP CD4 T cell pool
and 2W1S* CD4 T cells on D35 following C.rodentium-2W1S infection. n=11, data pooled from 3
independent experiments.

j-k) Comparison of the proportion of CD69* (j) and CD103* (k) cells within the total CaLP CD4 T cell
pool and 2W1S* CD4 T cells on D35 following C.rodentium-2W1S infection. n=11, data pooled from 3
independent experiments.

Values on flow cytometry plots represent percentages. Normality was tested using Shapiro-Wilk test.
Lines on graphs show meanSD (b), median (c, d, e) or pairwise comparisons (h, i, j, k). Significance
was tested using One-Way ANOVA (b), Kruskal-Wallis test (c, d, e), paired t test (h, i, j) or Wilcoxon
matched pairs test (k).
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of CD103 was evident, this was minimal and only differed between mucosal sites and 2LT due to the
different sizes of the 2W1S-specific populations here (Fig5.3d-e). Lack of enrichment of CD103 on
intestinal CD4 T cells following infection is in line with reports suggesting that this marker is not
expressed on Trm cells induced by extracellular mucosal infections (Amezcua Vesely et al., 2019; Bishu,
Hou, et al., 2019). Interestingly, however, 5-15% of mucosal antigen-specific CD4 T cells did express
low levels of CD103 raising questions over the potential function of these cells. Due to the low
frequency and number of CD69" 2W1S-specific cells in the 2LT further analyses of C.rodentium-

induced Trm cells focused on the intestinal mucosa.

To test whether expression of residency markers was enriched on 2W1S-specific cells likely present in
the mucosa for several weeks compared to the total CD4 T cell pool, the proportion of CD69* and
CD103* cells was contrasted in the two populations (Fig5.3f-g). CD69* cells were found to be enriched
in the 2W1S-specific CD4 T cell population compared to the total CD4 T cell pool in the colon (Fig5.3h).
Conversely, CD103* cells were present at a lower frequency (Fig5.3i). Interestingly, the same pattern
of CD103 but not CD69 expression was observed in the caecum (Fig5.3j-k). Such analyses were not

possible in the small intestine due to the need for 2W1S-specific cell enrichment.

The high frequency of intestinal CD69* 2W1S-specific CD4 T cells is consistent with the generation of
C.rodentium-induced Trm. Cells of a Th17 cell origin responding to extracellular pathogens have been
shown to enter the memory pool and be retained at the mucosal surface (Amezcua Vesely et al., 2019;
Bishu, Hou, et al., 2019). However, the contribution of other effector CD4 T cell populations is unclear.
Therefore, the infection model was again combined with //17a“®Rosa26“""” mice, enabling assessment
of whether Th17 and exTh17 cells gave rise to C.rodentium-induced Trm cells more efficiently.
Surprisingly, testing tdRFP expression in the total 2W1S-specific CD4 T cell pool and comparing this to
thatin CD69* and CD103* 2W1S-specific cells (Fig5.4a) revealed no evidence of an enrichment of Th17-
derived cells in the populations expressing putative residency markers (Fig5.4b-d). Similarly, when

testing whether CD69 or CD103 expression was enriched in tdRFP* 2W1S-specific cells compared to
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the total antigen-specific pool (Fig5.4e), | observed no such effects (Fig5.4f-k). A possible explanation
of these data is that by day 35 of the infection all mucosal 2W1S-specific CD4 T cells were derived from
effector but not necessarily from Th17 cells. To test this, the relationship between residency marker
expression and Th1l- and Th17 cell-associated cytokine production, following ex vivo restimulation,
was studied. Cytokine expression in the total antigen-specific and CD69* or CD103* populations
(Fig5.5a) pointed to no clear differences (Fig5.5b-g). Comparing cells producing IL-17A or IFNy to the
total 2W1S-specific CD4 T cell pool also failed to identify any differences in CD69 or CD103 expression
(Fig5.5h-n). Taken together, these results suggested that expression of either IL-17A or IFNy is not

linked to residency marker expression on CD4 T cells induced by C.rodentium infection.

5.3 PERTURBATIONS OF THE TH17/EXTH17 CONTINUUM AND CD4 T CELL MEMORY

As previously described, intestinal pathogen induced Th17 cells show a high degree of plasticity and
adopt a spectrum of Th1l cell-like characteristics (Hirota et al., 2011; Lee et al., 2009; Omenetti et al.,
2019). Trm cells with mixed Th17/Th1 cell characteristics have been described and have roles in both
health and disease. Stable IL-17A*IFNy* CD4 Trm cell populations are linked to autoimmune pathology
(Bishu, El Zaatari, et al., 2019). Recent work focusing on a respiratory Th17-skewed infection identified
mucosal CD4 Trm cells with the capacity to produce not only Th17- but also Thl cell-associated
cytokines, albeit at a lower frequency (Amezcua Vesely et al., 2019). Together, these observations
raise the possibility that Trm cells may arise from different stages of the Th17/exTh17 spectrum.
However, this has not been specifically assessed in vivo. Furthermore, whether Trm cells developing
from distinct Th17 and exTh17 cell populations are phenotypically different is untested. Therefore, |
combined the conditional TF knockout mice described in Chapter 4 with the C.rodnetium-2W1S
infection model. This approach takes advantage of the ability to lock effector cells into better-defined
stages of the Th17/exTh17 spectrum (Fig4.12) while enabling long-term tracking of responding CD4 T
cells. Together, these models provide a powerful tool for dissecting extracellular mucosal infection-

driven Trm cell differentiation, function and relationship to the Tcm cell response. The system is
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Figure 5.4. Residency markers are not enriched on intestinal tdRFP* 2W1S* CD4 T cells following
C.rodentium infection

The expression of putative residency markers CD69 and CD103 was assessed on tdRFP* 2W1S* CD4 T
cells on D35 following infection.

a) Representative histograms showing tdRFP expression in intestinal 2W1S* CD4 T cells and CD69* or
CD103* 2W1S* CDA4 T cells on D35 following C.rodentium-2W1S infection.

b-d) Comparison of the proportion of tdRFP* cells within the total 2W1S* CD4 T cell population and
CD69* or CD103* 2W1S* CD4 T cells in the CLP (b), CaLP (c) or SILP (d) on D35 following C.rodentium-
2W1S infection. CLP and CalLP n=4, data pooled from 2 independent experiments and SILP n=3, data
from 1 experiment.

e) Representative flow cytometry plots showing CD69 and CD103 expression in the total intestinal
2W1S* CD4 T cell pool and tdRFP* 2W1S* CD4 T cells on D35 following C.rodentium-2W1S infection.

f-h) Comparison of the proportion of CD69"* cells within the total 2W1S* CD4 T cell pool and tdRFP*
2W1S* CDA T cells in the CLP (f), CaLP (g) and SILP (h) on D35 following C.rodentium-2W1S infection.
CLP and CalP n=4, data pooled from 2 independent experiments and SILP n=3, data from 1
experiment.

i-k) Comparison of the proportion of CD103* cells within the total 2W1S* CD4 T cell pool and tdRFP*
2W1S* CD4 T cells in the CLP (i), CaLP (j) and SILP (k) on D35 following C.rodentium-2W1S infection.
CLP and CalP n=4, data pooled from 2 independent experiments and SILP n=3, data from 1
experiment.

Values on histograms and flow cytometry plots represent percentages. Normality was tested using
Shapiro-Wilk test. Lines on graphs show pairwise comparisons. Significance was tested using
Repeated Measures One-Way ANOVA (b, c, d), paired t test (g, h, i, j, k) or Wilcoxon matched pairs
test (f).
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Figure 5.5. Residency markers are not enriched on intestinal cytokine producing 2W1S* CD4 T cells
following C.rodentium infection

The expression of putative residency markers CD69 and CD103 was assessed on IL-17A* and IFNy*
2W1S* CD4 T cells on D35 following infection.

a) Representative flow cytometry plots showing IL-17A and IFNy expression following ex vivo
restimulation with PMA and ionomycin in intestinal 2W1S* CD4 T cells and CD69* or CD103* 2W1S*
CD4 T cells on D35 following C.rodentium-2W1S infection.

b-d) Comparison of the proportion of IL-17A* cells within the total 2W1S* CD4 T cell population and
CD69* or CD103* 2W1S* CD4 T cells in the CLP (b), CaLP (c) or SILP (d) on D35 following C.rodentium-
2W1S infection. CLP and CalLP n=4, data pooled from 2 independent experiments and SILP n=3, data
from 1 experiment.

e-g) Comparison of the proportion of IFNy* cells within the total 2W1S* CD4 T cell population and
CD69* or CD103* 2W1S* CD4 T cells in the CLP (e), CaLP (f) or SILP (g) on D35 following C.rodentium-
2W1S infection. CLP and CalLP n=4, data pooled from 2 independent experiments and SILP n=3, data
from 1 experiment.

h) Representative flow cytometry plots showing CD69 and CD103 expression in the total intestinal
2W1S* CD4 T cell pool and IL-17A* or IFNy* 2W1S* CD4 T cells on D35 following C.rodentium-2W1S
infection.

i-k) Comparison of the proportion of CD69* cells within the total 2W1S* CD4 T cell pool and IL-17A* or
IFNy* 2W1S* CD4 T cells in the CLP (i), CaLP (j) and SILP (k) on D35 following C.rodentium-2W1S
infection. CLP and CalLP n=4, data pooled from 2 independent experiments and SILP n=3, data from 1
experiment.

I-n) Comparison of the proportion of CD103* cells within the total 2W1S* CD4 T cell pool and IL-17A*
or IFNy* 2W1S* CD4 T cells in the CLP (l), CaLP (m) and SILP (n) on D35 following C.rodentium-2W1S
infection. CLP and CalLP n=4, data pooled from 2 independent experiments and SILP n=3, data from 1
experiment.

Values on flow cytometry plots represent percentages. Normality was tested using Shapiro-Wilk test.
Lines on graphs show pairwise comparisons. Significance was tested using Repeated Measures One-
Way ANOVA (c, d, e, f, j, |, m) or Friedman test (b, g, i, k, n).
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currently incompletely characterised, however, preliminary observations and potential

interpretations are reported below.

Assessment initially focused on strain-specific differences on the late day 35 timepoint in control IL-

ARORvt/RORe mice within which Th17 cells are pushed towards a ‘fully mature’

17A fate mapper mice, ll17a
IFNy* exTh17 cell state, //17a*™¢* mice that block Th17 cells at the ‘intermediate’ IL-17A*IFNy* Th17
cell state, and //17g*RORv/RORa/T-bet animals that contain none of the identified Th17-exTh17 cell stages,
respectively (Fig5.6a). Testing the size of the antigen-specific population within intestinal and

AT-bet

lymphoid tissues pointed to a potential defect in the colonic populationin I/17a animals (Fig5.6b-
g). These data raised the possibility that differences in the responses to the pathogen reflected
different survival or retention of Teff cells within the colon. However, the proportion of antigen-
specific CD4 T cells showing a history of IL-17A production showed no clear strain-specific differences

in any of the tissues analysed (Fig5.6h-n), consistent with normal C.rodentium-induced Th17 cell

survival up to day 35 of the infection even in the absence of key TFs.

Having established that early Tcm cells arising from C.rodentium infection developed independently
of Th17 cells, no gross changes in the recirculating CD62L* 2W1S* CD4 T cell pool were anticipated
following TF deletion. However, given that later in the infection cells with a history of cytokine
expression were disseminated in lymphoid tissue, | elected to test whether key TF deletion impacted
the circulating Tcm cell pool. Therefore, CD62L expression was assessed in conjunction with IL-17A
production history (tdRFP). Cells co-expressing CD62L and tdRFP were not observed in any of the
tested mouse strains (Fig5.7a), possibly suggesting that TF deletion did not disrupt the divergence of
Tcm and Teff cell fates. Preliminary data suggested that mice lacking ROR family TFs but not T-bet in
established Th17 cells contained no recirculating antigen-specific CD4 T cells within the mLN (Fig5.7b-
c). Conversely, 2W1S* CD44" CD4 T cells harvested from the iLN of the TF-deficient mice appeared to
harbour a higher proportion of CD62L* cells (Fig5.7d). However, the total number of such cells within

the iLN was low in all mouse strains tested (Fig5.7e). Taken together, these data raised the possibility
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Figure 5.6. Manipulation of ROR family TF and T-bet antagonism may impact the antigen-specific
CDA T cell population following C.rodentium infection

1117a°", 111 7gARORVY/ROR 117 7GARORV/RORa/T-bet gnd [1170%T2t mice were infected with C.rodentium-2W1S to
enable tracking of the consequences of perturbations in the Th17/exTh17 continuum.

a) Representative flow cytometry plots gated on CD4 T cells showing 2W1S:I-A® tetramer and CD44
staining in the intestine and 2LT of //17a%¢, I117g*RORV/RORa |11 7gARORVY/ROR/T-bet qnd 111 7g°TP¢t mice on
D35 following C.rodentium-2W1S infection.

b-g) Quantification of the total number of 2W1S* CD4 T cells in the CLP (b), CaLP (c), SILP (d), mLN (e),
spleen (f) and iLN (g) of /117a, 111 7g*RORV/RORa |17 7gARORYt/RORa/T-bet and 111 7g47P¢t mice on D35 following
C.rodentium-2W1S infection. //17a“¢ CLP n=9, data pooled from 4 independent experiments,
1117a%RORY/RORe gnd |11 7”7t CLP n=4, data pooled from 2 independent experiments, //17g*RORv/ROR/T-
bet CLP n=6, data pooled from 3 independent experiments, //17a¢ CalLP n=4, data pooled from 2
independent experiments, [/17g*fOf/RORx 3nd []17¢°TP¢t CalP n=3, data from 1 experiment,
1117gARORvt/RORa/T-bet Cq| P n=5, data pooled from 2 independent experiments, //17a® and //17g*RORvt/RORx
SILP n=3, data from 1 experiment, //17a*RORv/ROR/T-bet 51| p n=1, data from 1 experiment, //17a¢ mLN
n=8, data pooled from 3 independent experiments, //17a*fOf/RORx and |1170°™¢t mLN n=3, data from
1 experiment, [/17g*RORvt/ROR/T-bet ;| N n=5, data pooled from 2 independent experiments, //17a°
spleen n=2, data pooled from 2 independent experiments, //17g*fROf/ROR% and |117a°T¢t spleen n=3,
data from 1 experiment, //17g4RORv/RORe/T-bet splaen n=5, data pooled from 2 independent experiments,
1170 and [117aRORv¥/ROR jLN n=3, data from 1 experiment and //17g#RORV/RORa/T-bet | N n=2, data from
1 experiment.

h) Representative histograms showing tdRFP expression in 2W1S* CD4 T cells in the intestine and 2LT
of 1117ac", 1117g*RORV/RORa " |17 7gARORVt/RORa/T-bet qnd 111 7g2TP¢t mice on D35 following C.rodentium-2W1S
infection.

i-n) Quantification of the proportion of tdRFP* 2W1S* CD4 T cells in the CLP (i), CaLP (j), SILP (k), mLN
(), spleen (m) and iLN (n) of /17a%, [117g*RORVY/RORe |11 7gARORVI/RORe/T-bet gng 117a°T¢t mice on D35
following C.rodentium-2W1S infection. I/17a“ CLP n=9, data pooled from 4 independent experiments,
1117a2RORY/RORe gnd |11 70”7t CLP n=4, data pooled from 2 independent experiments, //17g*RORv/ROR/T-
bet CLP n=6, data pooled from 3 independent experiments, //17a® CalLP n=4, data pooled from 2
independent experiments, [/17g*fOfV/RORY 3nd []17g%7P¢t CalP n=3, data from 1 experiment,
1117gARORvt/RORa/T-bet Cq| P n=5, data pooled from 2 independent experiments, //17a¢ and //17g*RORvt/RORx
SILP n=3, data from 1 experiment, //17g*fORV/RORa/T-bet G| p n=1, data from 1 experiment, //17a¢ mLN
n=8, data pooled from 3 independent experiments, //17a*fOfV/FORx and |1170°™>¢" mLN n=3, data from
1 experiment, [/17g*RORvt/ROR/T-bet ;| N n=5, data pooled from 2 independent experiments, //17a°
spleen n=2, data pooled from 2 independent experiments, [/17g*fORV/RORx and [117a°T*¢t spleen n=3,
data from 1 experiment, //17g*RORv/RORa/T-bet gnlaen n=5, data pooled from 2 independent experiments,
1170 and 117a*RORv¥/ROR jLN n=3, data from 1 experiment and //17g#RORV/RORe/T-bet | N n=2, data from
1 experiment.

Values on histograms represent percentages. Normality was tested using Shapiro-Wilk test. Lines on
graphs show mean+SD (c, d, e, f), meanzSD (i, j, k, |, m) or median (b, g, n). Significance was tested
using One-Way ANOVA (c, d, e, f, i, j, |, m). Kruskal-Wallis test (b), unpaired t test (d, k) or Mann-
Whitney U test (g, n).
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Figure 5.7. CD4 Tcm-like cell generation following manipulation of the Th17/exTh17 continuum

CD62L expression was assessed in /174", 111 7a*RORV/ROR |17 7gARORvt/RORa/T-bet and |11 7a°T2¢t mice to test
the effects of ROR family TF and T-bet deletion on recirculating CD4 T cell generation following
C.rodentium-2W1S infection.

a) Representative flow cytometry plots gated on 2W1S* CD4 T cells showing CD62L and tdRFP
expression in 2LT of //17a", 1117g*RORv/RORa |11 7gARORV/ROR/T-bet g 117a%T*¢t mice on D35 following
C.rodentium-2W1S infection.

b-e) Quantification of the proportion and total number of CD62L* 2W1S* CD4 T cells in mLN (b, c) and
iLN (d, e) of 1l17a, [117g*RORV¥/RORa " ||17ARORVY/ROR/T-bet gnd  [[170%™%¢" mice on D35 following
C.rodentium-2W1S infection. //l17a* mLN n=4, data pooled from 2 independent experiments,
1117g4RORVY/RORe and 11170°™2¢t mLN n=3, data from 1 experiment, //17gRORV¥/RORY/T-bet ;| N n=5, data
pooled from 2 independent experiments, //17a¢ and //17a*ROR/RORe j| N n=3, data from 1 experiment,
1117g#RORvt/RORa/T-bet =3 " data from 1 experiment.

Values on flow cytometry plots represent percentages. Normality was tested using Shapiro-Wilk test.
Lines on graphs show meantSD (d), mean+SD (e) or median (b, c). Significance was tested using
Kruskal-Wallis test (b, c) or unpaired t test (d, e).
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that perturbations in exTh17 cell differentiation resulted in small differences in the size of the
circulating C.rodentium-induced CD4 T cell population. Given the small absolute difference in the total

numbers of such cells it is unclear whether this holds functional relevance.

Focusing on cells derived from the effector Th17 cell arm of the response, | began to assess TF-
deletion-induced differences in the intestinal antigen-specific CD4 T cell compartment. A main
described function of C.rodentium-induced Trm cells derived from Th17 cells is to produce large
amounts of IL-22 upon re-infection and thus aid rapid control of the bacteria (Bishu, Hou, et al., 2019).
However, in Chapter 4 | have shown that pushing cells into the exTh17 cell state significantly impaired
their ability to produce this cytokine. Whether Th17 cells that never lost the ability to produce normal
levels of IL-22 and cells that have differentiated into ‘fully mature’ exTh17 show differences in their
ability to enter the mucosal Trm cell pool remains unknown. Therefore, the expression of CD69 and
CD103 was tested on intestinal CD4 T cells at different stages of the Th17/exTh17 spectrum in
preliminary experiments (Fig5.8a). The proportion of 2W1S-specific cells expressing CD69 was higher
in the SILP and potentially the CaLP but not CLP of //17aROR/R9R* mice compared to controls (Fig5.8b-
d). Similarly, CD103 expression appeared to increase in the only in the SILP and maybe CalLP of these
mice (Fig5.8e-g). The increase in CD103 expression was largely due to upregulation of this marker on
CD69* cells, as shown by the changes in the proportion of cells expressing both markers (Fig5.8h-j).
Whether phenotypic changes reflect crucial functional alterations remains untested, but these initial

data suggested potential differences that should be explored in future experiments.

5.4 OX40L-DEFICIENCY PERTURBS NORMAL CD4 T CELL MEMORY GENERATION

Using C.rodentium-2W1S infection, | have established a tractable mucosal infection model and began
to assess the CD4 T cell response over multiple timepoints while investigating tissue resident and
circulating memory T cell formation. Through this work | have identified multiple 2W1S-specific CD4 T
cell populations and provided preliminary data linking effector T cell states with memory populations

formed. Finally, | aimed to being to explore the mechanisms that might influence the formation of
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Figure 5.8. Manipulation of the Th17/exTh17 continuum may perturb CD4 Trm-like cell formation in
response to C.rodentium infection

CD69 and CD103 expression were assessed in [/17a, 1/17a*RORV/RORa |17 7qARORvt/RORa/T-bet g |17 77 T-bet
mice to test the effects of ROR family TF and T-bet deletion on intestinal CD4 Trm-like cell generation
following C.rodentium-2W1S infection.

a) Representative flow cytometry plots gated on 2W1S* CD4 T cells showing CD69 and CD103
expression in CLP, CaLP and SILP of //17a, I117a”RORv¥/RORa |11 7gARORVI/ROR/T-bet and 111 7a”T2¢t mice on
D35 following C.rodentium-2W1S infection.

b-j) Quantification of the proportion of CD69* (b-d), CD103* (e-g) or CD69*CD103* (h-j) 2W1S* CD4 T
cells in the CLP, CaLP and SILP of //17a"¢, I117aRORV/RORa ||17ARORv/RORa/T-bet and 1]17a2T¢! mice on D35
following C.rodentium-2W1S infection. //17a and 1/17g*fORv/RORa/T-bet €| p n=4, data pooled from 2
independent experiments, /11 7a*ROR"/RORx and [117a”T*¢ CLP n=3, data from 1 experiment, //17a" CaLP
n=4, data pooled from 2 independent experiments, //17a*ROR/ROR* and [/17a°T*¢t n=3, data from 1
experiment, [/17g?fORV/RORe/T-bet -5 = data pooled from 2 independent experiments, //17a¢ and
1117g2RORV/RORa G| p n=3, data from 1 experiment.

Values on flow cytometry plots represent percentages. Normality was tested using Shapiro-Wilk test.
Lines on graphs show meanzSD (c, d, e, f, g, h, i, j) or median (b). Significance was tested using One-
Way ANOVA (c, e, f, h, i), Kruskal-Wallis test (b) or unpaired t test (d, g, j).
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these populations by exploiting available mouse models and combining them with the tractable

infection model.

Observations reported in Chapter 3 raised the possibility that OX40L deletion on both CD11c* and
RORyt* APCs resulted in impaired C.rodentium clearance. Even though impaired clearance was not
linked to a defect in effector function, recent work has shown that effector cells induced in distinct
compartments, including the intestinal mucosa, interacted with different APCs but were all OX40L-
reliant (Gajdasik et al., 2020). Therefore, | hypothesised that in C.rodentium infection OX40L may be
required by distinct CD4 T cell populations, including those of an effector and recirculating Tcm cell-
like phenotype, following C.rodentium infection. Conditional OX40L knockout strains were combined
with the C.rodentium-2W1S infection model to enable testing of the costimulatory requirements of all
cells responding to the infection. Here, conditional knockout mice were compared to their littermate

controls with total OX40L”" animals included as a further comparison.

Assessment of the size of the 2W1S-specific CD4 T cell compartment throughout the body of control,
OX40L7, Itgax“®**% and Rorc®®*® mice (Fig5.9a) revealed a decrease in the caecal and potentially
colonic antigen specific population in both total and conditional /tgax?°** knockouts (Fig5.9b-c).
These data were consistent with a DC-specific role in OX40L-provision for the effector population that
is likely to be enriched in the intestinal tissue but further repeats and functional tests are required to
confirm this effect. In the 2LT, these observations pointed to an interesting potential difference in the
size of the antigen-specific CD4 T cell population of OX40L”" mice compared to controls (Fig5.9d-f).
However, the mouse breeding strategy did not allow for the generation of littermate controls for total

OX40L”- animals and so microbiota-induced differences could not be excluded.

ox40L

Similar patterns were observed when assessing the response in Ror mice (Fig5.9g-k) but, as
before, no robust conclusions could be drawn in the absence of further datapoints. Furthermore,

future experiments would benefit for the inclusion of the SILP. Nonetheless, these results raised the

possibility that the reduction in the size of the responding CD4 T cell pool was in itself the cause of
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Figure 5.9. OX40L-deficiency impacts the antigen-specific CD4 T cell population following
C.rodentium infection

Control (Cre”") , OX40L", Itgax“®*" and Rorc’®**° mice were infected with C.rodentium-2W1S to
enable tracking of the consequences of OX40L-deficiency.

a) Representative flow cytometry plots gated on CD4 T cells showing 2W1S:I-A® tetramer and CD44
staining in the intestine and 2LT of control, OX40L"", Itgax“®**® and Rorc?®**® mice on D35 following
C.rodentium-2W1S infection.

b-f) Quantification of the total number of 2W1S* CD4 T cells in control, OX40L"" and Itgax®®**°- CLP (b),
CaLP (c), mLN (d) spleen (e) and iLN (f). Controls are Cre” littermates of /tgax*°**° mice. CLP, CalLP,
mLN and spleen control n=4, data pooled from 2 independent experiments, CLP, CaLP, mLN, spleen
and iLN OX40L” n=3, data from 1 experiment, /tgax*®**°* CLP and iLN n=3, data from 1 experiment,
Itgax?®*0t CaLP, mLN and spleen n=4, data pooled from 2 independent experiments.

g-k) Quantification of the total number of 2W1S* CD4 T cells in control, OX40L"" and Rorc*®*“° CLP (g),
CaLP (h), mLN (i), spleen (j) and iLN (k). Controls are Cre”" littermates of Rorc®®“" mice. CLP, CalLP,
mLN and spleen control n=3, data pooled from 2 independent experiments, CLP, CaLP, mLN, spleen
and iLN OX40L” and Rorc?®*4% n=3, data from 1 experiment.

Normality was tested using Shapiro-Wilk test. Lines on graphs show mean+SD (b, ¢, d, f, g, i, j, k) or
median (e, h). Significance was tested using One-Way ANOVA (b, ¢, d, f, g, i, j), Kruskal-Wallis test (e,
h) or unpaired t test (k).
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delayed C.rodentium clearance. In addition, these initial data tentatively linked OX40L to the effector

arm within the colon and suggested that these cells, like Th1 effectors cells, may be OX40L-dependent.

To further test mucosal infection-induced CD4 T cell OX40L-requirements, putative Tcm and Trm cell
populations were assessed in Cre”" control and OX40L”" mice. Importantly, controls and OX40L”
animals were not littermates. Surprisingly, assessment of CD62L expression in 2LT (Fig5.10a), revealed
an increase in the proportion of 2W1S*CD44" CD4 T cells expressing this marker in the mLN but not
in the iLN. However, differences in the total numbers of these cells showed no evidence of an increase
in either location (Fig5.10b-e). It is possible that a defect in the accumulation of effector cells within
the mLN of OX40L” mice was behind the apparent increase in CD62L* Tcm-like cell frequency. Such
changes were less likely to affect the iLN as effector cells induced by mucosal C.rodentium infection

were not expected to be present in large numbers here.

Assessing CD69 and CD103 expression in the colon and caecum (Fig5.10f) did not reveal differences in
the frequency of CD69* 2W1S-specific cells in either the colon or the caecum although both were
reduced in numbers, owing to the reduction of the overall antigen-specific CD4 T cell population
(Fig5.10g-j). CD103 expression, on the other hand, was detected on a larger proportion of caecal
antigen-specific cells in OX40L-deficient mice than in controls but remained unchanged in the colon.
Much like CD69" cells, the total number of CD103* cells appeared lower in knockout mice although
this difference was not statistically significant (Fig5.10k-n). The apparent contradiction between the
large increase in the proportion of CaLP CD103"* cells but potential decrease in their numbers was likely

the result of an overall decrease in the size of the antigen-specific population in OX40L7 mice (Fig5.9).

Together, the differences observed between OX40L”- and control animals pointed to the existence of
as yet unidentified subsets of mucosal and mLN CD4 T cells induced by C.rodentium infection that
show differential requirements for OX40L. One possible explanation is that these cells may occupy
different niches within the mucosa and are affected by OX40L from distinct APC populations. In fact,

compartmentalised provision of OX40L to Teff cells has been reported (Gajdasik et al., 2020). To test
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Figure 5.10. OX40L-deficiency perturbs normal CD4 Tcm- and Trm-like cell generation in response to
C.rodentium infection

CD62L, CD69 and CD103 expression were assessed in control and OX40L”" mice to test the effects of
OX40L-deficiency on recirculating and intestinal mucosa resident CD4 T cell generation following
C.rodentium-2W1S infection.

a) Representative histograms showing CD62L expression in the 2W1S* CD4 T cell population in mLN
and iLN of control and OX40L"- on D35 following C.rodentium-2W1S infection.

b-c) Quantification of the proportion (b) and total number (c) of CD62L* 2W1S* CD4 T cells in the mLN
of control and OX40L7" mice on D35 following C.rodentium-2W1S infection. Control n=7, data pooled
from 4 independent experiments, OX40L”" n=6, data pooled from 2 independent experiments.

d-e) Quantification of the proportion (d) and total number (e) of CD62L* 2W1S* CD4 T cells in the iLN
of control and OX40L”- mice on D35 following C.rodentium-2W1S infection. Control n=4, data pooled
from 2 independent experiments, OX40L”" n=5, data pooled from 2 independent experiments.

f) Representative flow cytometry plots gated on 2W1S* CD4 T cells showing CD69 and CD103
expression in CLP and CaLP of control and OX40L”- mice on D35 following C.rodentium-2W1S infection.

g-j) Quantification of the proportion and total number of CD69* 2W1S* CD4 T cells in the CLP (g-h) and
CaLP (i-j) of control and OX40L”- mice on D35 following C.rodentium-2W1S infection. Control n=7, data
pooled from 4 independent experiments, OX40L” n=6, data pooled from 2 independent experiments.

k-n) Quantification of the proportion and total number of CD103* 2W1S* CD4 T cells in the CLP (k-I)
and CaLP (m-n) of control and OX40L”- mice on D35 following C.rodentium-2W1S infection. Control
n=7, data pooled from 4 independent experiments, OX40L"- n=6, data pooled from 2 independent
experiments.

Values on histograms and flow cytometry plots represent percentages. Normality was tested using
Shapiro-Wilk test. Lines on graphs show meanzSD (b, d, g, i, k), mean+SD (e, I) or median (c, h, j, m, n).
Significance was tested using unpaired t test (b, d, e, g, i, k, I) or Mann-Whitney U test (c, h, j, m, n).
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Figure 5.11. Assessment of OX40L provision to CD4 Tcm-like cells generated in response to
C.rodentium infection

CD62L expression was assessed in control, OX40L”, Itgax?®*° and Rorc*®*° mice to test the effects
of OX40L-deficiency on recirculating CD4 T cell generation following C.rodentium-2W1S infection.

a) Representative histograms showing CD62L expression in the 2W1S* CD4 T cell population in mLN
and iLN of control, OX40L" and Itgax®®**°" mice on D35 following C.rodentium-2W1S infection.

b-e) Quantification of the proportion and total number of CD62L* 2W1S* CD4 T cells in mLN (b, c) and
iLN (d, e) of control, OX40L”" and /tgax’®**® mice on D35 following C.rodentium-2W1S infection.
Controls are Cre”" littermates of /tgax®*®*® mice. OX40L”" mice were inoculated with the same
inoculum as control and /tgax®®*% mice. Control and Itgax’®** mLN n=4, data pooled from 2
independent experiments, OX40L”- mLN n=3, data from 1 experiment, control and /tgax*®**° iLN n=3,
data from 1 experiment, OX40L"" iLN n=2, data from 1 experiment.

f) Representative histograms showing CD62L expression in the 2W1S* CD4 T cell population in mLN
and iLN of control, OX40L” and Rorc*®*° mice on D35 following C.rodentium-2W1S infection.

g-j) Quantification of the proportion and total number of CD62L* 2W1S* CD4 T cells in mLN (g, h) and
iLN (i, j) of control, OX40L”- and Rorc®**°t mice on D35 following C.rodentium-2W1S infection. Controls
are Cre”" littermates of Rorc®# mice. OX40L” mice were inoculated with the same inoculum as
control and Rorc?®**® mice. Control mLN n=3, data pooled from 2 independent experiments, OX40L"
and Rorc®%¥° mLN and iLN n=3, data from 1 experiment.

Values on histograms represent percentages. Normality was tested using Shapiro-Wilk test. Lines on
graphs show mean#SD (b, d, g, i) or mean+SD (c, e, h, j). Significance was tested using One-Way ANOVA
(b, c, g, h) or unpaired t test (d, e, i, j).
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whether distinct systemic and mucosal CD4 T cell populations also relied on OX40L from different
cellular sources, CD62L, CD69 and CD103 expression were also assessed in Itgax?®**°t and Rorc20x4ot

mice.

Comparing CD62L expression on 2W1S-specific activated CD4 T cells in the mLN and iLN of /tgax?X4ot
mice to those of Cre’ littermate controls and OX40L”" mice gavaged with the same inoculum (Fig5.11a)
failed to identify any statistically significant changes in this population (Fig5.11b-e). Assessment of
Rorc®%%4% mice (Fig5.11f) yielded similar results (Fig5.11g-j). However, further experimental repeats
are required to fully test the contribution of CD11c* (DC) and RORyt* (likely ILC3) APC to the regulation

of C.rodentium-induced Tcm cells.

As expected, based on comparison of control and OX40L”" mice, evaluation of CD69 and CD103
expression in control, OX40L” and Itgax*®**° or Rorc®®“° intestines (Fig5.12a-b) revealed no changes
in the proportion of CD69* 2W1S-specific CD4 T cells in either the colon or caecum (Fig5.12b-f).
However, some evidence of a defect in these cells’” normal accumulation was observed not only in
OX40L” but also in conditional knockout intestines (Fig5.12g-j). The observed changes were likely
caused by the overall reduction in the size of the antigen-specific population (Fig5.9) and were only
statistically significant in the caecum. Since these experiments were not sufficiently powered to test
these differences further datapoints are required. Assessment CD103 expression also failed to link
CD11c- or RORyt-driven OX40L deficiency to a change in the frequency of the CD103* antigen-specific
T cell population, despite the increase in caecal CD103* 2W1S-specific CD4 T cells in total OX40L
knockout mice (Fig5.12k-n). The observed changes in the numbers of these cells across the different
strains reflected the patterns seen when assessing the total 2W1S-specific CD4 T cell population
(Fig5.120-r). Comparison of the frequency of cells expressing both markers returned results similar
results to those observed assessment of the total CD103* antigen-specific CD4 T cell population

(Fig5.12s-v). Taken together, these data pointed to the control of normal CD103 expression potentially

174



— CalP —

2wW1s* cells

— CalP —

2wW1s* cells

CLP

E TTEor TEe oow b e b e | v |
N l.ﬂ B 1_]. m _.0101_|.- m_ . | .—_._ H . | H . -...Hﬂ.,..{._m.%
{ i T
5 IR L e el I He | : s “Jhe,
i §53¢8° 4 i4zas 888 ° L % % s Ramaze
S = c = -
B e (o @ ora| !oa b + b o L
| PRI Ii e N
, . '~ l - = Hm _TT | o+ . L - __... ._|_|I.\§__@
SR A Y N 4
N 690 gsg$8° 3 & g 8 8 " ° ' g g g o 8 7
— 0NUBY — —  TOPXD — - qppeer0¥ - o lwsor W eegy B MWLECIOY g gy goron g Bl LEOT00.6900
” H- ﬂ Mﬂ “ Mﬂ A n_. V ) - l-. - M L.+_w|... Auﬁ - L _m_. I—I+!me
r r r e} |m. | o |m. I o | "o
=y N £ 1 TR B TR 1 TIR BT
oL T S T S O R IS S O 41 L b ELE - g Bre,©
Fe§fc § % 5 g AEEe 4 § g g 8 & ¢ 0
- = - o -
| B - R - B S e | 4t N
&

CLP

-_+- I . r __.__o r ‘+t- .W -x.w.b?...bu.w
e | WT . | -__l_.-IT L e s -_l+o|_..\@+0

L
— oy

W W W e o@

{wl goTaD 900

CD103

il

[l b M"_wﬁ_vmn_

A 1674
s
L
157.5
4
I
74.1

—T T
0O ®m ow T omo@
B

10
10° 4
i

) a a a
a a ] 5]

— |0HUOD — — I0PNO — - gport@ Y - ) 520 gy W gem x WETD g W ot

175



Figure 5.12. Assessment of OX40L provision to CD4 Trm-like cells generated in response to
C.rodentium infection

CD69 and CD103 expression were assessed in control, OX40L"", Itgax*®**° and Rorc®®*° mice to test
the effects of OX40L-deficiency on intestinal CD4 Trm-like cell generation following C.rodentium-2W1S
infection.

a-b) Representative flow cytometry plots gated on 2W1S* CD4 T cells showing CD69 and CD103
expression in CLP and CalP of control, OX40L” and /tgax“*°®° (a) and Rorc***° (b) mice on D35
following C.rodentium-2W1S infection.

c¢-j) Quantification of the proportion and total number of CD69*2W1S* CD4 T cells in the CLP and CalLP
of control, OX40L” and Itgax®®° (c-d, g-h) or Rorc?%*® (e-f, i-j) mice on D35 following C.rodentium-
2WI1S infection. Controls are Cre”" littermates of Itgax’®* or Rorc®®** mice. OX40L”" mice were
inoculated with the same inoculum as control and /tgax?®*% mice. Itgax?®**® control CLP and CalP
n=4, data pooled from 2 independent experiments, Rorc’®*% control n=3, data pooled from 2
independent experiments, OX40L”" CLP and CalLP n=3, data from 1 experiment, /tgax“?*" CLP n=3,
data from 1 experiment, /tgax“®*% CaLP n=4, data pooled from 2 independent experiments, Rorc?o¥40t
CLP and CalLP n=3, data from 1 experiment.

k-r) Quantification of the proportion and total number of CD103* 2W1S* CD4 T cells in the CLP and
CalP of control, OX40L”" and Itgax?®**® (k-, o-p) or Rorc®®*" (m-n, g-r) mice on D35 following
C.rodentium-2W1S infection. Controls are Cre” littermates of /tgax®*®“* or Rorc**° mice. OX40L"
mice were inoculated with the same inoculum as control and ltgax2°*° mice. Itgax®°**° control CLP
and CaLP n=4, data pooled from 2 independent experiments, Rorc*®* control n=3, data pooled from
2 independent experiments, OX40L” CLP and CalLP n=3, data from 1 experiment, /tgax*®**°* CLP n=3,
data from 1 experiment, /tgax“®*% CaLP n=4, data pooled from 2 independent experiments, Rorc?o¥40t
CLP and CalLP n=3, data from 1 experiment.

s-v) Quantification of the proportion of CD69*CD103*2W1S* CD4 T cells in the CLP and CaLP of control,
OX40L7 and Itgax“®*% (s-t) or Rorc*®**® (u-v) mice on D35 following C.rodentium-2W1S infection.
Controls are Cre”" littermates of ltgax*®“ or Rorc*°**° mice. OX40L”" mice were inoculated with the
same inoculum as control and ltgax?®**% mice. Itgax?®*° control CLP and CaLP n=4, data pooled from
2 independent experiments, Rorc?®% control n=3, data pooled from 2 independent experiments,
OX40L7" CLP and CaLP n=3, data from 1 experiment, /tgax*®° CLP n=3, data from 1 experiment,
Itgax?®%0t CalLP n=4, data pooled from 2 independent experiments, Rorc?*° CLP and CalLP n=3, data
from 1 experiment.

Values on flow cytometry plots represent percentages. Normality was tested using Shapiro-Wilk test.
Lines on graphs show meanSD (k, |, s, t, e, f, m, u), mean+SD (g, h, o, p, j) or median (c, d, i, n, q, r, v).
Significance was tested using One-Way ANOVA (g, h, k, I, 0, p, s, t, e, f, j, m, u) or Kruskal-Wallis test
(c,d,i,n,q,r,v).
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being linked to OX40L presentation. However, larger experimental groups are required to confirm or

exclude the contributions of CD11c* or RORyt" APC.

5.5 SUMMARY

Here, | have shown that a tractable C.rodentium infection model enables the assessment of the whole
CD4 T cell compartment responding to the infection. This model, in combination with genetically
modified mouse strains, provides the first platform that enables comprehensive characterisation of
the development and function of both mucosal and circulating CD4 T cells induced by an extracellular

infection.

| have begun to assess the kinetics of the C.rodentium-induced CD4 T cell response by testing the
antigen-specific population early in the infection and shortly after expected clearance. Published
literature suggested that the antigen-specific CD4 T cell pool generated following mucosal infection
diminished rapidly (Pepper et al., 2010). Surprisingly, the size of the colonic population responding to
the C.rodentium was found to increase by day 35 of the infection. This discrepancy is likely the result
of the different approaches taken to trigger a mucosal Th17 cell response. The earlier study mentioned
above assessed Th17 cells generated in response to L.monocytogenes-2W1S administered nasally
(Pepper et al., 2010). However, L.monocytogenes-2W1S is an attenuated pathogen that is not adapted
to the intranasal environment it was placed in and is cleared rapidly by the innate immune system.
Thus, the short duration of antigen exposure, and lack of reliance on adaptive immune cells for the
control of bacteria, likely resulted in rapid contraction of the effector CD4 T cell response. C.rodentium,
on the other hand, is a natural mouse pathogen evolved to not only survive in but also colonise the
large intestine, driving a potent Th17 cell response (Silberger et al., 2017). Nonetheless, assessment
of the anti-C.rodentium-2W1S CD4 T cell response kinetics would benefit from extended time course
experiments. This would further ensure that a true memory phase, following contraction of the initial

response, is studied. Furthermore, due to the low number of colonised mice it was not possible to
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match the age, sex or bacterial load of mice assessed at the early and late timepoints introducing

further confounding factors. Future experiments would benefit from consideration of these factors.

To account for the documented plasticity of C.rodentium infection-induced Th17 cells (Omenetti et
al.,, 2019), tracking of antigen-specific populations was combined with cytokine expression fate
mapping. Further conditional knockout models were included to enable assessment the effects of
Th17/exTh17 continuum manipulation and OX40L provision on responding CD4 T cells. Together,
these models revealed the existence of at least two phenotypically distinct populations. A circulating
CD62L" Tcm cell precursor-like population that showed no developmental link to effector Th17 cells
and IL-17A-producing cells that mainly occupied the mucosal effector sites. The exact functional
relevance or mechanism underpinning the separation of these two cell fates is unclear but may reflect
mutually antagonistic transcriptional programmes. Tcm cell formation following Thl cell responses
requires the expression of the transcription factor Bcl6 (Pepper et al., 2011). Effector cells, on the
other hand, rely on Id2 and, in the case of Th1 cell responses, reciprocal inhibition between these two
transcriptional repressors was shown to control CD4 T cell fate (Shaw et al., 2016). Given that
differentiation of Th17 cells, both from naive CD4 T cells and FoxP3* Treg cells, was reported to require
Id2 (Hwang et al., 2018; Lin et al., 2012) the same mechanism may explain the observations outlined
above. However, the existence of this relationship between Th17 and mucosal infection-induced Tcm
cells remains to be tested. In addition, study of the exact mechanism underpinning Teff/Tcm cell fate
decisions would require additional animal models. The upstream trigger of Bcl6 or Id2 expression is
not known but has been reported to be linked to a lack of IL-2 receptor (IL-2R) stimulation. This may
reflect asymmetric cell division-driven generation of high affinity IL-2Ra* (CD25*) and CD25°
populations following TCR ligation (Chang et al., 2007; Pepper et al., 2011). A further proposed
mechanism is the local competition for IL-2 with other immune cells, potentially including ILC3
(Hepworth et al., 2015). Taken together, the observations outlined above are consistent with Bcl6/1d2
antagonism-driven divergence of Teff and Tcm cell fates being a fundamental feature of all CD4 T cell
responses, not just those dominated by Th1 cells. Importantly, however, assessment of the antigen-
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specific CD4 T cell compartment across multiple tissues provided some evidence that populations with
a history of IL-17A production could enter peripheral lymph nodes later in the infection. A possible
explanation is that Th17 cells were differentiating into Tcm-like cells. However, tdRFP* CD4 T cells
within lymph nodes were not found to express CD62L, as would be expected of Tcm cells (Pepper &
Jenkins, 2011). While these data are consistent with early bifurcation of mucosal infection induced
Tcm and Th17 cell fates they do not explain how tdRFP* antigen-specific CD4 T cells entered the 2LT.
CD62L shedding, the loss of CD62L from the cell membrane, is a known feature of T cell activation
(Jung & Dailey, 1990). Therefore, cell surface CD62L assessment alone may have underestimated the
size of the CD4 T cell population able to express this marker. However, why CD62L loss would occur
on tdRFP* CD4 T cells at a seemingly higher rate than on tdRFP~ populations is unexplained. On the
other hand, should antigen-specific CD4 T cells with a history of //17a expression truly lack CD62L
expression in tissues such as peripheral LNs, it is unclear by what mechanism they would have been
able to traffic there. Optimisation of the use of further Tcm cell markers with more stable expression

or more reliable detection would greatly benefit future studies.

Assessing the effector arm of the response and focusing on the potential generation of mucosal Trm
cells pointed to the existence of further tissue-specific CD4 T cell subsets generated in response to
C.rodentium infection. In both the colon and the caecum the majority of C.rodentium-induced CD4 T
cells were CD69* but only a small proportion expressed the integrin CD103. Interestingly, the main
observed effect of both Th17/exTh17 continuum manipulation and OX40L deletion appeared to be an
increase in CD103 expression on certain mucosal C.rodentium-induced CD4 T cell populations. The
biggest such increase was observed in mice lacking both ROR family TFs and T-bet, and potentially
representing a dysregulated Th17 cell phenotype. Coupled with the observations from OX40L-
deficient mice, these data suggested that increase of CD103 expression on intestinal lamina propria
CD4 T cells may be a marker of inappropriate Teff cell regulation. However, the biological relevance
of this is unclear. CD103 could drive cell trafficking into the intraepithelial layer (Kilshaw & Baker,
1988) and the CD103* CD4 T cell population may have resulted from contamination of lamina propria

179



homogenates with intraepithelial lymphocytes. Therefore, testing of antigen-specific CD4 T cell
localisation over time may prove informative. In addition, CD103 expression on lamina propria cells
may have additional roles in supporting Th17 and exTh17 cells, as it does in aiding suppressive Treg
cell function (Braun et al., 2015). Importantly, the large variation in the CD103 expression data
highlighted the possibility that factors not considered here, such as antigen availability, were affecting
the mucosal antigen-specific CD4 T cell population. Therefore, in future experiments matching of day
6-8 bacterial loads across mouse strains and confirmation of bacterial clearance prior to tissue harvest

would be desirable.

While we have not carried out experiments to definitively assess tissue residency, such as FTY720
administration to block the egress of CD4 T cells from lymphoid tissues (Matloubian et al., 2004) or in
situ labelling of cells (Tomura et al., 2008), the observed enrichment of CD69* antigen-specific cells in
the colon is consistent with data reported by others on C.rodentium-induced CD4 T cell memory
formation (Bishu, Hou, et al., 2019). However, even though the results presented here were consistent
with Th17-derived Trm cell formation, there was no evidence that Th17 and exTh17 cells were more
likely to enter the tissue resident memory pool than other local C.rodentium-induced CD4 T cells.
Future work must assess the source of all C.rodentium-induced Trm cells to build a better
understanding of mucosal CD4 T cell populations. These studies would likely benefit from further
research into the anti-C.rodentium response kinetics with both earlier and much later time points.
Moreover, as CD69 expression is required for presence in the intestinal lamina propria it is also
possible that by looking simply at expression of these markers key differences were missed. It is
conceivable that tdRFP* cells would be more likely to react to antigen re-encounter by cytokine

production and this should be tested in future experiments.

Taken together, these data showed that the majority of C.rodentium-induced CD4 T cells expressed

CD69 but lacked CD103 in both the colon and caecum. However, the existence of both CD103" and
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CD103* cells pointed to further heterogeneity within the Trm-like cell pool that may reflect

adaptations to different niches within the mucosal microenvironment.

Interestingly, the data presented here suggested that both DC and ILC3 or T cell-derived OX40L were
required for accumulation of normal numbers of C.rodentium responsive CD4 T cells. However, a clear
role in the support of either Tcm or Teff/Trm cell populations was not evident. Assessment of TF-
deficient mice pointed to a potential impairment in the generation of Tcm-like cells in mice lacking
normal Thl7cell responses. However, this observation was not broadly applicable to all lymphoid
tissues assessed and was relatively small in terms of changes in total cellularity. OX40L deficiency
appeared to have the opposite effect with an increase in the frequency of these cells in the same
anatomical location. These observations leave open the possibility that interaction of CD4 T cell 0X40
with OX40L present on APCs favoured Teff cell rather than Tcm cell precursor formation. However,
the experimental models used were not suitable for the assessment of the causal relationship
between Tcm/Teff cell bifurcation and OX40:0X40L interactions — it is unclear whether ligation of
0X40 drives cell fate decisions or whether its expression is restricted to Teff cells where it is required
for normal proliferation and survival. More clearly, | found no evidence that the fundamental
pathways governing Tcm and effector Th17 cell fate bifrucation were perturbed by manipulation of
Th17/exTh17 states. Crucially, however, the preliminary investigations presented here did test
potential functional changes in memory populations generated following C.rodentium infection. A key
role of CD4 T cell memory is to rapidly react upon secondary infection. Tcm cells proliferate to give
rise to Tfh, Tcm and Teff cell populations (Pepper et al., 2011). Th17-derived Trm cells, on the other
hand, have been shown to be the main sources of IL-22 following infection and upon re-challenge
(Bishu, Hou, et al., 2019). Whether this response was perturbed by manipulation of costimulation or
exTh17 cell differentiation would be of great interest. Moreover, given that mucosal Trm cells
exhibiting both Th1 and Th17 cell-like characteristics are key drivers of human diseases (Annunziato
et al., 2007; Bishu, El Zaatari, et al., 2019), assessment of their regulation, and differences compared
to ‘non-pathogenic’ Th17 Trm cell counterparts would likely aid the identification of novel therapeutic
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avenues. Available literature points to either a combination of IL-7 and IL-15 or IL-7 alone being
involved in maintaining mucosal Th17 memory cells (Amezcua Vesely et al., 2019; Chen et al., 2017).
The source of these survival factors is unclear but was reported not to include DC (Bishu, Hou, et al.,

2019) raising the possibility that mucosal ILC3 may be important.

Having discussed Tcm and Trm cells at length, it is important to note that these studies failed to
consider a further key CD4 T cell population. Tfh cells are also generated following C.rodentium
infection and, given that protection against this pathogen is mediated by IgG responses, play
important roles in the orchestration of the immune response (Bai et al., 2020). It is currently unclear
whether Th17 and Tth cells also represent entirely separate lineages following infection. Tfh cells rely
on Bcl6 (Johnston et al., 2009; Nurieva et al., 2009; Yu et al., 2009), suggesting that they may not
develop from Id2* Th17 cells. Indeed, studies focusing on Th1 cell responses reported that Tfh and
Tcm cells formed from common CD25" precursors with their eventual fate likely decided by differential
TCR affinity for their cognate p:MHCIl complexes (Fazilleau et al., 2009; Pepper et al., 2011). However,
Th17 cell-derived Tfh cells have been described using IL-17A fate mapper mice (Hirota et al., 2013).
Therefore, assessment of antigen-specific C.rodentium-induced Tfh cells, along with 1d2 and Bcl6
expression cells would be of great interest. As previously mentioned, reagents to identify cells
expressing Bcl6 and CXCRS5 did not function reliably in the experiments outlined here. Given that these
are key Tfh cell markers this is a technical limitation that precluded the identification of 2W1S-specific

Tfh cells within these studies.

In conclusion, the use of C.rodentium-2W1S shows great potential in aiding the comprehensive
assessment of extracellular mucosal infection induced CD4 T cell responses. However, further work is
required to confirm the initial observations presented here and to establish methods that enable

testing of CD4 Tcm and Trm cell function over time.
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CHAPTER 6: DISCUSSION

In this thesis | have presented an integrated investigation of the origin and fate of CD4 T cell
populations in the intestine, taking into account cellular plasticity, costimulatory requirements and
the role of distinct transcriptional programmes. Through studying the extensive functional plasticity
of this CD4 T cell subset | assessed the relationship between mucosal Th17 and Treg cell populations
at steady state and in the presence of inflammation, and further tested the regulation of fate decisions
through the provision of costimulation. Moreover, | provide a framework for the detailed
characterisation of the requirement for key TFs in regulating Th1-like exTh17 differentiation. Finally,
through the use of a novel tractable intestinal infection model that enables the study of inflammatory
Th17 cells | have started to assess the formation of mucosal pathogen-induced memory CD4 T cell

populations.

6.1 TH17 CELLS ARE A PROMINENT BUT HIGHLY PLASTIC MUCOSAL CD4 T CELL POPULATION

In line with published observations, my analyses confirmed that CD4 T cells expressing RORyt were
enriched in the intestinal mucosa and its draining mLN compared to the systemic compartment in
healthy animals (lvanov et al., 2006; X. O. Yang, B. P. Pappu, et al., 2008). However, assessment of
Th17 cells by IL-17A rather than TF expression returned tissue-specific differences. Even though RORyt
is a key Th17 cell lineage-defining TF, production of IL-17A, the canonical Th17 cell cytokine
(Harrington et al., 2005; Veldhoen et al., 2006), did not appear to follow the same pattern as TF
expression — a high proportion of small intestinal CD4 T cells were found to produce this cytokine
compared to a very small percentage in the colon. SFB, a poorly defined class of commensal bacteria
known to induce stable homeostatic Th17 populations, reside in the terminal ileum but are excluded
from the colon (lvanov et al., 2009). The SFB colonisation status of the mouse colonies housed at
BMSU is unknown, but should it be confirmed, it may explain the high concordance of IL-17A and

RORyt expression in the small intestine. Furthermore, other as yet undefined microbial species
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inducing stable homeostatic Th17 cell populations may also exist in the mucosal flora of mouse
colonies used in the work presented in this thesis. Potential explanations for the low expression of IL-

17Ain large intestinal RORyt+ CD4 T cells are discussed below.

6.1.1 Th17 cells have lost their ability to produce IL-17A

Development of the different T helper cell subsets is driven by distinct transcriptional pathways
(Harrington et al., 2005). In Th17 cells, these are associated with epigenetic modifications resulting in
the silencing of Th1l- and Th2 cell-associated genes but permissive remodelling Th17 cell-associated
cytokine gene loci. However, rather than resulting in stable expression of type 3 cytokines, these fail
to prevent post-developmental plasticity, the best-described of which is the acquisition of Thl cell-
like effector functions (Hirota et al., 2011; Lee et al., 2009). Certain Th17 cell populations appeared to
exhibit a comparatively low stability with chromatin remodelling rapidly reversed in response to Thl
cell-polarising signals and T-bet- and STAT4-mediated silencing of Rorc-driven gene expession (Mukasa
et al., 2010). Therefore, | hypothesised that colonic RORyt* cells may have lost IL-17A production due
to such environmental signals. However, use of the /1/17a®Ros26' " fate reporter mice (Hirota et al.,
2011) to assess the history of //17a expression revealed only a very small population of colonic CD4 T
cells that may at some point have been committed Th17 cells. Furthermore, the expression of IFNy, a
key Thil-associated cytokine, was limited, although not absent, in both colonic and small intestinal
CD4 T cells with a history of IL-17A production. Together, //17a mapping and staining for RORyt and IL-
17A suggest that, at steady state, Th17 cell transdifferentiation into Th1-like exTh17 cells is not behind

the limited IL-17A production in colonic RORyt" CD4 T cells.

Importantly, a small number of Thl-like exTh17 cells, identified as cells with a history of //17a
expression but IFNy production in addition to or instead of IL-17A, were found in both the small
intestinal and colonic mucosa. Pathogen invasion is known to be a robust driver of Thl-like exTh17
cell differentiation (Omenetti et al., 2019). The role of Th17 reprogramming towards a Th1l cell-like

phenotype at steady state, on the other hand, is not widely studied with most work focusing on the
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role of this process in driving disease. The regulation and functional consequences of pathogen-

induced exTh17 cell differentiation are discussed later.

6.1.2 RORyt expression in non-Th17 CD4 T cells

I117a fate mapping established that the vast majority of colonic RORyt* CD4 T cells were unlikely to be
Th17 cell-derived. Importantly, while it is true that RORyt is important in the development of Th17
cells (lvanov et al., 2006; X. O. Yang, B. P. Pappu, et al., 2008) its expression is not restricted to these
but can also mark mucosal pTreg cells. These RORyt* cells are largely induced in response to harmless
commensal microbes and serve to dampen inflammation, such as allergic reactions driven by
overactive Th2 cells (Ohnmacht et al., 2015; Sefik et al., 2015). The exact mechanism by which the
Th17 cell master TF aids suppressive function is unclear but RORyt-mediated antagonism of T-bet and
type 1 effector functions may be a key mechanism (Bhaumik et al., 2021). However, whether this is
universal or a mechanism limited to Treg cells present in Thl cell-polarising environments is
unresolved. My data confirming that CD4 T cells expressing the Treg cell lineage-defining TF FoxP3
were highly abundant in the colon but less so in the SILP is consistent with RORyt being expressed
predominantly by Treg rather than Th17 cells here in the absence of inflammation. However, a small
population of Treg cells with a history of cytokine expression were observed and, in the colon, formed
the majority of the tdRFP* CD4 T cell population. These observations can be explained either by the

production of IL-17A by Treg cells or Th17 cell transdifferentiation into exTh17 pTreg cells.

RORyt* Treg cells are not normally linked to Th17 cell effector cytokine production. In fact, acquisition
of a Th17 cell programme is predominantly associated with disease. Skin Treg cells producing IL-17A
are reported to lead to increased inflammation and, in humans, are associated with psoriasis and other
skin conditions (Remedios et al., 2018). IL-17* Treg cells were similarly reported to be present in the
intestinal mucosa of Crohn’s disease patients but not healthy controls (Hovhannisyan et al., 2011),
although, given that the suppressive capacity of Treg cells was not affected by IL-17A production, it is

unclear whether these cells contribute to pathogenesis. In addition, aberrant Th17 cells effector
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programme-driven diseases are not limited to barrier sites. In an animal model of ovarian cancer Treg
cells making IL-17A were found to be central to generating a microenvironment permissive of tumour
progression (Downs-Canner et al., 2017). Importantly, the IL-17A-producing Treg cells in the tumour
were generated not through the activation of the type 3 effector programme in established Treg cells
but by Th17-to-Treg cell transdifferentiation. In addition, tumour-associated exTh17 Treg cells were
found to be a mixed population with some producing IL-17A but others no longer making this cytokine.
In physiological responses Th17-to-Treg cell differentiation, mediated by TGFB signalling and AhR

activation, is a key component of the resolution of acute inflammation (Gagliani et al., 2015).

Given that Th17-derived Treg cells are a normal part of the mucosal CD4 T cell compartment while IL-
17A" Treg cells are mostly linked to pathology, our data identifying intestinal Treg cells with a history
of IL-17A expression was consistent with Th17 cell transdifferentiation into Treg cells and a loss of
Th17 cell function. However, assessment of active cytokine production revealed the existence of a
small population of IL-17A* Treg cells. Surprisingly, IL-17A production within Treg cells fate reporting
II17a expression was lower than in non-Treg (FoxP3") CD4 T cells with a similar cytokine expression
history. These data raised the possibility that | was observing homeostatic Th17-to-Treg cell
transdifferentiation. However, in the absence of tracking these cells over time | could not confirm this.
Instead, | also assessed Treg cell fate by fate mapping expression of the TF FoxP3. My data suggested
that mucosal Treg cells are a highly stable population but the increased turnover of IL-17A-producing
Treg cells was consistent with the hypothesis that small numbers of exTh1l7 pTreg cells were
constantly generated. Moreover, combination of Foxp3 fate mapping with the C.rodentium infection
model, to induce acute intestinal inflammation, did not reveal Treg-to-Th17 cell differentiation. On
balance, my data support a model of low level Th17-to-Treg cell conversion even at steady state while
| failed to observe compelling evidence of Treg cells forming Th17 cells (Fig6.1). Importantly, | cannot
confirm this in the absence of more sophisticated systems, that enable the tracking of de novo

generated commensal microbe-derived peptide specific CD4 T cells over time.
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6.2 TH17/EXTH17 CONTINUUM

As discussed above, Thl-like exTh17 cell populations were present in the intestine at steady state but
only in very small numbers. In fact, expansion of these populations is associated with both mucosal
and systemic pathology, making this process and cytokines associated with it key targets of

therapeutic interventions.
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Figure 6.1. Colonic Th17 cell plasticity.

Colonic Th17 cells differentiate into pTreg cells at a low but constant rate while IL-17A" mucosal Treg
form a stable self-renewing population at homeostasis. Minimal Th17 cell acquisition of type 1 effector
functions is increased in response to infection giving rise to a spectrum Th1-like exTh17 cells. Images
generated with BioRender.com.

6.2.1 Thl-like exTh17 cells in disease

Elevated frequencies of intestinal CD4 T cell co-producing IL-17A and IFNy or IL-17A and TNFa are
associated with increased Crohn’s disease severity in humans and shown to be potent drivers of
inflammation in animal models of colitis (Annunziato et al., 2007; Bishu, El Zaatari, et al., 2019; Lee et
al., 2009). In addition, in a model of periodontitis, IFNy-producing Th17 cells were found
predominantly in CD4 T cell populations isolated from diseased and not from control mice (Dutzan et
al., 2018). Furthermore, Th1-like exTh17 cells present away from barrier sites have also been identified

as causative agents of diseases previously linked only to the Th1 cell subset (Hirota et al., 2011). The
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acquisition of a Th1 cell effector programme is linked to signalling through the IL-23 receptor, although
this pathway likely also has important roles in supporting Th17 cell stability (Ahern et al., 2010; Lee et
al.,, 2009; McGeachy et al., 2009). Nonetheless, IL-23 is associated with a range of inflammatory
diseases known to involve Th17 and exTh17 cells (Cua et al., 2003; Dutzan et al., 2018; Langrish et al.,
2005) and can also aid tumour formation. Whether this occurs in a Th17 cell-mediated manner is
unclear (Langowski et al., 2006). These observations identified IL-23 along with both Th17 and Thil
cell-associated cytokines and their receptors as important targets of immunomodaulation in a range of
autoimmune and inflammatory diseases. However, Th17 and Th1-like exTh17 cell differentiation also
form part of normal immune responses. Extracellular mucosal infection-induced Th17 cells occupy the
whole Th17/Th1-like exTh17 cell spectrum of phenotypes (Amezcua Vesely et al., 2019; Omenetti et
al., 2019). Therefore, targeting Th17 or exTh17 cell functions to treat disease returned mixed results.
Blocking IL-23 and IL-17 function was beneficial in the treatment of psoriasis (Bilal et al., 2018).
However targeting IL-17A or IL-17R in Crohn’s disease had such serious adverse effects that clinical
trials were halted early (Hueber et al., 2012; Targan et al., 2016), likely reflecting inadvertent inhibition
of pathways central to the control of commensal bacteria (lvanov et al., 2009; Liang et al., 2006).
Instead, TNF antagonists have become the mainstay of inflammatory bowel disease treatment.
However, these fail in over a third of patients with non-responders less likely to ever achieve remission

even with alternative therapies (Hyams et al., 2007; Papamichael et al., 2015; Singh et al., 2018).

Partly underlying the difficulty in developing appropriate treatments, the regulation of Thl-like
exTh17 cell differentiation appears to be highly context-specific and the exact differences between
pathogenic and homeostatic Th17 and exTh17 cell populations are incompletely understood. T-bet is
crucial for Th1 cell development (Szabo et al., 2000) and is upregulated in Th17 cells upon acquisition
of Thl cell-like function in a STAT4- and potentially IL-23-dependent manner (Lee et al., 2009).
However, the requirement for this TF in the emergence of disease-associated IFNy* Th17/exTh17 cells
is mixed. Transfer models of diabetes showed rapid upregulation of both T-bet and IFNy in Th17 cells
(Bending et al., 2009) and pointed to complete loss of IL-17A production and conversion into fully
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mature Thl-like exTh17 cells being required for progression from inflammation to disease (Martin-
Orozco et al.,, 2009). Similarly, T-bet deletion in T cells prevented the induction of experimental
autoimmune encephalomyelitis (EAE) in animal models of multiple sclerosis in one study (Bettelli et
al., 2004). A potential explanation for this protective effect is the reported inability of Th17 cells to
acquire any IFNy expression in the absence of T-bet (Brucklacher-Waldert et al., 2016). Interestingly,
however, a distinct study assessing the same process returned conflicting results with the induction
of both IFNy* Th17 cells and disease despite T-bet deletion (Duhen et al., 2013). Importantly, these
studies differed in their method of T-bet ablation with the latter targeting a wider set of immune cells.
Nonetheless, these reports highlighted the importance of potential environmental cues in the
regulation of Thl-like exTh17 cell generation. Strengthening this observation, mice that were unable
to generate IFNy* Th17 cells in EAE did not show the same defect in response to pathobiont
colonisation, a different proinflammatory stimulus (Brucklacher-Waldert et al., 2016). Furthermore,
as the observation reported in this thesis that TNFa and IFNy expression may be regulated differently,
with TNFa co-expressed with IL-17A even at steady state, demonstrated, even populations within the
currently defined stages of the Th17/exTh17 spectrum exhibit considerable and unexplored
heterogeneity. Building on previous work assessing the regulation of ILC3 and exILC3 regulation, |
sought to establish models that could help develop a better understanding of transcriptional networks

controlling Thl-like exTh17 cell differentiation and function.

First, 1 assessed the spectrum of Th1l7 cells arising from C.rodentium infection. Splitting the
Th17/exTh17 continuum into 3 stages based on IL-17A and IFNy or RORyt and T-bet expression, | and
others have found that the infection gave rise to CD4 T cells of all three phenotypes (Fig6.1).
Importantly, as reported in the case of ILC3 plasticity, further TFs may play key roles in supporting the
balance between type 3 and type 1 effector functions (Fiancette et al., 2021). The potential
contribution of other TFs to Th17/exTh17 cell function is understudied. Given this lack of clarity in
post-developmental requirement for TF expression, | assessed the response following combinatorial
deletion of ROR family TFs and T-bet.
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6.2.2 Reciprocal ROR family TF/T-bet antagonism regulates Th17 cell fate and function

My results have shown that in addition to playing key roles in Th17 cell development (lvanov et al.,
2006; X. O. Yang, B. P. Pappu, et al., 2008), RORyt and RORa also actively support Th17 cell function.
Type 3 cytokine expression was impaired following RORyt deletion but recovered when T-bet was also
absent, consistent with antagonism between and the balance of the two TFs being a key determinant
of Th17 cell function (Lazarevic et al., 2011). However, added loss of RORa abrogated this effect.
Together, these data confirmed, for the first time, that RORa is capable of supporting Th17 cell
function, not just development. However, whether this represents functional redundancy or synergy
is unclear and cannot be resolved in the absence of mouse models lacking RORa only in Th17 cells.
The investigations presented in this thesis would have benefited from the additional generation of

mouse strains deleting RORa but not RORyt or T-bet upon Th17 cell induction.

In addition to establishing a role for RORa and demonstrating that RORyt represses T-bet activity, my
data suggest that ROR family TFs also directly activate Th17 cell-associated gene expression. Should
this not be the case, deletion of all three TFs would have been expected to result in a return to normal
type 3 cytokine production. These results are consistent with reported roles for the RORyt/RORa/T-
bet transcription factor networks in the regulation of other CD4 T cell and innate lymphoid cell

populations (Bhaumik et al., 2021; Fiancette et al., 2021; Stehle et al., 2021).

Upon assessing the effects of T-bet deletion on the ability of Th17 cells to produce IFNy, | observed no
overall impairment but an apparent arrest in the ‘intermediate’ IFNy* Th17 cell phase and an inability
to completely switch off IL-17A production. Importantly, this work was carried out using similar
models to studies reporting comparison of EAE- and microbe-induced exTh17 cell T-bet dependence
and is therefore directly comparable (Brucklacher-Waldert et al., 2016). Together, these observations
suggest that in the context of intestinal inflammation induced by a broader range of bacteria, some
Th17 cells are primed to produce IFNy in a T-bet-independent manner but rely on this TF for

differentiation into ‘fully mature’ IL-17A" INFy* exTh17 (Fig6.2). A potential interpretation of my data
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is that subpopulations of Th17 cells are programmed to switch on both Th17 and Th1 cell effector
programmes and can do this independently of post-developmental TF expression. However, in these
cells T-bet expression above a certain threshold can result in inhibition of ROR family TF-mediated
I117a expression. Alternatively, it is possible that T-bet can directly drive remodelling of Th17 cell-
associated gene loci and thus promoting downregulation of the Th17 cell effector programme (Fig6.2).
Overall, my data are consistent with reported T-bet mediated suppression of type 3 function

(Intlekofer et al., 2008; Lazarevic et al., 2011).
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Figure 6.2. The interplay of ROR family TFs and T-bet guide Thl-like exTh17 cell differentiation.
ROR family TF-driven Th17-associated cytokine expression is replaced by Th1 cell effector functions,
partly supported by unidentified mechanisms. Gradually increasing T-bet expression levels may reach
a threshold above which inhibition of Th17 cell TFs and effector functions facilitates the differentiation
of fully mature exTh17 cells. Images generated with BioRender.com.

Importantly, the signals that maintain Th17 cells in the intermediate stage or push them towards fully
mature exTh17 cells are not well-defined. In addition, my data leave open the possibility that
functional redundancy exists between Th1 cell-associated TFs, such as T-bet and Eomes, and results
in unperturbed IFNy expression in T-bet-deficient Th17 cells. To specifically address the potential

redundancy between T-bet and Eomes, conditional deletion of both in Th17 would be an important
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further line of investigation (Y. Yang et al., 2008). Mouse models that would enable conditional Cre-
mediated deletion of Eomes are available (Intlekofer et al., 2008; Y. Zhu et al., 2010) but the COVID-
19 pandemic-related facility closure prevented their within our animal colonies. Furthermore, the
availability of mice fate mapping IFNy production, models that produce Cre under the control of the
Ifng promoter, may enable targeting of the later stages of the Th17/exTh17 spectrum and thus allow
specific assessment of key TFs’ contribution to the regulation of IFNy* Th17 and exTh17 cells. However,
this approach would lose //17a fate mapping, a key tool in the analyses presented here. Given that we
observed induction of Th17 and potentially Th1 cell populations in response to C.rodentium infection,
this is a key issue that must be resolved if IFNy-driven TF deletion is to be assessed. Experimental
systems that enable parallel and specific fate mapping of multiple targets have been described but
their efficiency has not been tested extensively in vivo (Anastassiadis et al., 2009; Karimova et al.,

2018).

The exact role IFNy production, either in conjunction with or in the absence of IL-17A, has not yet been
teased apart in Th17 cell-skewed responses. Possibly, IFNy may simply serve to aid the clearance of
recruited innate lymphoid cells following pathogen expulsion. Th17 cells efficiently recruit large
numbers of neutrophils to the site of infection following their induction in a process that is crucial to
appropriate pathogen control (Liang et al., 2007; Ye et al., 2001). Neutrophil recruitment, function and
clearance are tightly regulated processes, as prolonged presence of apoptosing cells is highly
damaging to the surrounding tissue (Fadok et al., 2001). Neutrophils are cleared by phagocytic
macrophages, the function of which is improved in the presence of IFNy (MacMicking, 2012). This
process was shown to be important in C.rodentium infection but mice unable to produce IFNy in any
immune cells showed further impairments in resistance to and clearance of bacteria (Shiomi et al.,
2010). Moreover, IFNy was found to be crucial for the production of protective IgG responses (Shiomi
et al., 2010), although the cellular source of IFNy was not identified. Crucially, my early observations

using the C.rodentium infection model do not exclude the induction of Th1 cells in addition to Th17
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cells. Since no TF deletion | tested here resulted in a loss of IFNy production in Th17 cells | am currently

unable to test the contributions of Th17/exTh17 cell-derived IFNy and bona fide Th1 cell IFNy.

In summary, through this body of work, | evaluated a novel set of mouse models and established that
these can serve to force or block exTh17 cell differentiation. | anticipate that these models will prove
a key resource in better understanding not only the regulation of this process but also the functional
heterogeneity within each currently defined stage of the spectrum. However, the work presented in
this thesis focused on infection-induced colonic Th17 cells, ignoring key homeostatic populations.
Results revealed identified striking differences in the composition of the microbiome even in the
absence of infection, likely contributing to strain-specific changes in susceptibility to and clearance of
C.rodentium infection. Small intestinal Th17 cells are induced in response to commensal microbes and
are crucial to their control. Importantly, IL-17A production is not limited to Th17 cells. Subpopulations
of ILC3s produce IL-17A in the intestine and play important roles in shaping the mucosal microbiome
(Aparicio-Domingo et al., 2015; Satoh-Takayama et al., 2008). ILC3 regulation shares many features of
Th17 cell biology described in this thesis (Fiancette et al., 2021) and alterations of ILC3 phenotype
driven by TF deletion may contribute to dysbiosis. Therefore, my preliminary observations on strain-
specific differences in the composition of the microbiota likely reflect a combined effect perturbed
homeostatic Th17 cell and ILC3 function. These changes could have significant implications on human
health — interactions with the microbiome can determine whether a pathogen is able to colonise its
host (Curtis et al., 2014; Ghosh et al., 2011; Ivanov et al., 2009; Mullineaux-Sanders et al., 2017) and
how fast it is then cleared (Kamada et al., 2012; Kamada et al., 2015). In addition, these interactions
drive resistance or susceptibility to inflammation (Dutzan et al., 2018; Neumann et al., 2019).
Assessment of intestinal inflammation through pharmacologically induced colitis models would
complement the study of responses to pathogens and potentially pinpoint currently unidentified

homeostatic Th17 cell-targeted effects.
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Should future work using these models yield any therapeutic targets, it is imperative that the effects
of any modifications are assessed across multiple barrier sites and immune cell populations to limit

the potential of adverse effects such as dysbiosis or opportunistic pathogen invasion.

6.3 CD4 T CELL MEMORY IN THE INTESTINAL MUCOSA

My and others’ assessment of intestinal cytokine production following C.rodentium infection revealed
that a heterogeneous Th17 cell response associated with a spectrum of Th1l cell-like functions is
generated. However, Th17 cell-derived tissue resident memory is understudied compared CD8 T cell
or even Th1l cell memory. Elegant studies have recently shown that Klebsiello pneumoniae infection
of the lung resulted in the formation of Th17 Trm cells with a small but not negligible population of
IFNy-producing cells also retained in the lungs (Amezcua Vesely et al., 2019). In addition, mixed
Th17/Th1-like CD4 T cells are present in humans (Annunziato et al., 2007) where they are associated
with intestinal and systemic inflammation. Importantly, chronic intestinal inflammation was shown to
be driven by Trm rather than alternative T cell populations (Zundler et al., 2019). Together, these
reports suggest that C.rodentium-induced Th17 and exTh17 cells have the capacity to enter the tissue
resident memory pool regardless of their effector profile. Indeed, recent work has shown that
C.rodentium does drive Trm cell formation but, surprisingly, identified IL-22 expression as the primary
function of antigen-specific cells retained in the intestine (Bishu, Hou, et al., 2019). However, the work
presented here showed that fully mature exTh17 cells had only a limited ability to make this cytokine.
How these observations tie into exTh17 Trm cell formation and the presence of IFNy or TNFa* Th17
Trm cells in disease is highly relevant to human health but has not yet been addressed in detail. The
study assessing C.rodentium infection-induced Trm cell formation presented preliminary functional
findings only while assessment of lung Trm cells following K.pneumoniae would have benefitted from
identification of cells responding to pathogen-derived antigens. The work presented in this thesis
provides the first initial characterisation of a tractable natural intestinal infection model that has the

potential to greatly accelerate the study of mucosal CD4 Trm cell formation and function.
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6.3.1 C.rodentium-induced Trm cells form a heterogeneous population

Basic phenotyping revealed that CD4 T cells retained in the intestine for up to 5 weeks were
heterogeneous for IL-17A expression history. Interestingly, | failed to identify a link between residency
marker and cytokine expression, whether assessed using lineage tracing mouse models or through ex
vivo restimulation for active IL-17A and IFNy production. A potential explanation of this observation is
that C.rodentium-induced Trm cells are derived from multiple CD4 T cell subsets rather than only Th17
cells. As previously mentioned, | have not directly tested whether Th1 cells that never go through a
Th17 cell phase are also generated and populate the intestine in response to infection. Early reports
assessing this infection model attributed the majority of C.rodentium-induced CD4 T cell function to
Th1 cells (Higgins et al., 1999) but this was prior to the identification of Th17 cells as a separate lineage
and did not take into account Th17 cell conversion into Th1 cells, now a known feature of this model
(Omenetti et al., 2019). Combined use of our /l17a and Ifng fate reporter mouse strains with the
tractable infection model has the potential to greatly increase our understanding of the contribution
of distinct Teff cell populations to the C.rodentium-induced Trm cell pool. A further possibility is that
my method of assessing residency was simply too crude. Even though CD69 is a Trm cell marker on
both CD4 and CD8 T cells it is also expressed on the majority of intestinal lymphocytes that are not
retained long-term (Amezcua Vesely et al., 2019; Bishu, Hou, et al., 2019). In addition, it is important
to note that in the absence of extended and detailed analysis of the kinetics of the antigen-specific
CDA4 T cell response to C.rodentium | cannot be certain that the endpoint (day 35) represented a true
memory phase. Confirmation of contraction and stabilisation of antigen-specific cell numbers over
time would aid this work. Therefore, functional testing of residency over time course studies is key to
better understanding mucosal Teff cell entry into the Trm cell pool. Functional studies could include
FTY720 treatment (Matloubian et al., 2004) to block LN-derived lymphocyte entry into the mucosa. In
addition, photoactivated labelling of the intestine in Kaede animals would enable monitoring of
lymphocyte trafficking in vivo by distinguishing cells originating in the intestine from those newly
entering by the presence of a red dye (Tomura et al., 2008). A slight drawback of this approach is that
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the label decays over the duration of up to 7 days, thus limiting the period over which residency can
be assessed. Finally, parabiosis experiments are highly informative in the assessment of true tissue
residency as well as the functional contributions of Trm cells to protection from reinfection (Amezcua
Vesely et al., 2019). However, such experiments are technically challenging and not routinely carried
out at institutes across the United Kingdom. Combined, our infection models, pharmacological
inhibition of lymphocyte migration and photoconversion of the intestinal mucosa are powerful tools

that will enable this response to be teased apart in great detail.

Trm cells, like all memory cells generated in response to pathogens, are primarily tasked with
preventing re-infection. It was thought that these cells functioned as highly efficient Teff cells acting
in a near-sentinel-like manner, rapidly responding to TCR stimulation not constrained by Treg cell-
mediated suppression (Bartolome-Casado et al., 2019; Masopust et al., 2010). More recently, further
roles have also been linked to Trm cells (Fonseca et al., 2020). Assessment of recall responses within
our infection model would therefore be of great interest. However, anti-C.rodentium antibody
responses generated following primary infection would likely confound simple reinfection studies (Bai
et al., 2020). Adoptive transfer of Trm cells isolated from the intestine of infected mice into
allotypically marked uninfected hosts could overcome this limitation. Importantly, intravenous
transfer of cells may result in distribution of cells to microenvironments other than the intestinal
mucosa. Therefore, direct transfer into the colon wall would be desirable. Endoscopically guided
injection of cells intro the colon wall of mice is a novel tool that is currently predominantly used for
the deposition colorectal tumour cells (Chen et al., 2020) but could in theory also aid immune cell

transfer.

Isolation of Trm cells requires confident identification of antigen-specific CD4 T cells that were
retained in the intestine. Interestingly, my data revealed additional phenotypic heterogeneity with at
least two populations distinguished by residency marker expression. CD69* cells not expressing CD103

made up the majority of the antigen-specific intestinal CD4 T cell pool in mice generating unperturbed
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responses but a small CD103* population was also identified. This was an unexpected observation as
CD103 is associated with exit from the LP and entry into the IEL layer of the mucosa (Karecla et al.,
1995; Kilshaw & Baker, 1988). Moreover, the small number of studies assessing mucosal CD4 Trm
reported that these cells expressed CD69 but not CD103 (Amezcua Vesely et al., 2019; Bishu, Hou, et
al., 2019). Given that no additional biological functions have been described for CD103, it is possible
that different Trm cells occupy distinct niches with CD103* cells found in close contact with the
epithelium. This is a hypothesis easily tested through immunohistochemistry. Strikingly, the data
presented here tentatively suggested that perturbations of the Th17/exTh17 spectrum affected
residency marker expression. Further analysis of Trm cell function is crucial in teasing apart the

potential consequences of these observations.

6.3.2 Memory CD4 T cells also populate the lymphoid tissue

Using the novel C.rodentium-2W1S infection model | was able to show that the mucosa harbours large
numbers of antigen-specific CD4 T cells even after the expected clearance of bacteria. In addition, |
have begun to assess the formation of tissue resident memory cells and the effects of Th17 cell
plasticity on this process. This work focused on the intestinal mucosa and therefore likely captured
the effector arm of the response. However, antigen-specific CD4 T cells were also present in lymphoid
tissue. Strikingly, early in the response IL-17A-production history appeared limited to the effector sites
and it was practically absent in peripheral lymphoid tissue (2LT excluding the intestine-draining mLN),
where CD62L" Tcm-like cells were enriched. These data were consistent with early divergence of Teff
and Tcm cell fates and aligned with observations made in a systemic Th1 cell-skewed infection model
(Pepper et al., 2011). Surprisingly, we found that over time, cells showing a history of IL-17A
production became more widely distributed. Together, these data raised the possibility that
recirculating Tcm-like cells could be generated from both non-Th17 and Th17 cells precursors at
different points in the response to C.rodentium colonisation. However, CD62L expression did not

support this hypothesis. Importantly, CD62L is a suboptimal marker of Tcm cells and future work must
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focus on the development of alternative, more reliable methods such as lineage tracing or reporting
of the TF Bcl6 and chemokine receptor CXCR5 (Pepper et al., 2011). Since both Bcl6 and CXCR5 are
also expressed on Tfh cells, further phenotyping to distinguish this subset from true Tcm cells would
also be needed. Furthermore, adoptive transfer via intravenous injection followed by C.rodentium-

2W1S challenge would aid the study of recall responses.

Upon challenge, Tcm cells are able to generate further Tcm cells but also give rise to Tfh and Teff cells,
thus linking the two arms of the response (Ciucci et al., 2019). Moreover, CD8 Trm cells have recently
been found to also generate both effector and Tcm cells upon reactivation (Fonseca et al., 2020). The
observation that tdRFP* antigen-specific CD4 T cells (most likely Thl7 or exTh17 cells) entered
peripheral lymphoid tissues suggested that even within our model, effector and central memory cells
may not form completely distinct populations. However, Trm cells were not reactivated, therefore,
these observations are not necessarily comparable to those reporting the emergence of CD8 Trm cell-
derived Tcm cells. Adoptive transfer of the two memory populations, as described above, would likely
provide at least a partial answer as to their function and progeny upon challenge. Furthermore,
transferring Trm and Tcm cells separately would also likely identify potential overlap in their functions.
However, in unmanipulated animals both of these populations exist and their functions likely not only
overlap but also synergize with one another. Therefore, co-transfer of Trm cells directly into the colon
wall and Tcm cells into the circulation may prove a really exciting novel approach in assessing how

Trm and Tcm cell functions integrate in a healthy mouse.

Should Teff cells that can enter the Tcm cell pool either during the primary response or via Trm cell
differentiation in secondary infection be identified, the impact of manipulating exThl17 cell
differentiation must be assessed. It is currently unclear whether Teff and Trm cells generated from
distinct stages of the Th17/exTh17 spectrum show differential predisposition towards certain fates
but could easily be addressed by combination of our TF-deleting models and the modified

C.rodentium.
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6.4 THE OX40:0X40L PATHWAY IN CONTROLLING MUCOSAL CD4 T CELL FATE AND FUNCTION

Combined use of Th17 and Treg cell linage tracing with a natural mucosal infection model enabled
extensive characterisation of the intestinal CD4 T cell compartment both at steady state and during
inflammation. Combinatorial TF deletion aided assessment of the requirement for continued
expression of key lineage-defining TFs in supporting Th17 and Th1-like exTh17 cell function. Following
initial characterisation of our mouse models, | have also established a platform, using C.rodentium-
2W1S, that will enable detailed study of the CD4 T cell memory compartment generated in response
to mucosal infection. Through this work, | have identified microenvironment-specific cell fate
decisions, such as the dominance of homeostatic Th17 cells in the small intestine but Treg cells in the
colon. As outlined earlier, appropriate regulation of fate decisions is imperative not only to the
maintenance of the mucosal barrier but also the control of pro-inflammatory and suppressive
functions of mucosal immune populations. Perturbations of this intricate balance are associated with
a multitude of diseases but how cell fate decisions are controlled in the mucosa is incompletely

understood.

The 0X40:0X40L pathway plays key roles in the regulation of both Treg and Th17 responses. However,
reported results are often contradictory. OX40 was found to be crucial in promoting both Treg cell
function and survival in animal models of colitis (Griseri et al., 2010; Piconese et al., 2010). However,
the same pathway was found to inhibit Treg cells in the tumour microenvironment (Piconese et al.,
2008). Linking the two key CD4 T cell populations, OX40 signalling was reported to result in diminished
IL-17A expression within skin-resident Treg cells (Remedios et al., 2018). On the other hand, OX40 was
also specifically linked to the effector arm of pathogen-induced responses with previous work
identifying compartmentalised provision of OX40L as a key difference between systemic and mucosal
immune responses (Gajdasik et al., 2020). However, even in effector Th17 cell responses, OX40

signalling can have mixed effects — even though Th17 cell-driven inflammation was exacerbated in a
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model of uveitis, EAE-associated Th17 cell function was inhibited by the activation of the 0X40:0X40L

pathway (Xiao et al., 2016; Zhang et al., 2010)

The work presented here revealed a small and likely microbiota-dependent defect in the accumulation
of intestinal Treg cell in the absence of OX40. Even though the provision of costimulation is expected
to occur in the context of antigen presentation, | found that OX40L expression on DCs, the
‘professional’ APCs, failed to phenocopy total OX40-deletion. However, my data were consistent with
a non-redundant role for ILC3 OX40L in supporting mucosal Treg cell populations. Due to mouse
breeding strategies these experiments lacked optimal control animals. Nonetheless, these
observations aligned with previous reports showing that systemic and mucosal Th1 cells relied on DC

and ILC3 OX40L, respectively (Gajdasik et al., 2020).

Whether thymic Treg or pTreg cells were more likely to be affected by OX40 deletion was not tested.
In addition, the loss of a small but clear phenotype, possibly induced by responses to a changing
microbiota (Al Nabhani et al., 2019; Miragaia et al., 2019), highlighted the fact that my approach did
not take the heterogeneity of the mucosal Treg cell population into consideration. More sophisticated
experimental systems may be better suited to further analysis of Treg OX40L requirements.
H.hepaticus colonisation enables tracking of a newly generated pTreg cell population (Xu et al., 2018)
and may prove useful in the assessment of the role the 0X40:0X40L pathway plays in mucosal Treg
cell regulation. However, it is currently unclear whether H.hepaticus-induced Treg cells form part of

the OX40-dependent mucosal Treg cell population.

In summary, this costimulatory pathway has limited but clear effects on Treg cell persistence in the
intestine. Conversely, my assessment of the effector Th17 cell responses was hampered by low sample
sizes. Therefore, all conclusions presented here a tentative and require further confirmation.
Nonetheless, | observed a potential defect in the clearance of bacteria in the absence of OX40L on
either DCs or ILC3. Potential explanations for this are a diminished effector response, defective

circulating Tcm-like or Tfh cell generation or a global defect in the activation or survival of C.rodentium-
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induced CD4 T cells. Suboptimal generation of effector responses around the peak of the infection
was consistent with a role for OX40 in supporting the effector arm of the response. Therefore, |
hypothesised that OX40L provision may also be key to the regulation of CD4 Trm generated following
infection. Making use of the C.rodentium-2W1S infection model to enable assessment of the memory
response, | observed an overall reduction in the number of responding cells in mice lacking OX40L on
either DC or ILC3. Interestingly, however, the proportion of Tcm-like cells within the mLN increased
with OX40L deletion. These observations, if confirmed on further repeats, could be explained by a
reduction in cells of an effector phenotype. Moreover, alteration of CD103 expression similar to that
observed upon manipulation of ROR family TF and T-bet antagonism was evident in mice lacking
OX40L. However, linking this to either DC or ILC3 OX40L with confidence is not currently possible.
Taken together, these tentative observations are consistent with OX40L playing a role mainly in
supporting the effector arm of the response to C.rodentium. Whether clear differences would be
maintained even after contraction of the response remains untested. Furthermore, it is currently
unclear whether the small drop in IFNy production in response to C.rodentium infection in OX407"
animals reflected a specific defect in Thl-like exTh17 cell differentiation or overall impairment of the

effector response.

6.5 CONCLUDING REMARKS

The gastrointestinal tract is a key immune environment tasked with responding to a deluge of
microbial, environmental and dietary antigens. Homeostasis is achieved by the dynamic interactions
of the intestinal epithelium, commensal microbes and mucosal immune populations. Th17 cells are
central to the maintenance of this balance and, when dysregulated, are associated with both mucosal
and systemic inflammatory diseases. Despite their relevance to human health, little is understood
about the regulation of Th17 cell fate and function long-term. Thus, the success of Th17 cell-targeted
therapies is impeded. Through the investigations presented in this thesis we took multiple

complementary approaches to begin to address this gap in our understanding and to establish a set
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of novel experimental tools that, together, will enable the first detailed characterisation of Th17 cell

regulation.

These investigations provide evidence that intestinal lamina propria Treg cells are a highly stable
population with only negligible transdifferentiation into Th17 cells, if any. Conversely, Th17 cells
exhibit a high degree of plasticity with some conversion into both Treg and Thl cells even in the
absence of infection. Here, | assessed the transcriptional regulation of Th17 cell conversion into Th1-
like cells and identified post-developmental and integrated roles for three key TFs. Finally, | present
an exciting new experimental model and show that it captures the entire CD4 memory compartment
generated following a mucosal infection, enabling the assessment of costimulatory requirements and

forced plasticity in the memory response.

Crucially, | anticipate that combination of our animal and infection models will provide a robust
platform for the study of Th17 and exTh17 cell function and fate. Specifically, these models provide
the opportunity to build a clear picture of the CD4 T cell memory populations arising from mucosal
infection and enable detailed analysis of their regulation. These findings have the potential to not only
advance our basic understanding of mucosal T cell biology but also improve human health through a

better characterising disease pathogenesis.
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